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Pterocarpans (1-3) and flavanones (4-10) were isolated from Sophora flavescens and screened for their
ability to inhibit neuraminidase (an enzyme crucial in the proliferation of the influenza virus). The major-
ity of inhibitors were shown to have ICs, values of 20 pM or below. Interestingly, pterocarpan 1 emerged
as the best inhibitor with an ICsg of 1.4 pM. We were thus able to prove that the pterocarpan skeleton is a

new class of lead structure for neuraminidase inhibitors. Our studies reveal that the ICso has a marked
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Sophora flavescens active site.

dependence upon structure in the case of the pterocarpans but much less so for the flavanones. Kinetic
analysis disclosed that all inhibitors are noncompetitive. Our molecular docking experiment resulted that
the most potent pterocarpan-derived inhibitor 1 may bind to another binding pocket adjacent to the

© 2008 Elsevier Ltd. All rights reserved.

The influenza virus has historically been and remains today the
most likely source of a pandemic affecting humans.! The develop-
ment of vaccines to combat influenza are of restricted usefulness as
they are not compatible with the high mutability of the virus.2 The
obvious alternative remains the development of effective drugs
targeting highly conserved domains which are essential to ensure
viral proliferation. The two targets which have so far yielded fruit-
ful results are M2 and neuraminidase.>~> The former is an ion chan-
nel important in early stage infection, while the latter, a surface
glycoside hydrolase, is essential for maintenance of virus mobility
by catalyzing the hydrolysis of the sialic acid-derived linkage be-
tween viruses and host cells to release virons from infected cells.
Of these two drug classes, neuraminidase inhibitors have been
shown to be effective against influenza A and B, but M2 inhibitors
are only functional against influenza A.® This arguably makes neur-
aminidase inhibition the more fruitful avenue for further research.

There are currently two commercially available neuraminidase
inhibitors, zanamivir and oseltamivir (Tamiflu®)’ both of which are
highly polar cyclic species designed to mimic the native substrate
of neuraminidase, sialic acid. Oseltamivir has been used to treat an
estimated 50 million people worldwide.® Sadly, the viability and
cost of these compounds are both affected by prolonged chemical
syntheses and variable demand. With the perennial threat of flu
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pandemics a constant worry to the individual and government
alike, and also the incorrect use of drugs potentially leading to
accelerated mutation rates, natural product-derived influenza
antivirals are perhaps more than ever of paramount importance.

Flavonoids of various natural product origins have been shown in
a number of communications to exhibit antiviral properties. For in-
stance, catechin derivatives were reported to be strong replication
inhibitors of both HIV.® and the influenza virus.!'® Isoscutellarin-8-
O-glucuronide from the leaf of Scutellaria baicalensis has also been
shown to be a potent mouse liver sialidase inhibitor (ICsq
40 uM)."" Based upon this and subsequent cell-culture results some
papers have reported that flavonoids have a great potential to func-
tion as neuraminidase inhibitors.’!'2 However, to the best of our
knowledge, other than flavonoids, there is currently a paucity of nat-
ural molecular scaffolds known to elicit neuraminidase inhibition,
and it is with this strongly in mind that we set about this work.

We recently reported'? that polyphenols from Sophora flaves-
cens, a representative polyphenol-rich plant from the legume fam-
ily known to possess numerous beneficial properties, have
glycosidase inhibitory activity. Since glycosidase possesses similar
active residues (Asp, Glu)'# to neuraminidase (Asp, Tyr)'> we be-
lieved that neuraminidase inhibitors may be accessible from this
plant. We found that the MeOH (95%) extract from S. flavescens
at 30 pg/ml inhibited neuraminidase activity by 90%. Subsequent
bioactivity-guided fractionation of the MeOH extract led to the iso-
lation of ten polyphenols [seven flavanones (4-10) and three
pterocarpans (1-3)] as shown in Figure 1.
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Figure 1. Chemical structures of isolated compounds from S. flavescens.

In this study, we wish to report that the pterocarpan backbone is
anovel molecular basis for neuraminidase inhibition. In addition we
also report the isolation, structural characterization, and neuramin-
idase inhibitory activities of flavanones (4-10). The structures of iso-
lated polyphenols (1-10) were performed using spectroscopic
analysis in conjunction with previously reported data.!316-18:24

The isolated compounds 1-10 were identified as pterocarpin
(1), maackiain (2), trifolrhizin (3), sophoraflavanone G (4), kurari-
none (5), leachianone A (6), kushenol A (7), norkurarinol (8), kurar-
inol (9), and kushenol T (10). The identification of pterocarpans (1)
was determined on the basis of X-ray crystallographic data (CCDC-
690107).1°

The isolated compounds were tested for their enzymatic inhib-
itory activities against neuraminidase (E.C. 3.2.1.18) from Clostrid-
ium perfringens (C. welchii). The enzyme assay was based on a
literature procedure with some modifications?® by following the
hydrolysis of MU-Neu5Ac (4-methylumbelliferyl-o-p-N-acetylneu-
raminic acid) via fluorescence. The initial velocity (v;) was recorded
over a range of concentrations and the data were analyzed using a
nonlinear regression program [Sigma Plot (SPCC Inc., Chicago, IL)].

All isolated compounds showed a dose-dependent inhibitory ef-
fect toward neuraminidase activity (Table 1). As shown in Table 1,
both flavanone and pterocarpan derivatives exhibited a significant
degree of neuraminidase inhibition. All the lavandulylated flava-
nones (4-10) were of almost equal efficiency with ICso values
(12-20 uM). However, pterocarpans (1-3) were significantly af-
fected by subtle structural changes. For instance, the most potent
inhibitor was 1 which possessed a methylated phenol moiety.
The demethylated analogue 2 was half as potent, whilst the glycos-
ylated species 3 showed almost no activity at all. This possibly
hints that this class of inhibitors binds to a relatively hydrophobic

Table 1
Inhibitory effects of isolated compounds 1-10 on neuraminidase activities

Compound 1Cs50” (LM) Inhibition type (K;, uM)
1 1.4+0.36 Noncompetitive (1.7 £ 1.1)
2 32+1.1 Noncompetitive (2.1 +0.9)
3 237 £25.1 Noncompetitive (190 + 20)
4 13.5+1.08 Noncompetitive (20.0 + 3.7)
5 15.1+2.0 Noncompetitive (18.8 +1.7)
6 20.1+£0.8 Noncompetitive (30.4 + 3.0)
7 148+1.5 Noncompetitive (17.1 + 0.8)
8 183 1.2 Noncompetitive (22.7 + 2.1)
9 17.0+£ 1.6 Noncompetitive (19.7 + 2.4)

10 12124 Noncompetitive (10.8 + 0.8)

Mangiferin® 16222 ND

2 All compounds were examined in a set of experiments repeated three times
(ND, not detected).
> Mangiferin was used as a positive control.?!

area within the enzyme. However, steric interactions between the
bulky sugar moiety and the enzyme adversely affecting the ICsq in
the case of inhibitor 3 cannot be ruled out. Other hints at the
importance of hydrophobicity can be found in the differences in
ICso values for lavandulyl flavanones (4, 5, 6, and 7) and their
hydroxylated counterparts (8 and 9). Most importantly, however,
pterocarpan 1 showed between 10- and 20-fold more activity than
flavonoid derived compounds (4-10) and was 12 times more active
than positive control, the glucoside, mangiferin (ICso = 16.2 pM). As
shown representatively in Figure 2A as the concentration of com-
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Figure 2. Effect of compounds on the activity of neuraminidase for the hydrolysis of
MU-Neu5Ac at 37 °C. (A) Dose-dependent manner of compounds [1 (O), 2 (V), 3
(@), and 4 (A), respectively]. (B) Relationship of the hydrolytic activity of
neuraminidase with enzyme concentrations at different concentrations of com-
pound 1. Concentration of compound 1 for curve from top to bottom: 0, 0.6, 1, and
10 pM.
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Figure 3. Graphical determination of the type of inhibition for compound 1. (A)
Lineweaver-Burk plot for inhibition of compound 1 on neuraminidase for the
hydrolysis of substrate. In the presence of different concentrations of compounds

were 0 (@), 0.00075 (A), 0.0015 ('¥), and 0.003 mM (O), respectively. (B) Dixon plot;
inset is replot of slope versus the corresponding 1/[S] of compound 1.
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pounds 1-4 was increased, the enzyme activity rapidly decreased.
Increasing the concentration of inhibitor 1 resulted in lowering of
the slope of the line, indicating that these compounds were revers-
ible inhibitors (Fig. 2B).

We subsequently progressed to analyze the mode of inhibition
using both Lineweaver-Burk (Fig. 3A) and Dixon plots (Fig. 3B).
Both of these experiments revealed that all isolated compounds
exhibited noncompetitive inhibition (for instance all lines in the
Lineweaver-Burk plot met at a nonzero point on the x-axis). A re-
plot of slope versus the corresponding 1/[S] (inset Fig. 3B) is a
straight line with a gradient of K,,,/VhaxK; and an intercept of 1/
VmaxKi on the y-axis, proving the concordance of both graphs and
affirming that all compounds are noncompetitive inhibitors.

In view of these results, a tentative in silico molecular docking
simulation was undertaken to investigate potential protein-ligand
interactions responsible for the enhanced selectivity and potency
of 1. The X-ray structure of neuraminidase determined by Smith??
was obtained from the protein data bank (PDB Code 117f). Molecu-
lar docking studies were carried out using LigandFit?> (Discovery
Studio 2.0, Accelrys, San Diego, USA), with prior removal of binding
water molecules and cocrystallized inhibitor. For the initial explo-

ration, various sites were searched and analyzed by docking of
compound 1 to the enzyme.

Figure 4A shows compound 1 docked with neuraminidase. Our
modeling calculations unveiled two potential binding sites at which
the enzyme could most favorably dock with neuraminidase (sites I
and II). In both instances the methoxy group on the A ring was found
tointeract witarginine residues. H-bond interactions were observed
in the both sites: in site II to Arg371 and Arg118 and in site I to
Arg292 (Fig. 4B and C). Although the site Il seems to be more favor-
able in H-bond interaction than the site I, Interestingly the overall
docking scores showed in different way. The site I was found to be
the best scored binding site (LigScore2 = 4.56) and the site II, which
is the enzyme’s active site, was turned out to be the next favorable
binding site (LigScore2 = 3.75). And the mesh diagram also shows
better alignment with the pocket of site I (Fig. 4D and inset). Theses
results mean that the binding pocket of the site  matches compound
1 more closely than the site II or the compound 1 interact more
favorably with the site I than the site IL. If it is true that the new inhib-
itor binds to another active site like an allosteric site rather than the
original active site, this result can be well consistent with our kinetic
analysis data which showed 1 to be a noncompetitive inhibitor.

Figure 4. Comparison of in silico molecular docking modes for compound 1. Representative binding mode of the most stable docking sites. (A) Two low energy binding sites
found using computer simulations (yellow color: cocrystallized inhibitor?? in original X-ray structure). Hydrogen bond interactions between compound 1 and neuraminidase
in site II (B) and site I (C). (D) Compound 1 docked in site I [inset: 1 (shown as mesh surface) in site IJ.
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Although this preliminary molecular modeling study cannot be final
proof for this critical argument, it can be a positive sign for the pos-
sibility of the mechanism.

In summary, this work has shown that pterocarpans can serve as
a new class of lead structure for neuraminidase inhibitors. Although
all isolated compounds apart from 3 showed a significant inhibitory
activities (12-20 uM), pterocarpan 1 exhibited the most potent
neuraminidase inhibitory activity with ICso values of 1.4 pM. The
molecular docking experiment suggests that pterocarpan may bind
to another binding pocket near the active site and we think that this
can be a good clue supporting for the result of the kinetic analysis of
1. We believe that this lead structure may be highly beneficial for the
development of new drugs to combat this serious disease.
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Procedure for extraction and isolation: The dried root of S. flavescens (2 kg) was
air-dried, pulverized, and extracted with methanol for a week at room
temperature. The combined extract was concentrated in vacuo to afford a
dark orange gum (53 g). After concentration, the resultant extract was
separated by VLC chromatography, performed using CHCl; (23 g) and MeOH
(28 g). The CHCl3 extract was subjected to column chromatographed on silica
gel (4 x 60cm, 230-400 mesh, 400g) using hexane/EtOAc (80:1 — 1:1)
mixtures to furnish fractions A-G. Fraction C (2.9 g) was subjected to silica
gel chromatography (2 x 50 cm) eluting with hexane/EtOAc (40:1 — 1:2) to
give five fractions (fr. C.1-C.5); fr. C2 was resubjected to silica gel
chromatography with hexane/acetone (30:1 - 1:1) to yield compound 4
(19mg) and 7 (28 mg). Fr. D (2.7 g) was applied to a silica gel column
[eluent: hexane/EtOAc (20:1 — 1:1)] to afford three subfractions fr. D.1-D.3. Fr.
D.2 was resubjected to silica gel column {(1.5 x 30 cm, 230-400 mesh, 90 g)
[eluent: hexane/Et,O (40:1 — 1:2)]} to yields compound 6 (11 mg) and 2
(18 mg). Fr. E (3.3 g) was subjected to silica gel column chromatography with
hexane/EtOAc (10:1 — 1:1) to yield compound 5 (32 mg) and this column was
evaporated and recrystallized from hexane to give compound 1 (19 mg). MeOH
phase (28 g) was chromatographed on silica gel {(6 x 60 cm, 230-400 mesh,
800 g, eluent: CHClz/acetone (40:1 — 1:1) to give fraction A-1. Fr. G (3.1 g) was
applied to a silica gel column [eluent: CHCl;/MeOH (90:1 — 4:1)] to afford
seven subfractions fr. G.1-G.7. Fr. G.3-G.5 were subjected to silica gel column
[eluent: CHCl3/MeOH (60:1 — 2:1)] to yields compound 9 (12 mg). Fr. H (2.2 g)
was chromatographed on silica gel [eluent: CHCl3/MeOH (20:1 — 1:1)] to yield
compound 10 (34 mg) and 3 (55 mg). Fr. | was repeatedly chromatographed
over silica gel using [eluent: CHCl3/MeOH (20:1 — 1:1)] and then on Sephadex
LH-20 [eluent: MeOH (2 x 90 cm)] to yield compound 8 (26 mg). All of
flavonoids (4—10) were described as previously reported.'>!”
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