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Summary. - Considering the need for discovery of new antiviral drugs, in view to combat the issue of
resistance particularly to anti-influenza drugs, a series of 2'-amino, 3'-amino and 2', 4'-dihydroxy chalcone
derivatives were designed. Structure-based drug design was used to design inhibitors of influenza virus - HIN1
neuraminidase enzyme. These were further optimized by a combination of iterative medicinal chemistry prin-
ciples and molecular docking. Based on the best docking scores, some chalcone derivatives were synthesized
and characterized by infrared spectroscopy (IR) and proton nuclear magnetic resonance (NMR). The molecules
were evaluated for their anti-influenza action against influenza A/Pune isolate/2009 (H1N1) virus by in vitro
enzyme-based assay (neuraminidase inhibition assay). We have then selected few of them for multinuclear NMR
studies, *P NMR, in order to probe the molecular mechanism of their antiviral action. Reasonably good cor-
relation between docking scores; anti-influenza activity; and *'P NMR results were observed. The computational
predictions were in consensus with the experimental results. It was observed that among tested compounds,
derivative 1A, viz. 2', 4-dihydroxy-4-methoxy chalcone, showed highest activity (IC, = 2.23 umol/l) against
the virus under study. This derivative 1A can be explored further to provide a future therapeutic option for the
treatment and prophylaxis of HIN1 viral infections.
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Introduction

Influenza, an infectious disease caused by RNA viruses of
the family Orthomyxoviridae (Colman et al., 1989), attributes
to significant morbidity and mortality. There are three types
of influenza - A, B and C, where A is more prevalent as
well as virulent (Hay et al., 2001). Hemagglutinin (HA) and
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Abbreviations: DPPC = L-a-dipalmitoyl phosphatidyl choline;
DS = discovery studio; HA = hemagglutinin; MLV = multila-
mellar vesicle; NA = neuraminidase; NMR = nuclear magnetic
resonance

neuraminidase (NA) are the two large glycoproteins on the
outside surface of the viral particles. HA binds to the ter-
minal sialic acid of the receptor and therefore is responsible
for the entry of the viral genome into the target cell. NA
cleaves the sialic acid that binds the mature viral particles
by digesting it and therefore is responsible for the release of
progeny virus from infected cells (Palese et al., 1974; Liu et
al., 1995). Thus, inhibition of NA suppresses the viral growth
by delaying the release of progeny virus from the surface of
infected cells. In view of this, NA has become an attractive
target for developing drugs against the influenza virus (De
Clercq, 2006). Influenza A viruses are further classified
into subtypes based on antibody responses to HA and NA.
There are sixteen HA (H1 to H16) and nine NA (N1 to N9)
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subtypes known, but only H 1-3, and N 1-2 are commonly
found in humans (Organization, 1980). Vaccination or an-
tiviral drug therapy are the two current ways to reduce the
impact of influenza. Two classes of anti-influenza drugs for
the treatment of influenza viruses are: the M2 proton channel
inhibitors, viz. “entry inhibitors”, and the NA inhibitors, viz.
“release inhibitors” The M2 ion channel inhibitors' efficacies
against influenza A virus are restricted due to occurrence of
resistance towards it (Hayden and Couch, 1992; Moscona,
2005). NA inhibitors, like commercially available drugs zan-
amivir (ZMV) and oseltamivir (OMYV), which are transition
state analogues of sialic acid, inhibit NA, thereby inhibiting
cleavage of the sialic acid and newly formed virion, which
consequently inhibits further binding of HA and eventu-
ally its ability to promote attachment and fusion of the cell
membrane to the virus (Greengard et al., 2000; Porotto et
al., 2004). The interference with this process would likely
interfere with also cell-cell fusion and virus entry step. It
has been reported that influenza virus with NA subtype
N1 is resistant to oseltamivir due to mutations, which are:

(1) His274Tyr; (2) Asn294Ser; and (3) a variant of N1 in
which the generally conserved tyrosine residue at position
252 was replaced by histidine (Tyr252His) (Collins et al.,
2008). Similarly, zanamivir resistance has been associated
with mutation of Gln136Lys, which breaks down bonding
network formed by Asp151 and Argl56, leading to increased
mobility of both groups (Hurt et al., 2009). Reports indicate
that natural compounds from plant sources are abundant
with chalcones (1, 3-diphenyl-prop-2-ene-1-one) (Dao et
al., 2011). They are reported as non-competitive inhibitors of
HIN1-NA (Dao et al., 2010; Ryu, et al., 2010; Nguyen et al.,
2011). We have focused on this scaffold as it has a structure
different than the transition state analogue of endogenous
ligand sialic acid. Our previous studies indicated that 2'-
hydroxy-4-methoxy chalcone was a promising molecule,
when evaluated using cell-based technique, in HIN1-NA
inhibition (Pradip et al, 2016). To understand the effect of
additional hydroxy group and another polar amino group
on anti-influenza activity, we have further developed a series
of derivatives by introducing additional hydroxy group as in

Sr. No. Derivatives R4 R, R; R, Rs Rg
01 A NH, H H H H Cl
02 B NH, H H H Cl H
03 c NH, H H H H OCH;
04 D NH, H H H H NO,
05 E NH, H H Cl H H
06 F NH, H H H OCHs H
07 G NH, H H H NO, H
08 H OH H OH H H OCH,3
09 | OH H OH H Cl H
10 J OH H OH H H NO,
1 K OH H OH H OCH, H
12 L H NH, H H H OCH;,
13 M NH, H H NO,
14 N NH, H NO, H

Fig. 1

General structure of chalcone (1, 3-diphenylprop-2-en-1-one) and various synthesized derivatives of chalcones with respective substituents
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case of 2', 4'-dihydroxy chalcones and by introducing amino
group at 2" and 3' positions. The other ring of the chalcone
was substituted with electron-withdrawing and electron-
donating groups, shown in Fig. 1, and evaluated by virtual
screening, initially using molecular docking studies.

The binding interactions of chalcone derivatives with
NA enzyme considering both seasonal as well as pandemic
influenza virus (PDB codes 3B7E and 3T16 respectively) were
studied by molecular docking. The results were compared
with docked marketed NA inhibitors oseltamivir and zan-
amivir, which were considered as standard drugs. Based on
docking results, selective derivatives were synthesized and
evaluated by in vitro enzyme-based antiviral studies (NA
inhibition assay) on influenza A/Pune isolate/2009 (HIN1)
virus. Additionally, we have also carried out *'P NMR studies
on our synthesized derivatives. We have investigated their
general implications on phase behavior and structure ar-
chitecture of L-a-dipalmitoyl phosphatidyl choline (DPPC)
bilayer, which mimics biological membranes. The results
of interaction studies further confirmed the membrane-
stabilizing effect produced by our compounds, which is
characteristics of antiviral drugs and is discussed later.

Materials and Methods

Materials. 2, 4-Dihydroxy acetophenone, 2-amino acetophe-
none, 3-amino acetophenone and substituted benzaldehyde were
purchased from S D fine-chem. Ltd., India. All other solvents used
for synthesis were of LR grade. DPPC was purchased from Sigma
Chemicals Co., USA. Oseltamivir carboxylate was purchased
from Clearsynth Labs Ltd., Mumbai, India. Oseltamivir phosphate
was a gift sample from Cipla Ltd., India. The influenza A/Pune
isolate/2009 (H1N1) virus was obtained from National Institute
of Virology, Pune, India. Madin-Darby Cannine Kindey (MDCK)
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cells obtained from National Centre for Disease Control (NCDC),
Nasik, India.

Computational studies. Computational studies were carried out
with the modeling package Discovery Studio v 3.1 (DS 3.1), Accel-
rys Inc., USA running on a Red Hat Enterprise platform. Docking
studies were carried out with GOLD v 5.0.1, CCDC, UK running
on a separate CentOS platform Linux Workstation.

Preparation of enzyme and ligand for docking. The X-ray crystal
structure of the enzyme HIN1-NA in complex with zanamivir was
taken from the protein data bank (PDB code no. 3B7E), which rep-
resents seasonal enzyme (Xu et al., 2008). Similarly, X-ray crystal
structure of the enzyme HIN1-NA in complex with oseltamivir was
taken (PDB code No. 3TI6), which represents pandemic enzyme
(Vavricka et al., 2011). Monomeric unit of the dimeric enzyme was
used for docking studies. The crystallographic waters were removed,
hydrogen atoms were added, atom types and partial charges were
assigned based on the CHARMm forcefield. Formal charges for the
acidic and basic amino acids were set according to the physiological
conditions at pH 7.4. N- and C-termini were capped with acetyl
(ACE) and N-methyl-amino groups, respectively. The system was
refined using the CHARMm forcefield to a gradient of 0.1 kcal/
mol/A. The oseltamivir, zanamivir and designed ligand structures
were energy minimized using the “Smart Minimizer” method in
energy minimization with the CHARMm forcefield to a gradient of
0.01 kcal/mol/A. The docked poses were scored using GoldScore.
The non-bonded interaction energy calculations contributed by
van-der-Waals and Electrostatic energies were done by using
“Simulation” module of DS 3.1 (Accelrys Inc., USA) running on
a Red Hat Enterprise platform.

Docking protocol. The parameters in GOLD, kept similar as in
our previously published work (Pradip et al., 2016). The receptor
active site was shaped by residues in a 10 A vicinity of ligands OMV
and ZMV. At the start of a docking run, all the variables were ran-
domized in order to validate the protocol. Docking of OMV and
ZMYV was carried out for 20 genetic algorithm (GA) runs, which

NaOH

Ethanol
Below 10 °C

Substituted chalcone

R1=NHj, OH

R =0CH;3, CI, NO,

Fig. 2

Scheme of synthesis of chalcone derivatives by Claisen-Schmidt condensation reaction
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was found sufficient to reproduce the binding pose of ZMV in PDB
3B7E and OMYV in PDB 3T1I6. The validated protocol was used to
dock the designed chalcone derivatives in HIN1 to determine their
preferred binding orientations.

Synthesis of chalcone derivatives. Based on docking results, H-
bond interactions and non-bonded interaction energies (van-der-
Waals and electrostatic energies, table not shown), we have selected
and synthesized nine derivatives of chalcone, which showed promi-
nent binding interactions with amino acid residues of NA active site.
The synthesis is carried out based on Claisen-Schmidt condensation
reaction. The schematic representation is shown in Fig. 2. As per
the scheme, to a stirred mixture of 2/3/4-substituted acetophenone
(1 mol) and 2/3/4-substituted benzaldehydes (1 mol) in absolute
ethanol (5 ml), 10 ml of 20% solution of sodium hydroxide (NaOH)
was added dropwise. The temperature was maintained below 10 °C
throughout the addition. The reaction mixture was stirred for 4 h
at room temperature. The reaction mixture then was neutralized
using concentrated hydrochloric acid (conc. HCI). The precipitate
obtained was filtered and recrystallized using absolute ethanol
(Vogel, Ed.5). The reactions were monitored by Thin Layer Chro-
matography. The structures of the synthesized compounds were
characterized by proton nuclear magnetic resonance spectroscopy
(*HNMR) and infrared spectroscopy (IR) (figure not shown), which
are summarized in Supplementary Table 1. NMR experiments
were recorded on a 500 and 700 MHz BRUKER AVANCE NMR
spectrometer and data was processed by using Bruker Topspin 2.1
software. In 1D proton NMR, 64 scans were recorded. 2D COSY
(Correlation Spectroscopy) of the derivatives was recorded using
standard pulse program and was used for structural elucidation
(figure not shown).

Cells and virus. Madin-Darby Canine Kidney (MDCK) cells
were grown in minimum essential medium (MEM, Gibco, by Life
Technologies) supplemented with 10% fetal bovine serum (FBS,
Gibco, by Life Technologies), 1% PenStrep (100 U/ml Penicillin
and 0.5 mg/ml Streptomycin) (Hi-Media Laboratories, India). The
influenza A/Pune isolate/2009 (HIN1) virus was propagated in
MDCK cells in the presence of 2 pg/ml TPCK-trypsin.

Cytotoxicity studies. Cytotoxicity studies of the candidate
molecules and standard drug (OMV) were carried out by MTT-
Formazan assay. MDCK cells were seeded into 96-well plates and
incubated at 37°C with 5% CO, for 24 h until grown to 90% conflu-
ence. The plates were replaced with serum-free DMEM contain-
ing serially diluted compounds (1000-0.1 pmol/l). After 16 h of
incubation, the medium was removed and 100 pl of a 0.5 mg/mL
MTT (3-(4,5-dimethylthiozol-2-yl)-3,5-dipheryl tetrazolium
bromide, Sigma-Aldrich), solution was added to each well and
incubated at 37 °C for 4 h. After removal of supernatant, 100 ul
of dimethylsulfoxide (DMSO, Sigma-Aldrich) was added to each
well to dissolve the formazan crystals. Absorbance was measured
at 540 nm in a microplate reader (BioTek, Synergy HT) (Jeong, et
al., 2009). Data were normalized following the equation: Cell vi-
ability (%) = (sample value - blank control)/(cell control - blank
control) x 100. A dose response curve was obtained using a non-

linear regression (curve fit), and the cytotoxic concentration 50%
(CC,,) was calculated as the concentration required to reduce cell
viability by 50%.

Neuraminidase inhibition assay. The anti-influenza activity of
these compounds was further evaluated by enzyme-based neu-
raminidase inhibition assay. It was determined by the NA-Star In-
fluenza Neuraminidase Inhibitor Resistance Detection Kit (Applied
Biosystems, Foster City, CA) on influenza A HIN1 neuraminidase.
Oseltamivir carboxylate (OMVC), as mentioned in the literature,
was used as a standard. Briefly, 25 ul of half-log dilutions (0.03 to
1000 nmol/l) of synthesized compounds and OMVC were added
in duplicates to the specified wells from column 1 through 10 in
a 96-well microtiter plate. 25 ul of NA-Star assay buffer was added
to control wells (negative control) without neuraminidase inhibi-
tor to column 11 and 12. Also, 25 pl of diluted virus sample, viz.
sHINI NA (1 ng/ml), per well was added in duplicates in column
1 through 11 and was mixed well by pipetting, while to the last
column 25 pl of the uninfected culture supernatant diluted in NA-
Star assay buffer was added. The plate was then incubated at 37°C
for 20 min. Further, the NA-Star substrate was diluted at 1:1000
in assay buffer immediately before use. Then, 10 pl of the diluted
substrate was added to each well and mixed well by pipetting. The
reaction mixtures were incubated at room temperature for 15 min.
Further, the reaction mixtures were activated by adding 60 pl of NA-
Star accelerator and the chemiluminescence signal was quantified
immediately by microplate reader. The readings were taken within
5 min. after injection of accelerator. For measuring the chemilu-
minescence signal, the software was set at the readout time as 1 s/
well with the delay of 2 s/well. The 50% inhibitory concentration
(IC,,) was determined by regression analysis (Prism; version 6.00;
GraphPad Software) (Gohil, et al., 2015).

Drug-lipid interaction studies by determining Multilamellar Vesi-
cles (MLV)-drug binding. For determination of drug-lipid binding,
binding constants were determined by the centrifugation method
as discussed in our previous work (Pradip et al., 2016). The drug-
liposome apparent binding constant (K) was analyzed using the
double reciprocal plot. A plot of 1/(fraction bound) vs. 1/(lipid
concentration) yields a straight line with slope 1/K.

Drug-lipid interaction studies using NMR (*P NMR). For *'P
NMR study, MLV were prepared by the standard procedure, also
discussed in our previous work (Pradip et al., 2016). 3P NMR
experiments were carried out at 323K with a relaxation delay of
1 s with broadband proton decoupling on MLV of the sample (Aue
et al., 1976; Jeener et al., 1979; Bothner-By et al., 1984).

Results and Discussion
Docking
The initial validation studies with the docking protocol

could satisfactorily reproduce (RMSD 0.5176 and 0.5512)
the binding conformation of the ligand ZMV in the HIN1-



MALBARI K. et al.: NEURAMINIDASE INHIBITOR OF HIN1 VIRUS

183

>svs /?M » .
a \ \m{we K Y A
X)Z‘ \~A'.s 52/ \Q X /ﬁ‘\ﬁ%m//

P e

Fig. 3

Control docking of 3T16, RMSD = 0.5512 A. Superimposition of the docked and crystallographic oseltamivir poses (green and yellow,
respectively) showing that the interacting residues are identical for both poses

NA crystal structure 3B7E and OMV in 3TI6, respectively,
as shown in Fig. 3 (shown for OMV in 3TI6). All the in-
teractions are consistent with original crystal structure of
ZMV and OMV in PDB code 3B7E and 3T16, respectively.
The hydrogen bonding interactions and molecular surface
model of oseltamivir and zanamivir in 3B7E and 3TI6 are
depicted in Supplementary Fig. S1. The result emphasises the
proper molecular volume, shape and electronic charge with
respect to oseltamivir, which is critical for activity (D'Souza
et al., 2009). There are four well-conserved binding sites in
HINI1-NA active site, which was discussed in our previous
work, (Pradip, et al., 2016) with 11 functional residues, which
participate in the catalytic reaction (Colman, et al., 1983).
These are the positively charged site-1 (Argl18, Arg292
and Arg371), the negatively charged site-2 (Glu119, Glu227
and Asp151), site-3 (Ile222 and Tyr178), and site-4 (Glu276
and Glu277). Moreover, presence of the 150-loop (residues
147-152), that exists in two stable conformations (closed and
open), forms one part of the enzyme active site. It was re-
ported that initially oseltamivir binds to “open” form of NA.
Subsequently, it changes into “closed” form by undergoing
a conformational change (Chintakrindi et al.,, 2012). Interest-
ingly, the crystal structure of NA from the 2009 pandemic
HINT1 influenza strain indicates that it lacks the 150-loop in
its active site (similar to closed conformation). This indicates
importance of open and closed conformations of 150-loop in
the design of newer NA inhibitors. Further, literature survey

(Varghese et al., 1998; Reece, 2007) on molecular modeling
studies of OMYV, unlike ZMV, indicates that the neuramini-
dase molecule undergoes rearrangement to create an addi-
tional binding pocket to accommodate the hydrophobic side
chain of oseltamivir in the active site. The binding pocket
is formed when the amino acid Glu276 rotates due to ionic
interaction with Arg224 and binds with it. However, the ionic
interaction between Glu276 and Arg224 is prevented owing
to the mutations Arg292Lys, Asn294Ser, and His274Tyr, due
to which the rotation of Glu276 is inhibited.

The hydrogen bonding interactions and molecular surface
model of chalcone derivatives with NA active site in 3B7E
and 3T16 are depicted in Fig. 4 and 5, respectively. The hydro-
gen bonds formed between the substrate/inhibitors and the
enzyme are summarized in Supplementary table 2 for 3B7E
and Supplementary table 3 for 3TT6. Docking studies of all
the chalcone derivatives with both seasonal and pandemic
virus revealed that they occupied site-1 as that observed with
OMY, while showed different preferences for interaction at
other sites based on their structural variations. Interestingly,
the designed chalcone derivatives showed binding poses,
which were not similar to either standard NA inhibitors or
endogenous ligand. This finding might highlight mutual
non-competitive nature of the designed chalcone molecules
as they showed binding in the same catalytic cavity but dif-
ferent interactions than the standard drugs or endogenous
ligand. In docking studies of 2', 4'-Dihydroxy series with
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seasonal enzyme revealed that though 1A fitted well into
the cavity, it showed interactions quite different from that of
oseltamivir. When compared with 1A, the other derivatives
1B, 1Cand 1D do not fit as well into the cavity of the seasonal
enzyme as 1 A. But they showed better fit into the cavity of the
pandemic enzyme. Thus, these derivatives might have better
activity in the pandemic enzyme. It was observed that in 2'-
Amino series, although 2A virtually fitted in the same NA
cavity (both seasonal and pandemic) in a similar pose as 2C,
it lacked the interaction with Arg224. Also, it was observed
that in pandemic enzyme, 2B showed additional interaction
with Arg224. This interaction might facilitate further rota-
tion of Glu276 in order to accommodate 4-chloro group and
reorient itself to form additional pocket. In case of 2D, bump-
ing of 4-nitro was observed to the receptor surface of both
seasonal and pandemic enzyme. This might be because of
prominent electronic effect of nitro group in 2D as compared
with other derivatives. Consequently, this bumping might
have changed its overall interactions, preventing its access
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to the receptor cavity. This might be attributed to its lesser
NA inhibition activity, which is discussed later.

Chemistry

In the "H NMR spectra of chalcones olefinic protons H-a
and H-P appeared as doublets in the range of § 7.0-7.77
and 6 7.7-8.2, respectively. The coupling constant of vinyl
hydrogen (15.5+1 Hz) confirmed the trans-stereochemistry
of enone moiety of synthesized chalcones. The IR spectra
of chalcones showed carbonyl absorption in the range of
1639.49-1708.81 cm™ and an olefinic C=C in the range
1519.58-1612.49 cm’™.

Antiviral evaluation
No tested compounds showed any significant cytotoxic-

ity except for 2A, 2B, 2D and 3A, which showed CC, value
>100 pumol/l. CC, values are indicated in Table 1. Our
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Hydrogen bonding and molecular surface models of chalcone derivatives with NA active site of seasonal 3B7E protein
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Hydrogen bonding and molecular surface models of chalcone derivatives with NA active site of pandemic 3TI6 protein

Table 1. In vitro evaluation of tested compounds

Code Compound CC,, (umol/l) IC,, (umol/l) ST
1A 2', 4-dihydroxy-4-methoxy chalcone >500 2.23 >224.2
1B 2', 4'-dihydroxy-3-methoxy chalcone >500 8.71 >57.4
1C 2', 4'-dihydroxy-3-chloro chalcone >250 3.58 >69.8
1D 2!, 4-dihydroxy-4-nitro chalcone >125 6.64 >18.8
2A 2'-amino-4-methoxy chalcone >100 47.864 >2.1
2B 2'-amino-4-chloro chalcone >100 15.041 >6.6
2C 2'-amino-3-chloro chalcone >125 32.656 >3.8
2D 2'-amino-4-nitro chalcone >100 52.651 >1.9
3A 3'-amino-4-methoxy chalcone >100 41.1 >2.4
OMVC oseltamivir carboxylate >1000 7x 103 >447.02 x 10

All compounds were examined in a set of triplicate experiments for cytotoxicity study and duplicate experiments for NA inhibition assay; SI = Selectivity
Index was generated by the ratio of CC, and IC, ; CC, values of compounds represent the concentration that caused 50% reduction in cell viability; IC, |
values of compounds represent the concentration that caused 50% enzyme activity loss.

previous studies indicated that the 2'-hydroxy-4-methoxy
derivative of chalcone synthesized by us showed EC, value
at 3.54 nmol/l (whereas oseltamivir phosphate as stand-

ard showed EC, value at 7.1 nmol/l) when evaluated by
cell-based assay (hemagglutination assay) indicating good
antiviral activity (Pradip et al, 2016). In the current work,



186

MALBARI K. et al.. NEURAMINIDASE INHIBITOR OF HIN1 VIRUS

where enzyme-based assay was performed using NA-star
kit, the same derivative showed IC, value at 7.57 umol/l,
where standard drug oseltamivir carboxylate (OMVC)
showed IC,  value at 2.23 nmol/l. When one more hydroxy
group was introduced to 2'-Hydroxy series, the activity
was improved (1A showed NA inhibition i.e. IC, value at
2.23 umol/l). But replacing 2'-hydroxy with 2'-amino and
3'-amino groups decreased the activity. The IC,  values for
tested chalcone derivatives are depicted in Table 1 and dose-
response curves of tested chalcone derivatives and OMVC
are depicted in Fig. 6.

Drug-lipid interaction studies
The efficiency of drugs to interact with the membranes

constitutes one of the most important pharmacological
features playing an essential role in their biological activity.

2' 4'dihydroxy-4-methoxychalcone 2' 4'dihydroxy-3-methoxychalcone

Although drugs bind to proteins and regulate their activity,
their interaction with the membrane lipid phase is equally
important. The structural changes induced by the drug in
lipid phase might change membrane function and consecu-
tively modulate membrane proteins. In this context, we have
conducted the drug-lipid binding studies using centrifuga-
tion method and drug-lipid interaction studies using NMR
spectroscopy specifically, *'P NMR.

Drug-lipid binding studies

For all candidate molecules under study, an increase in
binding affinity was observed with increasing concentra-
tion of lipid. All selected derivatives showed nearly 60%
to 70% of binding to the lipid even at a relatively low
concentration of lipid. Double inverse plot of fraction of
drug bound vs. inverse of lipid concentration had been

2" 4'-dihydroxy-3-chlorochalcone 2' 4'-dihydroxy-4-nitrochalcone
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Fig. 6

Dose-response curve (HIN1 percentage inhibition versus Log, concentration) of tested chalcone derivatives and OMVGC, indicating effects of
tested compounds on HIN1-NA for the hydrolysis of substrate
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used to calculate the binding constants (data not shown).
The results indicated that these molecules bind to the
multilamellar vesicles (MLV) of lipid with a variable degree
of affinity. The apparent binding constants measured for
2',4'-dihydroxy chalcone derivatives were: 1A = 0.4629 M,
1B = 0.6944 M, 1C = 0.8621 M, 1D = 0.0961 M"'and
for 2'-amino chalcone derivatives were: 2A = 0.7320 M/,
2B=1.1248 M',2C =0.8237 M and 2D = 0.5934 M. The
order of binding for 2', 4'-dihydroxy chalcone derivatives
was 1C (3-chloro) > 1B (3-methoxy) > 1A (4-methoxy) >
1D (4-nitro) and that for 2'-amino chalcone derivatives
was 2B (4-chloro) > 2C (3-chloro) > 2A (4-methoxy) > 2D
(4-nitro). The variation in the measured binding constants
of the candidate molecules was attributed to the electronic
and steric properties of the substituents on hydrophilicity/
hydrophobicity. The above observations of MLV-drug bind-
ing studies indicated that our chalcone derivatives used
their hydrophobic aromatic ring and polar group to bind

LA

1C

WJL L—JT
FEISJL ,M)L JL_J

1D

with the lipid spanning both interior as well as the head
group of the lipid bilayer.

3P NMR

In order to understand the intermolecular interaction
between derivatives and the lipid membrane, *'P NMR ex-
periments had been carried out for our synthesized chalcone
derivatives in presence of the lipid bilayers of DPPC that serves
as model membrane. *'P NMR spectroscopy is widely used for
studies of phospholipid bilayers and biological membranes in
native conditions. The analysis of *'P NMR spectra of lipids
could provide a wide range of information about lipid bilayer
packing, phase transitions, lipid head group orientation/dy-
namics, and elastic properties of pure lipid bilayer in native
state and after binding with proteins and other biomolecules
(Chary and Govil, 2008). Lipid bilayers give a characteristic
broad spectrum with a high field peak and low field *'P line
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Fig. 7

500 MHz concentration dependent *'P NMR spectra of DPPC (100 mmol/l) multilamellar vesicles incorporated with chalcone derivatives
The additives: lipid molar ratios are (A) 0:100, (B) 1:5, (C) 1:2, and (D) 1:1. All experiments are at 323 K.
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shoulder. The *'P NMR resonance line shape was determined
by the chemical shift anisotropy (CSA) (measured from the
low 0,and high o, field shoulders of the spectrum, Ac =0, - 0,)
of the phosphate group coupled with the molecular motions
near the bilayer head groups (Srivastava et al., 1988).

The change in *'P NMR line shape of lipid bilayers incor-
porated with increasing concentrations of chalcone deriva-
tives is showed in Fig. 7. In each case, the lower most graphs
represent the *'P NMR line shape for lipid bilayers alone (Fig.
7. DPPC). In a randomly oriented sample such as DPPC dis-
persions in the gel phase, the overall rotational rate is slow.
One observes a sharp signal at -20 ppm from lipid molecules
with their long axis oriented perpendicular to the direction
of the magnetic field (o, ), while for the parallel alignment of
the lipid molecules (o,,) a broad shoulder appears at 25 ppm.
A relatively small but sharp peak is observed at 0 ppm due to
the formation of a small amount of unilamellar vesicles with
a small size that permits fast internal and tumbling motions.
It may be noted here that these molecules do not alter the
characteristic line shapes exhibiting bilayer features of the
MLV's of lipid at all concentrations.

In case of derivatives 1A, 1D, 2A and 2B, *'P line shape was
not affected and remained very similar to DPPC. Though it
was observed that the peak at 0 ppm broadened very slightly
except for 1D, where it had completely broadened as the con-
centration of drug increased; still the bilayer feature remained
intact (Fig. 7. 1A, 1D, 2A & 2B). The bilayer features remained
intact to a large extent keeping the vesicles highly rigid. This
suggested that derivatives 1A, 1D, 2A and 2B imparted very
little perturbation to the bilayer. In case of derivative 1B, with
increasing concentration, the peak at 0 ppm became broad.
The perpendicular peak (-20 ppm) in this case remained unaf-
fected though the intensity reduced as the drug concentration
increased (Fig. 7. 1B). This indicated that there is slight pertur-
bation of the lipid bilayer structure as the drug concentration
was increased. In case of 3-Chloro derivative of both hydroxy
and amino series (i.e. 1C and 2C), it was observed that the 3'P
line shape changed as the concentration of the drug varied. At
the drug:lipid molar ratio of 1:10 for 1Cand; 1:2 and 1:1 for 2C,
the 0 ppm peak was at a greater intensity than the perpendicu-
lar peak (Fig. 7. 1C and 2C). This indicated the possibility of
the drug to accommodate itself in the lipid bilayer, leading to
transformation of original multilamellar bilayer phase. But the
perpendicular peak did not completely disappear, indicating
that there was membrane-stabilizing effect. In case of deriva-
tive 2D, the peak at 0 ppm became sharper and increased in
intensity at higher concentration (1:5). The perpendicular
peak showed no change in intensity, but it showed sufficient
amount of broadening at lower concentrations (1:10 and 1:5)
(Fig. 7. 2D). This suggested that multilamellar bilayer phase
was slightly disrupted, which might be due to formation of
smaller-size vesicles. Overall results indicated that derivative
2D imparted very little perturbation to the bilayer.

Consequently, all the above observations of *'P NMR stud-
ies done on our candidate molecules indicated that all the
derivatives showed membrane stabilizing effect. Literature
survey on cyclosporine A and other antiviral drugs have
shown that stabilization of the membrane by antiviral drugs
can play an important role in inhibiting membrane fusion
and also antiviral activity (Epand et al., 1987; McKenzie et
al., 1987). Our chalcone derivatives, therefore, seemed to
be involved in preventing membrane fusion in addition to
inhibition of NA activity.

Conclusion

With the above findings, we conclude that based on our
previous studies, which indicated that 2'-hydroxy-4-methoxy
chalcone was a promising candidate as per its EC,  value, here
we have studied the effect of inserting an additional hydroxy
group as well as replacement of hydroxy group with amino
group of the chalcone molecule on the antiviral activity
supported by molecular docking and membrane interaction
studies using NMR. The most buoyant derivative 1A (2', 4'-
dihydroxy-4-methoxy chalcone) can be explored further.
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Supplementary Fig. 1

The most favored poses of oseltamivir (green color) in 3B7E (a) and 3TI6 (b); and zanamivir (yellow color) in 3B7E (a') and 3TI6 (b') in the HIN1-NA
active site as seen by docking studies. H-bonds between drugs and enzymes are indicated (pink).
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Supplementary Table 1. Chemistry of synthesized chalcone derivatives
IR "HNMR
Code No. Structure Absorption Chemical shift
Attributes Atom
range (cm’) (o ppm)
OH Stretch 3361.02, OH 12.5(s)
L 3465.89 OH 10.5 (bs)
Derivative
A CH Stretch Alkene 3040.02 CH (7) 7.9 (d)
@4 C=0 Stretch 1662.88 CH (2,6, 6%) 7.7 (d)
’ 0, B unsaturated CH (3,5, 8) 7.0 (d)
Dihydroxy-4-
C=C Stretch 1519.58 CH (5”) 6.4 (d)
methoxy
Alkene and CH (3) 6.2 (s)
chalcone) .
Aromatic OCHj; (4) 3.8 (s)
O-CHj Stretch 1022.20
aromatic
OH Stretch 3279.87 OH 12.5(s)
o C=0 Stretch 1687.60 OH 10.5 (bs)
Derivative
B o, B unsaturated CH (7,6) 7.7 (d)
.4 C=C Stretch 1602.74 CH (8) 7.5 (d)
’ Alkene and CH (2) 7.48 (s)
Dihydroxy-3- .
Aromatic CH (5) 7.43-7.46 (t)
methoxy
O-CH; Stretch 1041.49 CH (6) 7.2 (d)
chalcone) )
aromatic CH4,5) 6.4 (d)
CH (3”) 6.2 (s)
OCH; (3) 3.8(s)
L OH Stretch 3363.07, OH 12.5(s)
Derivative
" 3494.01 OH 10.5 (bs)
.4 C=0 Stretch 1687.60 CH (2,6,7) | 7.90-7.92 (s, d)
’ o, B unsaturated CH (6, 8) 7.77 (d)
Dihydroxy-3-
C=C Stretch 1600.56 CH (4) 7.71 (d)
chloro
Alkene and CH (5) 7.5(t)
chalcone) .
Aromatic CH (5%) 6.4 (d)
Cl Stretch 748.33 CH (3”) 6.2 (s)
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IR 'HNMR
Code No. Structure Absorption Chemical shift
Attributes Atom
range (cm) (o ppm)
OH Stretch 3520.04 OH 5.4 (s)
Derivative CH Stretch Alkene 3080.32 CH(@3,5,7) 8.2(d)
1D C=0 Stretch 1708.81 CH (8, 6”) 7.6 (d)
2, 4- a, B unsaturated CH (2,6,5%) 6.7 (d)
Dihydroxy-4- C=C Stretch 1600.81 CH (3) 6.1 (s)
nitro Alkene and
chalcone) Aromatic
NO, Stretch 1338.51
aromatic
NH, Stretch 3427.51 NH, (2°) 7.3 (bs)
CH Stretch Alkene 2918.30 CH (2, 6) 7.0 (d)
Derivative C=0 Stretch 1639.49 CH(@3,5,7) | 7.82-7.85(d,
2A a, B unsaturated d)
(2’-Amino-4- C=C Stretch 1612.49 CH (4) 3.8(s)
methoxy Alkene and CH (8) 7.6 (d)
chalcone) Aromatic CH (3”) 6.8 (d)
O-CH; Stretch 1093.23 CH 4%) 6.6 (1)
aromatic CH (5) 7.3 (d)
CH (6”) 8.0 (d)
NH, Stretch 3302.13, NH, (2°) 7.4 (bs)
3466.08 CH (2, 6) 7.9 (d)
Derivative 2B CH Stretch Alkene 3037.89 CH(@3,5) 7.5 (d)
(2’-Amino-4- C=0 Stretch 1645.28 CH (8) 7.6 (d)
chloro a, B unsaturated CH (7) 7.9 (d)
chalcone) C=C Stretch 1610.56 CH (3") 6.8 (d)
Alkene and CH 4) 6.6 (t)
Aromatic CH (5°) 7.3 (d)
Cl Stretch 754.17 CH (6”) 8.1(d)
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IR "HNMR
Code No. Structure Absorption Chemical shift
Attributes Atom
range (cm) (o ppm)
NH, Stretch 3302.13, NH, (2°) 7.4 (bs)
3466.08 CH (2) 7.8 (s)
o CH Stretch Alkene 3037.89 CH (4, 5) 7.49 —-17.50 (d,
Derivative
e C=0 Stretch 1645.28 t)
) a, B unsaturated CH (6, 7) 8.05-8.07 (d,
(2’-Amino-3-
C=C Stretch 1610.56 d)
chloro
Alkene and CH (8) 7.6 (d)
chalcone) .
Aromatic CH (3°) 6.8 (d)
Cl Stretch 754.17 CH (4) 6.6 (t)
CH (5”) 7.3 (d)
CH (6”) 8.1(d)
NH, Stretch 3331.07, NH; (2°) 7.5 (bs)
3458.37 CH(2,6,7, 8.1-8.2(d,d,
Derivative CH Stretch Alkene 3080.32 6) d)
2D C=0 Stretch 1645.28 CH (3,5) 8.3 (d)
(2’-Amino-4- o, B unsaturated CH (8) 7.7 (d)
nitro C=C Stretch 1612.49 CH (3”) 6.8 (d)
chalcone) Alkene and CH 4) 6.6 (t)
Aromatic CH (5”) 7.3 (d)
NO, Stretch 1340.53
aromatic
NH, Stretch 3332.99, NH; (3%) 5.2(s)
3462.22 CH (3,5) 7.8 (d)
o CH Stretch Alkene 3053.32 CH (7, 8) 7.6-7.7 (d, d)
Derivative 3A
C=0 Stretch 1649.14 CH (2,6,2) 7.3(d,s)
(3’-Amino-4-
o, B unsaturated CH (5) 7.2 (1)
methoxy
C=C Stretch 1612.49 CH (6”) 7.0 (d)
chalcone)
Alkene and CH (4°) 6.8 (d)
Aromatic OCH; (4) 3.8(s)
O-CHj; Stretch 1093.64
aromatic
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