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Docking and molecular dynamics simulations were performed on the interactions between
35 chemical constituents of Juglans mandshurica Maxim. and the surface glycoproteins of
influenza virus (hemagglutinin and neuraminidase), in order to understand the bindings
and design dual-targeting drugs. It was found that hyperin, avicularin, juglanin,
isoquercetin and a-tetralone-5-G-glucopyranoside have obvious binding specificities to
hemagglutinin (H7) and neuraminidase (N9). The interaction energies (Ej,) of the top 5
hits with H7 (N9) were -45.04 (-59.97), -41.23 (-64.06), -43.25 (-60.10), -47.70 (-66.29)
and -43.11 (-49.34) kcal mol™, respectively. The residues GlyA124, AlaA125, ThrA126
and TrpA142 of H7, and residues Asp151, Argl52, Arg156 and Trp178 of N9 played the
most significant role for the bindings. Furthermore, the binding footprints revealed the key
structural variables which should be more guarded in the rational drug designs. Compared
with other candidates, isoquercetin is a potential source of anti-influenza ingredient, with
better interaction energy and advantages over conventional agents. This work also pointed
out how to effectively reinforce the susceptibility of inhibitors to influenza virus.
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1. Introduction

Influenza A virus reservoirs in birds and certain mammals have deprived millions of lives,
and constantly introduced possible public health threat[1-2]. It has been established that many
infection cases appear to have a link to severe respiratory illness[3]. As of August 31, human cases
of H7N9 in China reached 134, with the mortality rate of 34%][4]. So far, commercial
neuraminidase (NA) inhibitors remain the primary drugs prescribed to the infected persons [5].
While, the frequent emergences of drug-resistant cases[6-7] and limited drug
administrations[8]have spurred the search to explore novel anti-influenza agents.

There are two principal surface glycoproteins of influenza virus, hemagglutinin (HA) and
neuraminidase (NA), which reflect the antigenic diversity of viruses [9]. According to the two
proteins, the influenza A viruses can be further divided into over one hundred serological subtypes;
for example, H7N9 identifies it as having HA of the H7 subtype and NA of the N9 subtype. Up to
present, 17 serotypes of HA (H1-H17) and 10 serotypes of NA (N1-N10) have been identified[10].
HA mediates the binding of viral particles to the sialic acid receptors on the cell surface and the
entry of virus into the host cell [11-12]; NA is responsible for the cleavage of sialic acid residues,
thereby is of great relevance for the release of progeny virus and enhancing their infection
efficiencies[13-14]. The two glycoproteins are attractive targets for the rational drug designs [15],
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and much efforts have been devoted to develop inhibitors that target both of them, which be
deemed to reduce resistance issues resulting from the mutations [15-16].

Traditional Chinese medicine(TCM) compounds play a fundamental role in clinical
practice, and show a potential in the therapy of influenza [17-18].Many studies on screening
anti-influenza active constituents have been carried out with the chemical and pharmacological
experiments[17-22], and some novel agents have been validated, including a variety of
polyphenols and flavonoids[17-24].Most of them show potentials to serve as the HA and NA
inhibitors  individually; e.g. the polyphenols of Camellia  sinensis[21] and
trihydroxymethoxyflavone analogues [25].Recently, three novel compounds derived from
Rosemarinus officinalis and Guatteria amplifolia have been identified with the dual binding
properties to the HA and NA proteins, with the aid of computational approaches [16]. Besides,
previous studies revealed that 2-cyclohexene-1, 4-dione ring of natural phenolic compound
juglone, has the binding specificity to both of HA and NA proteins[22]. These developments give
rise to the attractive candidates of dual-targeting drugs for influenza.

Receptor-based virtual screening, including docking and molecular dynamic (MD)
simulations, has been shown to effectively improve enrichment factors in the identification of lead
compounds[16, 26].Meanwhile, characterizing binding for inhibitors with target proteins will
contribute to the in-depth understanding, and ultimately enable the design of improved agents|[5,
27].0ur previous studies have indicated that natural extracts of Juglans can be employed to design
as the dual-targeting inhibitors for influenza [22].In this study, aforementioned computational tools
were utilized to evaluate the interactions between chemical constituents of Juglans mandshurica
Maxim.(Scheme 1) and the HA and NA proteins of 2013 A/H7N9 influenza virus. The top five
candidates were selected by the prediction models, and further energetic and geometric analyses
are carried out in order to study the detailed interaction profiles and reveal the import functional
groups. We hope that the results can be useful for the drug development.
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Scheme 1.Chemical constituents of Juglans mandshurica Maxim. used in this study



46
2. Materials and Methods
2.1. Validation of protein structures

The HA protein structure of 2013 A/H7N9 virus(PDB entry: 4BSE, 2.55A resolution)
[28]was retrieved from the RCSB Protein Data Bank (http://www.rcsb.org). As to the NA protein,
the amino acid sequence has been released in the NCBI database (Accession No. AG160300.1)[29],
but its crystal structure is not yet solved. Thus, the NA protein structure of recent A/H7N9 virus
was built throughout the homology modeling protocol within Discovery Studio software
package[30-31]. An entry of 1F8B in PDB (N9 subtype, 1.8 A resolution)[32] was selected as the
template, with similarity 81.9% to the NA protein of recent A/H7N9 virus. The calcium ion (Ca*)
near the active site was reserved [33-35].For convenience, the protein structures are named as H7
and N9 throughout this work.

All the proteins were saturated with hydrogen atoms, based on the expected charge
distributions of amino acids at physiological pH[33-35].The energy minimizations were performed
by a 500-step steepest descent minimization, followed by conjugate gradient minimization, until
converged to 0.01 kcal-mol™ A™.Note that the energy-minimized N9 protein was further refined
by 5.0 ns explicit solvent MD simulations in the NPT ensemble (300 K, 1 atm), using
GROMACS4.5.3 program[36]and Charmm?27 force field [37], as recommended elsewhere[22, 31,
38]. Details of the MD simulation setup are in agreement with reference[38] or refer to section 2.2.

2.2.Docking and MD simulations

In accord to the previous reports [39-40], virtual screening process was performed using
the cDocker module[41] in Discovery Studio, features for its grid-based method that the residues
are held rigid and ligands are free to move. The “Minimize Ligands” tools [30]were used to handle
the geometry and partial atomic charges of chemical constituents (collected from reference[42],
Scheme 1), using the Charmm force field [37, 43], with a convergence criterion of 0.001
kcal-mol™-A™. The binding site sphere was assigned with a sphere of 10.0 A. Combining random
rotations and simulated annealing method, the optimal orientations of ligands within H7 and N9
were probed, on the basis of interaction energies and geometrical matching qualities[39-40]. The
optimal docked complexes were then minimized, until converged to 0.01 kcal mol™ A™.

The energy-minimized docked complexes were sufficiently equilibrated by 10.0 ns MD
simulations, using GROMACS4.5.3 program [36] and GROMOS96 43al force field [36, 44].
Each docked complex was placed in a SPC/E (simple-point-charge) water box, with a distance of
9.0 A extended from any solute atom. Cl counter-anions were placed to neutralize the system [45].
The NPT ensemble was applied (300 K, 1 Bar)[46], and the particle-mesh Ewald (PME) method
was applied to handle the long-range electrostatics [47]. The coulomb and vdW cutoff radii were
set to 8.0 and 14.0 A, respectively. The LINCS algorithm was applied to constrain all bonds
involving hydrogen atoms [48]. The MD trajectories were saved every 10.0 ps, with time step of
2.0 fs. The average structures of the 8.0~10.0 ns MD trajectories were used for analysis.

3. Results and discussion
3.1. Structural variability and virtual screening hits

N9 structure was generated with the template (PDB ID: 1F8B) via the MODELER
module[30, 49], and further refined by the solvated 5.0 ns MD simulations. In accord with our
previous work [31], the model structure is structurally close to the template. As a result of its good
structural compatibility and stereochemical features [31], it should be reasonable and could be
used to study the interactions with various chemical constituents. A series of 35 chemical
constituents were independently docked into the H7 and N9 proteins and screening results after
each filtering step were summarized in Table 1.Only hits that have the interaction energy below
-40.0 kcal mol™*were selected from each set, and the ultimately selected 5 compounds were
indicated in bold, see Table 1.



Table 1. The cDocker energy (Eytar) @and cDocker interaction energy (E;) between
proteins and various chemical constituents®
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35

H7 N9
Etotal Eint Etotal Eint
-18.86 -29.61 -29.56 -49.20
-21.66 -29.99 -32.43 -48.88
-7.51 -35.65 -12.74 -47.30
-23.74 -34.91 -31.63 -43.24
-21.47 -32.84 -26.24 -41.81
-6.51 -19.84 -17.57 -30.91
-8.39 -45.04 -18.70 -59.97
-5.26 -41.23 -25.22 -64.06
-1.69 -43.25 -10.86 -60.10
-23.40 -28.02 -32.16 -40.51
-26.44 -30.19 -37.03 -43.85
-9.61 -47.70 -26.76 -66.29
-13.12 -15.69 -23.26 -25.96
-15.33 -17.62 -23.85 -30.01
-9.06 -19.03 -15.81 -26.05
-8.89 -19.95 -19.33 -30.40
-11.47 -20.90 -17.87 -31.33
-1.94 -22.49 -10.38 -30.73
-17.36 -19.22 -26.62 -32.95
-18.05 -22.42 -26.79 -37.51
-15.53 -21.41 -23.34 -33.67
-14.60 -19.36 -24.65 -33.17
-15.15 -20.52 -22.87 -33.30
-16.88 -21.07 -25.46 -33.67
-6.72 -43.11 -14.15 -49.34
-10.94 -34.01 -16.36 -45.65
-13.42 -21.24 -25.23 -35.86
-17.24 -20.85 -22.21 -26.18
-17.04 -21.42 -27.35 -34.78
-18.87 -22.11 -30.16 -36.08
-12.92 -31.32 -21.76 -46.78
-18.26 -22.16 -28.34 -32.90
-13.50 -28.53 -26.02 -50.06
-14.10 -33.17 -29.82 -53.06
-17.21 -21.00 -25.53 -30.49

2 Energy units in kcal mol™;

b Chemical structures can be found in Scheme 1.
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The selected 5 hits could be docked to the receptor binding domain (RBD) of H7, which is
mapped to the globular head of receptor[22, 28]; at the same time, they are able to enter and fill the
cavity of N9 drug binding pocket (Fig. 1). Among the 5 compounds, com?7 (hyperin), com8
(avicularin), com9 (juglanin) and coml2 (isoquercetin) are flavonoids, while com25
(o-tetralone-5-G-glucopyranoside) is a polyphenol compound, with the core template of
4-hydroxy-3,4-dihydronaphthalen-1(2H)-one (Scheme 1).With the conformation diversity, the
binding properties of the 5 hits somewhat differ from each other, which will be discussed in the
following section.
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Fig. 1. Selected hits clustered in A) H7 and B) N9
The Connolly surfaces of H7 (in grey) and N9 (in chalky yellow) are created using
the Discovery Studio scripts. The selected hits are represented by stick models

3.2. Characteristics of compound binding poses

To provide comprehensive analysis of the interactions involving the top5 hits with target
proteins, MD simulations were performed to refine each model[50-52].Their potential energies
remain rather stable throughout the simulation time (Fig. 2). Root-mean-square deviation (RMSD)
is a widely used way to determine the equilibrium state of a system [53]. In our simulations, no
obvious fluctuations are observed for the backbone-atom RMSD of docked complexes since about
8.0 ns (Fig. 3), consistent with previous MD results [21-22, 54]. Accordingly, the geometric and
energetic analyses are made on the average structures of 8.0~10.0 ns MD trajectories.
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Fig. 2. Potential energy plots of the docked complexes with respect to simulation time: A)
compound-H7 and B) compound-N9

Fig. 3. Backbone-atom RMSD of the docked complexes in 10ns MD simulation: A)
compound-H7 and B) compound-N9

As revealed by Fig.4, the 5 hits pose the similar location in the binding pocket of H7,
whereas their space orientations somewhat differ from each other. The binding pose of com7
within H7 was characterized by the presence of two H-bonding interactions involving the hydroxyl
groups with residues ThrA126 and GlyA216 (Fig. 4A). Additionally, two H-bonds were formed
between oxygen atoms of methoxymethane groups (-C-O-C-) and residues TyrA88 and ThrA126
(Fig. 4A). As for com8, its core template 5,7-di(I1-oxidanyl)-4H-chromen-4-onewas bound
towards residue TrpA142, with the strong m-m stacking; and its tetrahydro-2H-pyranring was
stabilized by residuesGlyA124, AlaA125 and ThrAl126, with the relatively strong non-polar
interactions (Fig. 4B). As compared to com 7 and com 8, com 9 somewhat deviates from the
H7binding site, with less directly contacting residues (Fig. 4C).The structure of com12 is very
similar as that of com 7, merely with the chirality diversity of hydroxyl group at the counterpoint
site of B-D-galp (S vs. R). Thetetrahydro-2H-pyranring of com 12 is slimly unfavorable to the H7
binding, so H-bonding interactions with residues ThrA126 and GlyA216 were lost(Fig. 4D).
However, com 12 was surrounded and well fitted by residues GlyA124, AlaAl125, ThrA126,
TrpAl42, LysA184 and LeuA185, throughout the hydrophobic interactions (Fig. 4D). Regarding
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as com 25,its core template4-hydroxy-3, 4-dihydronaphthalen-1(2H)-one was docked towards
residues GlyA216 and SerA218, the side chains of com 25 may form the hydrophobic interactions
with the adjacent residues GlyA124, AlaAl125, ThrA126, TrpA142, LysA184 and LeuA185 (Fig.
4E). The interaction energies (Ei,,) of the 5 hits with H7 are evaluated at -45.04, -41.23, -43.25,
-47.70 and -43.11kcalmol™, respectively (Table 1).
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Fig. 4. Views of the binding modes of the H7 binding-pocket residues with the compounds:
A) Com 7, B) Com 8, C) Com 9, D) Com 12 and E) Com 25 Key residues and compounds
are represented by stick, and ball and stick models, respectively. The C, N and O atoms are
colored in green, blue and red, respectively. The important H-bonds are labeled in the gold
dashed lines

To expediently elaborate the binding distinctions, the interactions of N9 with oseltamivir

carboxylate (OC) were described firstly (Fig. 5)[5, 15]: Carboxylate anion of OC was docked
towards arginine triad Argl18, Arg292 and Arg371, with the electrostatic and H-bonding
interactions; Amino and N-acetylamino groups of OC were observed to engage the H-bonds
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networks with residuesGlul19, Aspl151 and Argl52; OC ethylpropoxy group was stabilized by
residues Glu276 and Glu277. As shown in Fig. 5, the 5 hits pose the position similar to that of OC,
with the different binding properties. Regarding as com 7, the benzene ring of com 7 was docked
towards residue Arg371, with one H-bond; its 5,7-di(I1-oxidanyl)-4H-chromen-4-one and
tetrahydro-2H-pyran rings were further stabilized by residues Argl52, Ala246, Glu276 and
residues Arg156, Trp178, via numerous H-bonds(Fig. 6A).The binding pose of com 8 within N9 is
rather far to that of OC (Fig. 6B)[55], and its benzene ring was oriented towards residues Argl156
and Trpl78 along with the formation of two and one H-bonds, respectively. The
5,7-di(11-oxidanyl)-4H-chromen-4-one of com 9 was stabilized through H-bonding interaction
with residue Arg118 (Fig. 6C).Com 12 in the binding pocket of N9 is characterized by the strong
electrostatic interactions involving the hydroxyl groups (benzene and tetrahydro-2H-pyran rings),
methoxymethane group (-C-O-C-) and carbonyl group (C=0) with the residues Asp151, GIn226,
Arg156 and Tyr406 (Fig. 6D), with the formation of each one H-bond, and similar as the case of
OC]J34, 56].Compared with the 5,7-di(I11-oxidanyl)-4H-chromen-4-one core of com 7, 8, 9 and 12,
com 25 has a central 4-hydroxy-3, 4-dihydronaphthalen-1(2H)-one ring (Scheme 1). Despite
differences in chemical compositions, com 25 has the similar binding model with N9 (Fig. 6E): the
electrostatic interactions were observed between hydroxyl groups of com 25 and residues Arg292,
Asn294, Gly348, Argl52, associated as four H-bonds. The interaction energies (E;y) of the 5 hits
with N9 are equal to -59.97, -64.06, -60.10, -66.29 and -49.34 kcalmol™, respectively (Table 1).

Fig. 5. Top five hits superposed at the N9 binding pocket following 10 ns MD simulations
Key residues and compounds are represented by stick models. The binding pose of
oseltamivir carboxylate (OC) with N9 is also shown with the ball and stick model. The C,
N, O atoms of residues and OC are colored in green, blue and red, respectively

3.3.Implication for dual-targeting drug design



52

THR
A 247 B
GLU
ARG
ASN 227
347 1!
i
ASN
ALA GLU
4 246 A ARG 119
156
~ AN o TYR
& 'Y
o
TRP
% ~
ARG d i ‘ S o ILE
2 o5 S 4R
ARG I 406
152 g ASP )
ARG N ~o 151 0
24 " 1] 1
! ARG
GLU V) 156 o -
277 | HIS
v 150
178 GLU >
119 ARG
152 1
THR -
SER
25 179
GLU ™
227
ALA
&2 246
GLN ILE
C 154 D 5P b
ARG SER ILE
156 153 '1;1%3 235
Q ARG
| 156
O, ARG
ARG g
o~ 118 118
AL P
a
TRP S o
SER
178 6% U =
ASP | GLU
151 l/ a 4 PO s
~No
) I oL |
~Y 6
/ ARG ot 406
ASN 224
THR
o M7 THE I
ILE I’ —4% AR
222 I
GLN
226
et
A2§£3 GLU LYS
ASN 277 350
ALA 224 294
246
E ASN
347
GLU GLY ARG
276 348 392
. o]
Residue Interaction [ ARG
0, 0 371
5, " >
ASN
294
Electrostatic
R
van der Waals P
A
4
Covalent bond
HIS
274 H
\Water
0l et
| l
o
Metal T

246

ARG
152 TRP

178

ASP
151

Fig. 6.Interactions between N9 and compounds are illustrated for A) Com 7, B) Com 8, C)
Com 9, D) Com 12 and E) Com 25 Hydrogen bonds are indicated by gold dashed lines
between the atoms involved

As described above, the interesting structural finding entails 5 chemical constituents from
Juglans mandshurica interacting within the binding pockets of H7 and N9. It indicated that the
numbers of H-bonds and binding poses of the 5 hits differ from each other, a result of the structural
differences (Figs. 4 and 6). Nonetheless, there are some common characteristics of the bindings.
The residues GlyA124, AlaA125, ThrA126 and TrpAl142 of H7 all represented strong interactions
in the bindings (Fig. 4). It means that the four residues may be the key for the inhibitions and
should be given enough attention in the drug designs[21-22, 57-58]. In addition, all of 5 hits were
observed to engage the electrostatic interactions with the positively charged pockets consisting of
residues Arg118, Arg292 and Arg371(N9 protein), consistent with reported NA inhibitor bindings
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[21-22, 31, 33-35]. The catalytic residuesAspl51 and Argl52 are critical for the functions of NA
proteins, and residue Arg156 and Trp178 are crucial to the stabilizations of the NA active sites [5,
15, 59]. As the interactions in Fig. 6 indicated, the four residues play an important role for the
bindings. In addition, the mutations of the four residues have received the most attention and exert
observable influences on the drug designs [5, 59-61].

The top 4 derivatives (com 7, 8, 9 and 12) have in common a core template of
5,7-di(I1-oxidanyl)-4H-chromen-4-one and numerous hydroxyl groups addition to their native
structures (Scheme 1). Among them, com 12 has the largest interaction energies with both of H7
and N9 (-47.70 and -66.29 kcal mol™), and its binding with N9 is more close to those of current
NA drugs (Figs. 5 and 6D) [5, 59, 62].The hydroxyl group addition seems to play an important
role in the bindings and be the main explanation for stronger inhibition activity of com 12,
consistent with the experimental reports showing that decreasing the number of hydroxyl groups
of compounds results in a reduction of inhibitory activities [63-64]. Com 7 and 12 merely differ by
the chirality diversity of hydroxyl group(R vs. S, Scheme 1), but the differences in binding
poses(Figs. 4 and 6) and E;; values (Table 1) suggest that the chirality of hydroxyl group has the
influence on the bindings. This issue has be aroused by the thalidomide tragedy that
(S)-thalidomide is a teratogen, and quite contrary to its (R)-stereoisomer, an effective sedative [65].
Hence, the chirality of candidates should be given enough attention in the drug designs
[35].Besides, the long side chain (-G) of com 25 has less complementary properties against the
geometrical and biophysical environment of the H7 and N9 binding pockets (Figs. 4 and 6), and
should be more guarded in the designs of anti-influenza agents.

Contour of the top 5 hits at 10 ns MD simulation to the relative spatial positions of
structural feature maps are shown in Fig. 7, with oseltamivir carboxylate (OC) also displayed in
aid of visualization. It was found that the descriptor variables hydrophobic group, hydrogen-bond
donor and hydrogen-bond accepter, are appropriate to describe the interaction mode of 5 hits
within H7 and N9, as well as the field properties around the hits(Fig. 7). In terms of
electrostatistics in this model, one highly polar region is worth noting. This area corresponds to the
acidic pocket where the carboxylate anion of OC has strong ionic (H-bonding) interactions with a
triad of arginine residues in N9: Arg118, Arg292 and Arg371[5, 59, 62]. In addition, the model
tends to have two prominent hydrogen-bond donors, which can meet the electrostatic requirement
of a charged environment, such as residues Glu119, Asp151 and Argl152 of N9. One hydrophobic
group accords well with the properties of a hydrophobic pocket formed by the surrounding
residues Glu276 and Glu277 for N9, or the residues GlyA124, AlaA125 and ThrA126 for H7 (Figs.
4, 6 and 7). These descriptor variables have been usually kept constant in the NA inhibitor
structural optimization[5, 59, 61, 66].

Key binding locations of the 5 hits include residues GlyA124, AlaA125, ThrA126 and
TrpAl142 for H7, and residues Aspl51, Argl52, Argl56 and Trpl78 for N9 (Figs. 4 and 6).
Mutations currently attributed to drug resistance are focused on the residues His274 and Asn294 of
the NA proteins [67], and the residues Glu190, GIn226 and Gly228 of the HA proteins [68]. Since
the key binding locations do not overlap with the residues prone to mutation, the 5 hits would
likely be able to exert activity across these variants, especially com 12. Thus, com 12 may be an
attractive lead compound for designing novel dual-target inhibitors. Furthermore, based on the
results and observations of this study, the additional hydroxyl group or analogy hydrogen donors
may fit the dual binding pockets, such as amino or guanidino group; the negatively charged groups
(e.g. carboxylate group) may confer up to the improved binding profiles [5, 15], and probably
confer a higher bioactivity.
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Fig. 7. Pharmacophore features of the top five hits Hydrophobic group, hydrogen-bond
donor and hydrogen-bond accepter are colored in light-blue, magenta and green,
respectively. Hits are shown with the stick models, oseltamivir carboxylate (OC) is
highlighted in ball and stick model

4. Conclusions

Multiple anchors suggest that polyphenols and flavonoids may be the resistant to drug
resistance and raise a new idea to treat influenza. In this work, docking and MD methods were
combined to study the bindings involving 35 chemical constituents of Juglans mandshurica
Maxim.(Scheme 1) with the HA and NA proteins of 2013 A/H7N9 influenza virus.

Among the 35 compounds, com 7 (hyperin), com 8 (avicularin), com 9 (juglanin), com 12
(isoquercetin) and com 25 (a-tetralone-5-G-glucopyranoside) have rather obvious binding abilities
to the H7 and N9 proteins. The interaction energies(E;,) of selected 5 hits with H7(N9) are
evaluated at -45.04 (-59.97), -41.23 (-64.06), -43.25 (-60.10), -47.70 (-66.29) and -43.11
(-49.34)kcalmol™, respectively(Table 1). Details of the binding specificity are given in the section
3.2. According to the energetic and geometric analyses, key binding locations of the 5 hits include
residues GlyAl124, AlaA125, ThrA126 and TrpAl142 for H7, and residues Aspl51, Argl52,
Argl156 and Trpl78 for N9 (Figs. 4 and 6). Furthermore, the binding footprints reveal that the
hydroxyl group addition, the chirality diversity of hydroxyl group and long side chain (-G) should
be more guarded in the designs of anti-influenza agents. Besides, the descriptor variables
hydrophobic group, hydrogen-bond donor and hydrogen-bond accepter, are appropriate to describe
the properties around the hits. Among the 35 constituents, com 12 shows its potential, with better
interaction energy(Ei,;) and advantages over conventional agents such as oseltamivir. In addition,
the modifications were explored compared with the properties of the surrounding residues of HA
and NA proteins. We hope that the results will be helpful for designing novel dual-target inhibitors
for influenza virus.
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