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The chromenone derivatives (1–4) from the root part of Flemingia philippinensis showed a significant inhibition
against bacterial neuraminidase (NA)which plays a pivotal role in a cellular interaction including pathogenesis of
bacterial infection and subsequent inflammation. The compounds 1 and 2were the new compounds, philippin D
(1) and philippin E (2). In particular, compounds (1–3) exhibited submicromolar levels of IC50 values with 0.75,
0.54, and 0.07 μM. This is the first report that chromenone skeleton emerged as a lead structure of bacterial NA
inhibition. In kinetic study, 8,8-diprenyl compounds displayed competitive inhibitory mode, whereas 4a,8-
diprenyl ones showed noncompetitive behavior. It was manifested that all competitive inhibitors (1 and 2)
were simple reversible slow-binding against bacterial NA. The binding affinities (KSV) of inhibitors to enzyme
were agreement with their respective inhibitory potencies. Molecular docking data confirmed that the position
of 3-methyl-2-butenyl substituent affects inhibitory mechanism against CpNanI. The tri-arginyl cluster of R266,
R555, and R615 and D291 in NanI tightly interact with the competitive inhibitors.

© 2019 Published by Elsevier B.V.
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1. Introduction

Bacterial neuraminidase (NA) is the enzyme that catalyzes the hy-
drolysis of the terminal sialic acid from various glycoconjugates [1].
This deletion of sialic acid residues by bacterial NA is associated with
several implications such as promote bacterial infections and initiate
the inflammatory cascade by enhanced cytokines production ultimately
leading to sepsis and inflammation [2]. Moreover, bacterial NA also
contributes in biofilm formation that enhances colonization and the
exposure of the cell surface receptors to pathogenic bacteria. Biofilms
are ubiquitous in natural, medical and engineering environments, and
are closely related to antimicrobial resistance and host defenses [3].
Biofilm-related disease includes cystic fibrosis, prostatitis and foodborne
illness. Bacterial NA inhibitors contribute to restrict spread of infection of
pathogen having sialic acid receptor and suppress inflammatory cyto-
kines, thus resulting in amelioration of sepsis and related complications
[4].
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Flemingia philippinensis is a popular edible species, which belongs to
the legume family and have been cultivated in the tropical parts of
China as an important food ingredient [5–7]. Particularly, the root
parts are predominantly used for several medicinal purposes such as
treatment of rheumatism,myalgia and for improving bonemineral den-
sity [8,9]. Isoflavones are the principal phenolic metabolites in legume
plants, whereas various types of other flavonoids have also been re-
ported from this species. Apart from the known metabolites, new
phenolic compounds have been isolated continuously, for example,
chromenedione derivatives were recently reported from the target
plant [10]. These phenolic metabolites have numerous biological poten-
tials including anti-cancer, immune-modulatory, anti-estrogenic and
antiviral properties [11,12]. Previously, several flavonoids especially
the prenylated flavonoids have been reported from this plant which ex-
hibited enzymes inhibitory and antioxidant activities [13].

As a part of our ongoing research work, it was aimed to further ex-
plore the potential lead structures and evaluate their bacterial NA inhib-
itory activities. In this regard, we screened the methanol extract of
F. philippinensis and isolated four inhibitors including two new com-
pounds 1 and 2. All isolated compounds were examined against bacte-
rial NA and their inhibitory behaviors were fully characterized by
using double reciprocal plots. The binding affinities of inhibitors to the
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target enzyme were estimated by the fluorescence quenching effect.
The binding modes for competitive and noncompetitive inhibitors of
CpNanI were investigated through molecular docking studies.

2. Materials and methods

2.1. Plant materials and chemicals

F. philippinensis plants were collected at a farm in Nanning, Guangxi
province, China and identified by Dr. Yimmin Zhao. Voucher specimens
(No. 530)were deposited in the Herbarium of Gaunxi Botanical Garden,
China. Neuraminidase from Clostridium perfringens (EC 3. 2. 1. 18), 4-
methylumbelliferyl-α-D-N-acetylneuramic acid sodium salt, quercetin,
and chloroform-d were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Silica gel (230–400 mesh), NP F254, RP-18 F254 thin-layer chro-
matography (TLC) plates, analytical gradewater, acetonitrile, andmeth-
anol were obtained from Merck (Darmstadt, Germany). Methanol,
acetone, ethylacetate, chloroform, and n-hexane were purchased from
Duksan Co. (Gyenggi, Korea).

2.2. Instruments

1D and 2D NMR spectra (1H, 13C, DEPT-90, DEPT-135, COSY, HMQC,
and HMBC) were recorded on a Bruker (AM 500 MHz) spectrometer
using CDCl3 as solvent and tetramethylsilane (TMS) as an internal stan-
dard. Electron ionization (EI) and EI-high resolution (HR) mass spectra
were obtained on a JEOL JMS-700 instrument (Japan). Medium-
pressure liquid chromatography (MPLC) analysis was performed using
a LC Forte/R 100 (YMC Co., Ltd., Kyoto, Japan) system equipped with a
low-pressure gradient pump, column compartment, and a three chan-
nel UV detector. Recycling HPLC was performed using the LC-9130G
NEXT (JaI Co., Ltd., Tokyo, Japan) equipped with a column, P-9104B re-
ciprocating double plunger pump, and UV detector. Enzyme kinetics
performed on the 96 well plate were carried out on a SpectraMax M3
multi-mode microplate reader (Molecular Devices, USA).

2.3. Extraction and isolation

The dried root barks (300 g) of F. philippinensiswere extracted using
methanol (10 L) at room temperature to give crude extract (42 g). The
crude extract (30 g)was suspended inwater and successively partitioned
into butanol to afford a dark residue (16 g). Butanol fraction (16 g) was
subjected to column chromatography on silica gel (10 × 40 cm,
230–400 mesh, 500 g) and eluted with the gradient flow of n-hexane/
ethylacetate (10:1 to 1:2, v/v) to yield 12 fractions (A–L, each 250 mL)
based on the HPLC chromatogram (C18 column) profile. Fractions G–I
(5.8 g) were fractionated via MPLC using a C18 column (130 g) and
eluted with a gradual increase in MeOH (0–100%) in H2O having
20 mL/min flow rate to afford 60 sub-fractions (B1–B60). The above
MPLC process was repeated 20 times with 0.3 g each time. Sub-
fractions B16–32 (2.3 g) enriched with compounds 1–4 were further
chromatographed over recycle HPLC (JAIGEL-ODS-AP, 20 × 500 mm)
using an isocratic elution of 75% MeOH in H2O and 6 mL/min flow rate.
Similarly, this recycle HPLC using the given elutionmethodwas repeated
several times, which afforded compounds 1 (13 mg), 2 (16 mg), 3
(21 mg), and 4 (11 mg), respectively.

Philippin D (1): 1H NMR (CDCl3, 500 MHz), δ 1.35 (3H, s, 12), 1.35
(3H, s, 13), 1.58 (3H, s, 17), 1.58 (3H, s, 18), 1.58 (3H, s, 22), 1.58 (3H,
s, 23), 1.74 (2H, t, J = 6.7 Hz, 3), 2.41 (2H, t, J = 6.7 Hz, 4), 2.66 (2H,
m, 14α and β), 2.66 (2H, m, 19α and β), 2.95 (2H, m, 11), 3.23 (2H,
m, 10), 3.82 (3H, s, 4′-OCH3), 4.81 (1H, m, 15), 4.81 (1H, m, 20), 6.86
(1H, d, J = 8.4 Hz, 3′), 6.86 (1H, d, J = 8.4 Hz, 5′), 7.15 (1H, d, J =
8.4 Hz, 2′), 7.15 (1H, d, J = 8.4 Hz, 6′), 18.3 (1H, s, 7-OH).

Philippin E (2): 1H NMR (CDCl3, 500 MHz), δ 1.46 (3H, m, 18), 1.46
(3H, m, 22), 1.59 (3H, s, 12), 1.59 (3H, s, 13), 1.59 (3H, s, 17), 1.59
(3H, s, 23), 2.51 and 2.73 (2H, m, 14α and β), 2.54 and 2.70 (2H, m,
19α and β), 2.89 (2H, m, 11), 3.32 (2H, m, 10), 3.80 (3H, s, 4’-OCH3),
5.36 (1H, d, J = 10.1 Hz, 3), 5.36 (1H, m, 15), 5.36 (1H, m, 20), 6.47
(1H, d, J = 10.1 Hz, 4), 6.85 (1H, d, J = 8.4 Hz, 3′), 6.85 (1H, d, J =
8.4 Hz, 5′), 7.22 (1H, d, J = 8.4 Hz, 2′), 7.22 (1H, d, J = 8.4 Hz, 6′),
18.9 (1H, s, 9-OH).

Philippin A (3): 1H NMR (CDCl3, 500 MHz), δ 1.26 (3H, s, 13), 1.36
(3H, s, 22), 1.48 (3H, s, 12), 1.50 (3H, s, 23), 1.59 (3H, s, 18), 1.66 (3H,
s, 17), 2.31 (1H, m, 14β), 2.53 (1H, m, 14α), 2.74 (2H, m, 11), 2.85
(2H, m, 10), 3.30 (2H, m, 19α and β), 3.68 (3H, s, –OCH3), 4.78 (1H, t,
J = 8.0 Hz, 15), 4.98 (1H, t, J = 6.5 Hz, 20), 5.70 (1H, d, J = 10.3 Hz,
3), 6.21 (1H, d, J = 10.3 Hz, 4), 6.32 (1H, dd, J = 8.3 and 2.6 Hz, 2′),
6.43 (1H, d, J=2.5Hz, 6′), 6.92 (1H, d, J=8.3Hz, 3′), 18.6 (1H, s, 7-OH).

Philippin C (4): 1H NMR (CDCl3, 500 MHz), δ 1.25 (3H, s, 13), 1.39
(3H, s, 18), 1.48 (3H, s, 12), 1.53 (3H, s, 17), 1.61 (3H, s, 23), 1.68 (3H,
s, 22), 2.30 (1H, m, 14β), 2.48 (1H, m, 14α), 2.82 (2H, m, 11), 3.00
(1H, m, 19β), 3.08 (1H, m, 19α), 3.20 (2H, m, 10), 3.71 (3H, s, –
OCH3), 4.80 (1H, t, J = 8.0 Hz, 15), 5.00 (1H, t, J = 7.1 Hz, 20), 5.69
(1H, d, J = 10.3 Hz, 3), 6.18 (1H, d, J = 10.3 Hz, 4), 6.75 (1H, d, J =
8.6 Hz, 3′), 6.75 (1H, d, J = 8.6 Hz, 5′), 7.13 (1H, d, J = 8.6 Hz, 2′),
7.13 (1H, d, J = 8.6 Hz, 6′), 18.8 (1H, s, 7-OH).

2.4. Bacterial neuraminidase assay and kinetics

Bacterial neuraminidase (EC 3. 2. 1. 18) inhibitory activities were
measured with slight modification to previously reported method [14],
using 4-methylumbelliferyl-α-D-N-acetyl-neuraminic acid sodium salt
hydrate as substrate. Influorometric experiment, enzymeactivity [initial
velocity (vi)] was monitored by observing 4-methylumbelliferone for-
mation. All tested samples were first dissolved in methanol at 100 μM
and diluted to their different concentrations (0.05–100 μM). First of all,
160 μL of 50 mM sodium acetate buffer (pH 5.0), 20 μL of 1 mM 4-
methylumbelliferyl-α-D-N-acetylneuraminic acid sodium salt hydrate
as a substrate, 10 μL of 0.2 unit/mL neuraminidase solution as enzyme,
and 10 μL of tested sample as inhibitor or quercetin as a positive control
were mixed in the 96-well microplates. The mixture was preincubated
at 37 °C for 15 min, followed by direct measurement of its fluorescence
using a SpectraMax M3 multi-mode microplate reader at 365 and
450 nmof excitation and emissionwavelengths, respectively. The inhib-
itory effects of the tested compounds were expressed as the concentra-
tions that inhibited 50% of the enzyme activity (IC50). The percent
inhibition ratio (percent) was calculated according to the following
equation: Activity (%) = 100 × [1 / (1 + ([I] / IC50))], where [I] is the
concentration of inhibitor. Similarly, the enzyme kinetic modes were
determined using the different substrate concentrations (0, 0.5, 1.0,
and 2.0 mM) and inhibitor concentrations. The kinetic parameters,
Michaelis-Menten constant (Km) and maximal velocity (Vmax) were de-
termined using Lineweaver-Burk plots. The dissociation constants be-
tween inhibitor and enzyme, Ki were derived from Dixon plots. The
data were analyzed using the nonlinear regression program, Sigma
Plot 10.0 (SPCC Inc., Chicago, IL, USA), to calculate the given kinetic pa-
rameters. Each assay was conducted in triplicates.

2.5. Slow-binding and binding affinity measurement

For the slow-binding inhibition, 10 μL of 0.2 unit/mL neuraminidase
from C. perfringens in sodiumacetate buffer (pH5.0) and 10 μL of compet-
itive inhibitors having similar concentration as their respective IC50swere
mixed and preincubated in 96 well plate at the different preincubation
time (0, 5, 15, 30, 45, 60, and 75 min) at 37 °C. After preincubation, 20
μL of substrate (4-methylumbelliferyl-α-D-N-acetylneuraminic acid so-
dium salt hydrate) was added to individual well and then directly mea-
sured for 20 min with 30 s interval using a SpectraMax M3 multi-mode
microplate reader. To determine the kinetic parameters associated with
time dependent inhibition of neuraminidase, progress curves were ob-
tained at several inhibitor concentrations usingfixed substrate concentra-
tion (1 mM) and enzyme (0.02 unit/mL). The kinetic parameters were
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calculated using Eqs. (1)–(3) [15,16]. The datawere analyzed using Sigma
Plot 10.0, a non-linear regression program.

v=v0 ¼ exp −kobstð Þ ð1Þ

kobs ¼ k4 1þ I½ �=K i
app� � ð2Þ

K i
app ¼ k4=k3 ð3Þ

All fluorescence spectra were measured on a SpectraMax M3 multi-
modemicroplate reader equippedwith a thermostat bath using 96-well
immune plates (SPL, Life Sciences, Korea). For a typical measurement of
fluorescence, 180 μL 50mMsodiumacetate buffer (pH5.0)with 10 μL of
1 unit/mL neuraminidase from C. perfringens were accurately added to
the 96 wells. The different dilution of inhibitors (10 μL) was then
added to the reaction mixture, which was shaken in the microplate
reader before measuring. Excitation and emission spectra were re-
corded on a fluorometer at 37 °C, with the width of the excitation and
emission slits adjusted to 2.0 nm. The excitation wavelength was
265 nm, and the emission spectra were recorded from 300 to 400 nm
[17]. All experiments were performed in triplicate, and their mean
values were calculated.

2.6. Molecular docking calculation

X-ray crystal structure of Clostridium perfringens Neuraminidase I
(CpNanI) was obtained from the RCSB protein data bank (PDB ID:
5TSP) [18] for molecular docking study. To neutralize the protein, pro-
tonation states of titratable residues were set at pH 7.0 by clean protein
tool in Discovery Studio (DS) 2017 (BIOVIA, San Diego, CA, USA). The
three-dimensional (3D) structures of competitive and non-competitive
inhibitors of CpNanI were obtained by Chemsketch and DS. We used
Chemsketch to generate two-dimensional (2D) structure of compounds
and DS to convert automatically 3D format for molecular docking. The
geometries of all compoundswere optimized through energyminimiza-
tion (EM)with the CHARMm force field. The 5000 steps of EMwere per-
formed using a Minimization protocol with smart minimizer algorithm
available in DS. The Generalized Born with Molecular Volume method
was used for an implicit solvent model.
Fig. 1. Chemical structures of isolated chromen
Molecular docking was carried out using Genetically Optimized Li-
gand Docking (GOLD) version 5.2.2 [19,20] which utilizes a genetic al-
gorithm (GA) to predict ligand conformations. A binding site for
competitive inhibitors was defined within a radius of 20 Å around the
co-crystal ligand while potential allosteric sites for non-competitive in-
hibitor were predicted by Define and Edit Binding Site tool with Receptor
Cavities option in DS. Formore exact prediction, the calculation speed of
GA parameter was set to lower and ligand flexibility option was applied.
Each ligandwas docked 100 times and the generated poseswere sorted
by GOLD fitness score. All the other parameters were kept as their de-
fault values.

2.7. Statistical analysis

All themeasurementsweremade in triplicate. The results were sub-
jected to variance analysis using Sigma Plot (version 10.0, Systat Soft-
ware, Inc., San Jose, CA).

3. Results and discussion

3.1. Structural identification of compounds

Bacterial neuraminidase plays a crucial role in cellular hemostasis,
inflammatory cytokines, sepsis, and biofilm development [4]. To date,
there are many natural products effective for the bacterial NA from
many kinds of different plants such as G. mangostana [21], A. fruticose
[22], L. lucidum [23], and E. abyssinica [24]. They have been identified
as unique structures for NA inhibition, however, all these reported com-
pounds have limitations to be considered as the ideal candidates against
bacterial NA inhibition. In preliminary screening, we observed that the
methanol extract of the roots part of F. philippinensis showed dose-
dependent inhibition toward bacterial NA (70% inhibition at 100
μg/mL). Following activity guided fractionation; the butanol fraction
displayed the most significant inhibition (80% inhibition at 10 μg/mL),
that persuaded us to investigate the responsible constituents present
in that fraction. As a result of the purification process, four NA inhibitors
(1–4) were isolated from a butanol fraction of F. philippinensis roots,
using MPLC and preparative HPLC and applying silica gel and reversed
phase silica gel as the stationary phases. Finally, all compounds have
one derivatives 1–4 from F. philippinensis.



Fig. 2. Important HMBC correlations (H C) of the new compounds (1 and 2).
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chromenone skeleton by 2D NMR spectra and HREIMS analysis. The
compounds 1 and 2 were identified as new compounds named
philippin D and philippin E, respectively. The compounds 3 and 4
were confirmed as known philippin A (3) and philippin B (4)
(Fig. 1).
Log [concentration], ( M)
-3 -2 -1 0 1 2

)
%(

noitibihni
A

Nla iretcaB 0

20

40

60

80

100 1
2
3
4
Q

1/[S], ( M)
-0.030 -0.015 0.000 0.015 0.030

)ces/
UF

R(/1

0.0

0.5

1.0

1.5

2.0

2.5 0.00 M
0.40 M
0.80 M
1.60 M

1/[S], ( M)
-0.030 -0.015 0.000 0.015 0.030

)ces/
UF

R(/1

0

2

4

6

8
0.000 M
0.025 M
0.048 M
0.098 M

(A)                            (B

(C)                           (D

(E)                  

Fig. 3. (A) Dose dependent effects of the isolated compounds 1–4 and quercetin on bacterial n
(C) Lineweaver-Burk plots of 2, (D) Dixon plots of 2, (E) Lineweaver-Burk plots of 3, (F) Dixon
Compound 1 havingmolecular formula C31H40O5 with 12 degrees of
unsaturation was established on the basis of HREIMS data (m/z
492.2882, calcd 492.2876). The extra 3 degrees of unsaturation after
counting double bonds were deduced from the tricyclic skeleton of
compound 1. The 31 carbon atoms of 1 were assigned as 6 methylenes
[Bacterial NA], (Unit/ml)
0.00 0.01 0.02

ces/
UF

R

0

2

4

6

8

10 0.0 M
0.4 M
0.8 M
1.6 M

[Compound 2], ( M)
-2 -1 0 1 2

)ces/
UF

R(/1

0.0

0.5

1.0

1.5

2.0

2.5
50 M
100 M
200 M

[Compound 3], ( M)
-0.16 -0.08 0.00 0.08 0.16

)ces/
UF

R(/1

0

2

4

6

8 50 M
100 M
200 M

)

)

(F)  

euraminidase inhibition. (B) Determination of reversible inhibitory mode of compound 2.
plots of 3.



Table 1
Inhibitory effects of compounds (1–4) on bacterial neuraminidase activity.

Compounds IC50
a (μM) Inhibition type (Ki

b, μM)

1 0.75 ± 0.07 Competitive (0.46 ± 0.07)
2 0.54 ± 0.05 Competitive (0.31 ± 0.02)
3 0.07 ± 0.01 Noncompetitive (0.06 ± 0.01)
4 2.20 ± 0.05 Noncompetitive (1.84 ± 0.24)
Quercetinc 18.7 ± 0.94 NTd

All compounds were examined in a set of experiments repeated three times.
a Sample concentration which lead to 50% enzyme activity loss.
b Values of inhibition constant.
c Quercetin was used as a positive control.
d NT is not tested.
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(sp3), 6 methines (sp2), 7 methyls and 12 quarternary carbons by 1H
and 13CNMRdata alongwithDEPT experiments. A typical A2B2 spin sys-
tem in the pendant ringCwas confirmed by two 2H signals (δH 3.23 cor-
responding to H2′ and H6′, and δH 2.95 corresponding to H3′ and H5′).
As shown in Fig. 2, the location of C4-OCH3was also confirmedbyHMBC
correlation of OCH3 (δH 3.82) to C4′ (δC 158.5). The presence of β-
triketone group was deduced from the three carbonyl groups (δC
195.9 for C-5, δC 195.7 for C9 and δC 200.3 for C7) and lower chemical
shift of α-position (C6, δC 107.5). This triketone motif was also con-
firmed by the intramolecular hydrogen bonding of C7-OH (δH 18.3)
and HMBC correlation of C7-OH with C6 and C7. The presence of two
prenyl groups on the same carbon (C8) were deduced from the succes-
sive connectivity of H14/19 (δH 2.66) with H15/20 (δH 4.81), and
H17,18/22,23 (δH 1.58). Furthermore, a clearHMBC correlation between
H14/19 (δH 2.66) and C14/19 (δC 38.8) was another critical evidence
which endorsed the attachment of two prenyl groups on the same car-
bon. The location of prenyl groups was also confirmed by HMBC corre-
lation of H-14/19 with C8 (δC 60.2) and C7 (δC 200.3), respectively. The
presence of dihydropyrane groupwas deduced from proton coupling of
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Fig. 4. (A) Time course of substrate hydrolyzed by bacterial neuraminidase in the presence of co
(B) Pre-incubation time dependence of the velocity of an enzyme-catalyzed reaction in the prese
concentrations (0, 0.4, 0.8, and 1.6 μM) of compound 2.
H-3 with H4 and also HMBC correlation of oxygenated carbon C2 (δC
78.5) with H3 (δH 1.74) and H12/13 (δH 1.35, 6H). Thus compound 1
was approved 7-hydroxy-6-(3-(4-methoxypheny) propanoyl)-2,2-
dimethyl-8,8-bis(3-methylbut-2-en-1-yl)-3,4-dihydro-2H-chromen-
(8H)-one, named as philippin D.

The molecular formula C31H38O5 having 13 degrees of unsaturation
for compound 2 was established by HREIMS (m/z 490.2720, calcd
490.2719). The extra 3 degrees of unsaturation after counting double
bonds were deduced to tricyclic skeleton of 1. The hydrogen bonded
proton (δH 18.9) at C9 (δC 205.5) and two prenyl groups at C8 (δC
60.6) were confirmed by COSY connectivity and HMBC correlation,
which have similar patternswith 1. The ring B, dimethylpyranwas con-
firmed by proton couplingH3 (δH 5.36, d, J=10.1 Hz) with H4 (δH 6.47,
d, J=10.1 Hz) andHMBC correlation of oxygenated carbon C2 (δC 84.8)
with H3 (δH 5.36)/H4 (δH 6.47), and H4 with C4a (δC 109.7)/C5 (δC
189.7). The enolic OH presented at C9 because of HMBC correlations
of OH (δH 18.9) with C6 (δC 111.4), C9 (δC 205.5), and C10 (δC 45.5). A
strong HMBC between H10 (δH 3.32) and C9 also indicated the position
of the enolic OH on C9 (Fig. 2). Thus, the compound 2was identified as
6-(1-hydroxy-3-(4-methoxyphenyl)-propylidene)-2,2-dimethyl-8,8-
bis(3-methylbut-2-en-1-yl)-2H-chromene-5,7(6H,8H)-dione, named
as philippin E.

Other two known compounds (3 and 4) were identified as philippin
A andphilippin C by their respective spectroscopic data and comparison
with previous reported data (Supplementary materials).

3.2. Bacterial neuraminidase inhibition and kinetics

Bacterial NA activity was measured in the presence or absence of
the tested compounds using a fluorogenic assay [25]. For this assay,
we used bacterial NA from Clostridium perfringens which belongs to
the glycosyl hydrolase 33 family and hydrolyses terminal sialic acid
residues at α2 → 3 or α2 → 6 linkage [26]. The tested compounds
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Table 2
Kinetic parameters for slow-binding inhibition of bacterial neuraminidase by compounds
1 and 2.

Compounds Ki
app (μM) k3 (μM−1 s−1) k4 (min−1)

1 0.5652 0.0736 0.0416
2 0.6064 0.0818 0.0496
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(1–4) exhibited a significant dose dependent inhibition against NA
with IC50 values in the range of 0.07–2.20 μM (Fig. 3A and Table 1).
Among them, three compounds (1–3) showed a significant inhibition
with IC50s of 0.75, 0.54, and 0.07 μM, respectively. They are 20 to 200
times more effective than positive control, quercetin (IC50 = 18.5 μM).
It is first to report that chromenones are potent to bacterial NA inhibi-
tion. The hydroxyl group on C5′ greatly affected the inhibitor potencies
because compound 3 (IC50 = 0.07 μM) bearing the hydroxyl group on
C5′ exhibited 30-fold effective than its analog 4 (IC50 = 2.2 μM) having
no hydroxyl group.

Detailed kinetic study was carried out, in which the tested com-
pounds showed a similar relationship between enzyme activity and
the relevant inhibitor concentrations. Representatively, a reversible in-
hibitory behavior was demonstrated by compound 2 (IC50 = 0.54
μM). As shown in Fig. 3B the plots of the remaining enzyme activity vs
enzyme concentrations using different concentrations of compound 2
accorded a family of straight lines, all of the thempassed through the or-
igin. This indicates that the representative compound 2 is a reversible
inhibitor. In order to further evaluate the inhibitory mechanisms exhib-
ited by the tested constituents (1–4), double-reciprocal plots were used
and the representative plots were displayed in Fig. 3C and E. Interest-
ingly, a noticeable difference in the inhibitory mechanisms was ob-
served, which is attributed to the position of prenyl groups. All the
two 8,8-diprenyl chromenones (1 and 2) were found to be competitive
inhibitors. Because increasing the concentration of representative
compound 2 resulted in a family of lines with a common intercept on
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Fig. 5. (A)–(C) The effect of compounds 2, 3, and quercetin on fluorescence spectra of bacterial
compounds 2, 3, and quercetin. (D) Stern-Volmer plots for compound 3 with bacterial neuram
the y-axis of Lineweaver-Burk plots (Fig. 3C). Similarly, the Ki value of
compound 2 was determined to be 0.31 μM by Dixon plots (Fig. 3D).
On the other hand 4a,8-diprenyl chromenones (3 and 4) displayed non-
competitive inhibitory modes, because increasing inhibitor concentra-
tions resulted in a family of lines with different slopes, but a common
x-axis intercept from kinetic studies (Fig. 3E for compound 3, represen-
tatively). The Ki value of 3 was also obtained as 0.06 μM by Dixon plots
(Fig. 3F).

3.3. Slow-binding effect and binding affinity between bacterial NA and
compounds

Most of the competitive inhibitors display a slow onset of inhibition
of enzymatic reactions, and hence pronounced as slow-binding enzyme
inhibitors [27]. In order, to investigate the slow binding kinetics of our
reported competitive inhibitors, we proceeded to analyze the time de-
pendent based inhibition of neuraminidase catalyzed hydrolysis using
different concentrations of competitive inhibitors (1 and 2). For this
purpose neuraminidase enzyme was preincubated with the target in-
hibitors for duration of 0–75 min, and subsequently their residual en-
zyme activity was measured by calculating the initial velocity of
substrate hydrolysis for 20 min. During this initial time range, we did
not observe any drastic loss in enzyme activity (Fig. 4A insert). How-
ever, increasing the preincubation time with inhibitors led to a gradual
decrease in both the initial velocity (vi) and the steady-state rate (vs). As
shown in Fig. 4A, a representative compound 2 displayed typical prog-
ress curves for slow-binding behavior. It is evident thatwith the passage
of time a gradual decrease in residual activity was seen as a function of
preincubation time; hence compound 2 emerged to be a slow-binding
inhibitor at 0.4 μM concentration. The kinetic parameter, kobs was ob-
tained by fitting the data to the slow-binding Eqs. (1)–(3) (Table 2).
The kobs was then plotted as a function of inhibitor concentration
(Fig. 4B). As given in Fig. 4C, kobs exhibited a linear relationship with
compound 2 concentration,which indicated that compound2 displayed
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Table 3
Evaluation of Stern-Volmer constants depending onfluorescence quenching effects of bac-
terial neuraminidase inhibitors (1–4).

Compounds KSV (×105 L·mol−1) R2 KA(×106 L·mol−1) n R2

1 0.0847 0.9966 0.0154 0.7751 0.9905
2 0.1244 0.9994 0.0200 0.8346 0.9860
3 0.5412 0.9989 9.2214 1.2284 0.9991
4 0.0343 0.9722 0.0008 0.4125 0.9913
Quercetin 0.0102 0.9979 0.0001 0.2526 0.9703
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simple slow-binding inhibition.We established that the progress curves
(Fig. 4C) yielded k3 and k4 which are association and dissociation rate
constants, respectively.

Enzþ I⇌
k3

k4
EnzI ð4Þ

Fluorescence quenching effect is a useful technique for estimating
the binding affinity between an enzyme and its inhibitor, because the
intrinsic fluorescence of protein changes as a function of ligand affinity
[28,29]. Intensity of intrinsic fluorescence decreases with increase in
binding affinity between ligand and enzyme [14]. We investigated the
binding affinity between inhibitors (1–4). Because bacterial NA has
many fluorescence residues such as nine Trp, twenty two Tyr, and
eight Phe (Supplementary material). The experimental data was re-
stricted to the analysis of KSV and KA, because the τ0 for tryptophan
quenching in NA has not been disclosed yet. There was no significant
emission from any ingredient in the assay system under the given ex-
perimental conditions (i.e., emission from 300 to 400 nm). KSV is a
level of binding affinity and was analyzed using the Stern-Volmer
Eq. (5) [30].

F0−F ¼ 1þ KSV Q½ � ð5Þ

F0 and F are the fluorescence intensities in the absence and presence
of quencher (Q). KSV is the Stern-Volmer quenching constant
(L·mol−1). Fig. 5 shows a typical Stern-Volmer plot by the treatments
of inhibitors at the different concentrations (0–8.0 μM). The treatment
of potent inhibitors 2 (IC50=0.54 μM) and 3 (IC50=0.07 μM) led a dra-
matic decrease in the fluorescence intensities (Fig. 5A and B), but quer-
cetin (positive control, IC50= 18.7 μM)was not effective on the change
of fluorescence quenching (Fig. 5C). The fluorescence quenching effects
were significantly correlated to the concentration of inhibitors aswell as
the inhibitory potencies. The binding constants (KSV) of the inhibitors
Fig. 6. The secondary structure of CpNanIwith inhibitors and chemical structures of competitive
of CpNanI. The catalytic and inserted domains were represented as cyan and pink ribbon mode
domain (yellow circle) was shown as yellow stick model. Also, compound 4 at the predicted
stick model. (B) 2D chemical structures of compound 2 and 4.
could be ranked in the order of their inhibition potential (IC50)
(Table 1 and Table 3).

log F0−Fð Þ=F½ � ¼ logKA þ n log Q½ � f ð6Þ

where [Q]f is the concentration of inhibitors; n is number of binding
sites; KA is binding constant (L·mol−1) [28]. From the plots of linear
Eq. (6) obtained by log [(F0 − F) / F] vs log [Q]f, one can calculate the
values of KA and n as shown in Table 3. The values of n approximate to
one, indicating that only a single binding site exists in bacterial NA.

3.4. Molecular docking experiments

Molecular docking studies were performed in order to investigate
the binding modes of competitive (compound 2) and non-competitive
(compound 4) inhibitors of CpNanI (Fig. 6A and B). Docking results of
compound 2 showed that 81 out of 100 have the same binding mode.
The top scored conformation from the most populated cluster was se-
lected as a representative. Analysis of binding mode revealed that the
B ring was located in the deep binding pocket while the C ring was
contacted within shallow surface pockets which was formed by cata-
lytic residues. The C ring was found to interact with R266 and R615 by
π-cation interactions, as well as with D291, Y652, and S675 by van der
Waals (vdW) interactions (Fig. 7A and B). Binding of the C ring was
also stabilized by additional strong hydrogen bonding interactions of
the methoxy group with the side chain of R266 and the backbone oxy-
gen of P674. The carbonyl moiety belonging to the A ring formed a hy-
drogen bond with R266 while adjacent hydroxyl group formed strong
hydrogen bonds with R555, R615, and R655. It is noted that the interac-
tionswith tri-arginyl cluster are common features generally observed in
NanI structural family [31]. One of the two 3-methyl-2-butenylmoieties
of the A ring was toward the inside of the binding pocket. It formed π-
alkyl interactions with F353, Y485, and Y587, as well as vdW interac-
tions with Q493, R538, E539, and R555. The other facing outward
contacted with W354 and P293 by π-alkyl interactions, as well as with
D291, A292, and F353 by vdW interactions. The B ring was involved in
vdW interactions with D291 and D328. Hydrophobic interactions in-
cluding π-alkyl interaction were also observed between di-methyl
group and A292, I327, F347, F353, and F460. It is noted that D291, one
of the catalytic residues, was effectively blocked by simultaneously
interacting with all three rings of the compound.

As shown in Fig. 6A, the structure of CpNanI consists of a typical six-
bladed β-propeller domain and the inserted domain whichwas located
next to the catalytic domain. In case of compound 4, docking results
(compound 2) and non-competitive (compound 4) inhibitors. (A) The 3D crystal structure
l, respectively. The docked conformation of compound 2 at the active site in the catalytic
binding site for the non-competitive inhibitor (orange circle) was presented as orange



Fig. 7. Bindingmodes of compound 2 and compound 4with CpNanI. Compound 2 (A and B) and 4 (C and D)were represented as yellow and orange stickmodels, respectively. Hydrogen
bond, hydrophobic, π-π, and π-σ interactions were shown as green, pink, red, and purple dashed lines, respectively.
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showed predominantly well clustered binding modes, 82 out of 100
poses, at the deep cleft between both domains. The cleft is one of the
predicted sites for non-competitive inhibitor binding which is compara-
ble to the previously reported site [32]. The C ring of the compoundwas
deeply anchored in the cleft. It formed a π-π T-shaped interaction with
the side chains of Y320 and vdW interactions with H346, G404, I416,
N417, N432, and N448 (Fig. 7C and D). The methoxy group of the ring
was positioned in the hydrophobic pocket by P348, L371, I416, A425,
andY430. Especially, itmadeπ-alkyl interactionwith Y430. The two car-
bonyl groups on the A ring were observed to form hydrogen bonds with
the side chain of N448. The 3-methyl-2-butenyl moiety of the A ring
interactedwith A402, E445, andQ447 by hydrophobic interactions. Sim-
ilarly, the other between the A and B rings was found to interact with
L371 andV383 bymeans of hydrophobic interactions. The B ring formed
hydrophobic interactions with F362, K368, E369, Y370, and F451.

Our studies suggested that a structural explanation for the binding of
two CpNanI inhibitors which they share same scaffolds excepting the po-
sition of two 3-methyl-2-butenyl moieties. The different position of the
moieties in compound 4 might cause steric hindrances compared with
that theB andC rings of compound2 interactwith key active site residues.
Consequently, compound 4 seems to be unable to act as a competitive in-
hibitor, thereby it showed different inhibitory mechanisms against
CpNanI. On the basis of our molecular modeling studies, it will provide
valuable structural information for development novel CpNanI inhibitors.

4. Conclusions

This study validated a potential of F. philippinensis to bacterial NA in-
hibition. The principal components were identified as four chromenone
derivatives (1–4) including two new compounds, philippin D and E. It is
the first report that chromenone skeleton emerged as a lead struc-
ture for bacterial NA inhibition. The position of prenyl groups greatly
affected inhibitory behavior. The 8,8-diprenyl compounds 1 and 2
were competitive inhibitors, while 4a,8-diprenyl showed noncom-
petitive ones. The binding affinities (KSV) were agreement with
their respective inhibitory potencies. The specific interactions be-
tween the enzyme and inhibitors were confirmed by molecular
docking data.
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