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ABSTRACT
In this present study, we have determined the crystal structure of 2-acetamidophenyl acetate (2-AAPA)
commonly used as influenza neuraminidase inhibitor, to analyze the polymorphism. Molecular docking
and molecular dynamics have been performed for the 2-AAPA-neuraminidase complex as the ester-
derived benzoic group shows several biological properties. The X-ray diffraction studies confirmed that
the 2-AAPA crystals are stabilized by N–H���O type of intermolecular interactions. Possible conformers
of 2-AAPA crystal structures were computationally predicted by ab initio methods and the stable crys-
tal structure was identified. Hirshfeld surface analysis of both experimental and predicted crystal struc-
ture exhibits the intermolecular interactions associated with 2D fingerprint plots. The lowest docking
score and intermolecular interactions of 2-AAPA molecule against influenza neuraminidase confirm the
binding affinity of the 2-AAPA crystals. The quantum theory of atoms in molecules analysis of these
intermolecular interactions was implemented to understand the charge density redistribution of the
molecule in the active site of influenza neuraminidase to validate the strength of the interactions.
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1. Introduction

Influenza is an acute respiratory disease that affects between 20
and 40 million people per year in the United States, mostly the
immunocompromised population. The 1918 (H1N1 "Spanish"),
1957 (H2N2 "Asian"), and 1968 (H3N2 "Hong Kong") influenza
pandemics were all caused by the type A influenza virus (Hsieh
et al., 2006). The influenza virus membrane has two glycopro-
teins; hemagglutinin (HA) and neuraminidase (NA), both recog-
nize the sialic acid (AJ et al., 2001). Commencement of viral
infection is due to the binding of different HAs with sialic acids
on the cell surface. After the host cell got infected, NA, breaks
the binding with sialic acid, and spreads the infection to other
cells. Thus, the NA intercedes an essential advance in the exist-
ence pattern of influenza A virus, the focus of this paper is anti-
viral drug complexes with NA enzymes.

The NA enzyme is ordered into eleven subtypes (N1 to N11).
They are gathered under two groups; group 1 N1, N4, N5 and
N8 and group 2 contains N2, N3, N6, N7 and N9 structure(SJ &
JJ, 2010). Both the groups were distinguished from the con-
formational differences in the active site loop segments, spotted
by residues 148–151. In Group1, NAs exhibits the open con-
formation state and have space for ligand inhibition, whereas in
the group 2, NAs pose closed conformation at the active sites.

M�arquez-Dom�ınguez et al. (2020) reviewed the active site of
N1 complexed with the antiviral drugs zanamivir. The active sites
of N1 were grouped into five subsites (S1–S5). The three essential
amino acids (R118, R292, and R371), of S1 and amino acids; E119,
D151, and E227 of S2 were considered as crucial segments
engaged in hydrogen bond network in the active site. The inter-
actions in other subsites are hydrophobic in nature.

The emergence of drug-resistant viruses requires the devel-
opment of new antiviral chemicals. Benzoic acid derivatives
have been reported to possess anti-influenza virus activities. In
this view, the N1 enzyme interactions with 2 acetamidophenyl
acetate [2-AAPA] (Scheme 1) was reported first time in this
paper and compared the same with two reported drugs
Zanamivir (Xu et al., 2008) and oseltamivir (Shi et al., 2006).
However, to understand its behavior in the active site, detailed
studies on the molecule by quantum chemical models and
molecular dynamic simulation are essential.

2. Materials and methods

2.1. Crystallization, X-ray data collection, and
structure solution

The title compound was prepared by the reaction between
2-amino benzoic acid methyl ester and acetic acid. The
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2-acetamidophenyl acetate (2-AAPA) crystals were grown in
ethanol by a slow evaporation method, among the harvested
crystals, a good quality single crystal (ca.
0.780� 0.330� 0.090mm) was chosen for a high-resolution
X-ray diffraction experiment. Data collection of the title com-
pound was performed using STOE IPDS 2(Tanak et al., 2009)
diffractometer provided with graphite monochromatic MoKa
(k¼ 0.71073 Å) radiation at 293 K. The intensities were cor-
rected for Lorentz and polarization effects, and an analytical
absorption correction was applied, using SCALE3 ABSPACK in
CrysAlisPro (H€ubschle et al., 2011). The structure was solved
using SHELXS–97 (Sheldrick, 1997) and the data were refined
by full-matrix least-squares methods on F2 using the
SHELXL–97 (Sheldrick, 1997) program package. The refine-
ment details are given in Table 1.

2.2. Molecular docking and molecular
dynamics simulation

To perform molecular docking, the 2-AAPA molecule was
minimized with OPLS_2005 (Optimized Potentials for Liquid
Simulations) (Petrovic et al., 2010) force field using the
Ligprep application incorporate in the Schrodinger
package(Wizard, 2014). The three-dimensional coordinates of
the crystal structure of neuraminidase (PDB:3B7E) (Xu et al.,
2008) were retrieved from a protein data bank. Further, to
relieve steric clashes, restrained minimization was performed
using a protein preparation (Wizard, 2014). To refine the con-
formational flexibility of protein while ligand binding,
induced fit docking (IFD) was performed, which is integrated
into Schr€odinger software 8.0, LLC(Schr€odinger, 2005). The
best protein–ligand complex was identified based on the
scoring and intermolecular interactions. The intermolecular
interactions between the protein and ligand were analyzed
from PyMol (Seeliger & de Groot, 2010).

Using YASARA structure and dynamics, version
20.12.24.W.64 (Krieger et al., 2004, 2006), with the AMBER14
forcefield (Maier et al., 2015) molecular dynamics simulation
was performed for the NA–2-AAPA complex. At a tempera-
ture of 298 K, the complex was solubilized in a cubic simula-
tion cell that was 20 times larger on each side than the
NA–2-AAPA complex. The water solvent density was 0.997 g/
ml. The boundary of the simulation cell is periodic. Based on
the predicted pKa of the residues side chain from the Ewald

summation, the charged residues were assigned (Krieger
et al., 2006). About the physiological pH 7.4, hydrogen atoms
were incorporated into the protein structure according to
the computed pKa. To ensure the electroneutrality of the sys-
tem, 41Naþ ions and 37 Cl– ions were added to the final
concentration. Using the steepest descent minimization
method, followed by simulated annealing, the structure was
then minimized. For Lennard–Jones forces (Errington et al.,
2003), a cutoff value of 8 Å was used while the Coulomb
forces associated with the concerned structures were calcu-
lated using the Particle Mesh Ewald algorithm. The system
was initially minimized using simulated annealing. After
annealing, MD simulations were run at 298 K for 135 ns. For
each 100 ps, the simulation snapshot for the trajectory was
obtained and analysed using the YASARA structure package.
Furthermore, free binding energies of NA–2-AAPA complex
have been calculated at regular intervals of 10 ns with
molecular mechanics-generalized born surface area (MM-
GBSA) protocol using the prime module of Schrodinger soft-
ware (Bhachoo & Beuming, 2017; Hayes, 2012).

3. Results and discussion

3.1. X-ray crystal structure

The molecular structure of the title compound is shown in
Figure 1. From the C–N bond lengths, C3–N1 [1.406(7) Å]
and C4–N1 [1.358(7) Å], the electron delocalization is evident
and the same was further proved from the C3–N1–C4 bond
angle [126.6(5)˚] which is greater than the usual tetrahedral
angle for nitrogen atom. The partial double-bond character
of the C4–O3 [1.204(8)] and C1–O2 [1.192(7)] bonds are close
in duration to those observed in previous reports [1.215(2)].
(Kansız & Dege, 2018). The Phenyl ring lies almost perpen-
dicular [86.9˚] with methyl acetate and 20.6˚ with methyl
acetamide groups. The root means square deviations of
C–C–C bond angle in the phenyl ring from an ideal value
(120�) is calculated from rC�C�C ¼ �

P6
i¼1

ðhi�120�Þ2
6 , and the

value is 1.44˚
The molecular conformation in the crystal is maintained

by a strong intramolecular N–H���O hydrogen bond. The intra
and intermolecular hydrogen bonds prevailed in the system
(Figure 2) which stabilizes the crystal phase are tabulated in
Table 2. The oxygen atom (O2) of the methyl acetate group
forms strong hydrogen bond interactions with nitrogen atom
[N1] of methyl acetamide and carbon atom [C7] of methyl
acetate groups and forms R12 (6), and R12 (9) ring motifs.
There is no p���p and C–H���p interactions between the mole-
cules, the crystal structure was further stabilized by weak
C–H���O hydrogen bonds.

3.2. Conformers of 2-AAPA

The hypothetical stable conformers of 2-AAPA molecules
generated from the DMACRYS optimization are tabulated in
Table 3 The energy landscape scatters plot (Figure S1), along
with the comparison studies. indicated that theoretical struc-
ture FA, generated at the �96 KJ/mol, shows a strong

Scheme 1. The chemical structure of 2-acetamidophenyl acetate (2-AAPA).
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agreement with the experimental crystal form of 2-AAPA.
The similarity in the density (1.284/1.241) g/cm3] and cell vol-
ume (978/1033) g/cm3 further supports that structure FA is
equivalent to the experimental 2-AAPA; authenticating the
ab initio CSP methodology. The conformity of the theoretical
structure FA with the experimental one was validated from
the investigation of the possible hydrogen bonds associated
with the crystal phase. Table 2 shows the possible hydrogen
bonds associated with theoretical 2-AAPA crystal and those
obtained experimentally. The predicted hydrogen bonds
agree well with those of the actual 2-AAPA crystal, which is
responsible for the stability. The variation of �0.5 Å between

the donor–acceptor bond distances of the theoretically pre-
dicted molecule and the experimental values indicates the
identical nature of the predicted structure with the experi-
mental 2-AAPA. The studies indicated the hydrogen bond
between nitrogen and oxygen atom in 2-AAPA (N–H���O) as
the crucial linkage that decides the stability of the crystal
phase. The similarities in the lattice parameters for experi-
mental and theoretical crystal forms of 2 AAPA show the
authenticity of the methodology, hence validating
the studies.

3.3. Hirshfeld surface analysis

The role of fundamental interatomic interactions in the sta-
bility of both experimental (real) and predicted (FA) crystal
phases of 2-AAPA was confirmed from the 2D fingerprint
plots generated using Crystal Explorer 17.5 software
(Spackman & McKinnon, 2002). The term ‘dnorm’ leads to dif-
ferent factors: de, which refers to the distance between any
surface point to the interior of atoms, and di, which refers to
the distance between any surface point and exterior point of
atoms, as well as the atom’s van der Waals (vdW) radii.
Interactions are outlined using a red–white–blue color code
(shorter than vdW – equivalent to vdW – longer than vdW
isolation, respectively (Madura et al., 2010; Seth et al., 2011).
The Hirshfeld surfaces mapped over dnorm (range of
�0.4077–1.4296 Å). The surfaces are shown as clear to permit
the visual image of the molecule. The maximum contribution
over the total Hirshfeld surface was encountered from H���H
contributes about 47% of the interactions for both experi-
mental and predicted crystal structures. Next to this, the
Hirshfeld surface (HS) was the pointed nature of the finger-
print plots indicated the dominant nature of strong O���H/
���O interactions (Figure 3a,b). The corresponding contribu-
tion in percentage for experimental crystal structure is 31.3%
and this value is slightly decreased to 26.8% for the

Table 1. Crystallographic and refinement specifics.

Crystal data

Chemical formula C10 H11 N1 O3

Mr 193.2
Crystal system, space group Monoclinic, P 21/n
Temperature (K) 296
a, b, c (Å) 4.5183(6),15.337(3),14.1244(18)
b(�) 92.318(10)
V (Å3) 978.0(3)
Z 4
Radiation type Mo Ka
m (mm-1) 0.10
Crystal size (mm) 0.780� 0.330� 0.090
Data collection STOE X-AREA
Diffractometer STOE IPDS 2
Absorption correction Integration
Tmin, Tmax 0.001 and 0.008
No. of measured, independent and observed [I> 2r (I)] reflections 4818, 1732, 746
Rint 0.118
(sin h/k)max (Å–1) 0.596
Refinement STOE X-AREA
R[F2> 2r(F2)], wR(F2), S 0.112, 0.271, 0.96
No. of reflections 1732
No. of parameters 129
H-atom treatment H-atoms treated by a mixture of independent and constrained refinement
Dqmax, Dqmin (e Å–3) 0.47, �0.25
CCDC No. 1995914

Figure 1. ORTEP view of the 2-AAPA molecule, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 50% probability level and H
atoms are shown as small spheres of arbitrary radii.
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predicted crystal structure. Figure 3c displays the fingerprint
plot difference between the experimental and predicted mol-
ecule. Blue regions are more intense in the experimental
structure and red region highlights for the predicted one.
The less dominancy of O���H/���O contact in HS of the pre-
dicted structure was revealed near the spike at de¼ 1.2 Å,
di¼ 1.0 Å and de¼ 1.0 Å, di¼ 1.2 Å in Figure 3c. The results
from the contact enrichment ratio (Table 4) established a
similar pattern in the interaction energies. Also, it is found
that there is 96% correlation similarity between the intermo-
lecular interaction for generated conformer and empirical
structures of 2 AAPA (Figure S2), which reveals the structures
are equivalent.

For both the experimental and projected crystal structures
of the 2AAPA molecule, Figure 4a,b shows a scatter plot
graph of the inner and outer electrostatic potential V on the
Hirshfeld surface. The points on the surface are distinguished

by interaction type. In Figure 4a, the region of maximum
inner potential represents the polar hydrogen atoms, HO,
and the oxygen atoms were at the highest exterior potential.
A similar trend was found for the predicted crystal structure
as shown in Figure 4b. The experimental and predicted crys-
tal shows an electrostatic complementarity as a correlation
Cvv of �0.48% and �0.18%, respectively, were seen. The con-
tacts of polar hydrogen atoms Hc result in the most electro-
positive regions and represent strong hydrogen bonds
O���Hn and N���Hn. The C–H���O and C–H���N contacts are
weaker hydrogen bonds involving the most electronegative
regions and mildly electropositive regions.

3.4. Interaction energies

From the pixel calculation, it is analyzed that the crystal
packing of both experimental and predicted structure is

Figure 2. View of crystal packing (a, b axis) and hydrogen bonding.

Table 2. Comparison of strong and weak hydrogen bond interactions prevailed in the EXP and FA crystal structures (Å, �).

REAL FA

Hydrogen bonds D–H (Å) D���A (Å) H��A (Å) D–H��� A (�) Hydrogen bonds D–H (Å) D���A (Å) H��A D-H��� A (Å) (�)
N1–H1���O1$ 0.860(5) 2.728(6) 2.383(4) 104.4(3) N1–H1���O1$ 0.86 2.658 2.169 107.9
C6–H6���O3$ 0.930(7) 2.880(8) 2.334(5) 117.2(4) C5–H5���O2$ 0.93 2.937 2.567 99.0
N1–H1���O2#1 0.860(5) 3.063(6) 2.219(4) 167.2(3) C6–H6���O3$ 0.93 2.907 2.207 120.2
C7–H7C���O2#1 0.960(7) 3.506(8) 2.685(5) 143.8(4) N1–H1���O2#1 0.86 3.423 2.617 136.8
C10–H10B���O3#1 0.960(8) 3.495(10) 2.743(6) 135.7(5) C10–H10B���N1#1 0.96 3.762 2.810 146.7
C10–H10C���O2#1 0.960(7) 3.364(9) 2.497(5) 150.1(4) C10–H10C���O2#1 0.96 3.759 2.924 134.1
C7–H7A���O3#2 0.960(6) 3.265(8) 2.428(5) 145.5(3) N1–H1���O3#2 0.86 3.636 2.999 122.0
C7–H7B���O3#3 0.960(6) 3.723(9) 2.784(6) 166.1(3) C10–H10C���O3#2 0.96 3.334 2.679 118.5
C10–H10B���O1#4 0.960(8) 3.712(8) 2.961(4) 136.0(4) C5–H5���O2#3 0.96 3.549 2.663 138.7
$Intramolecular interaction $Intramolecular interaction
#1xþ 1, þy, þz #1x–1, þy, þz
#2–xþ 1/2, þy–1/2, –zþ 1/2þ 1 #2x, –yþ 1/2þ 1, þzþ 1/2
#3x–1/2, –yþ 1/2þ 1, þzþ 1/2 #3 –xþ 1, –yþ 2, –z
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Table 3. List theoretical rigid conformers of 2-AAPA molecule.

ID Space group a (Å) b (Å) c (Å) B (�) Ulattice kJ/mol density (g/cm3)

AZ P212121 22.44 8.69 5.36 90.0 –107.1 1.227
AQ P212121 8.69 22.44 5.36 90.0 –107.1 1.227
CA P–1 9.29 6.32 10.00 105.5 –106.1 1.265
AB P-1 6.32 8.97 13.56 120.6 –106.1 1.265
CB Pbca 8.62 10.71 22.46 90.0 –105.6 1.237
AH P21 10.22 10.46 5.34 115.6 –104.8 1.246
AF P21 5.33 10.47 9.26 95.8 –104.8 1.246
AI P21/c 11.59 5.71 17.24 117.8 –104.4 1.271
AK P21/c 11.59 5.71 17.25 117.8 –104.3 1.271
CC Pbca 8.42 11.00 22.14 90.0 –104.0 1.251
BD Pna21 22.34 8.84 5.43 90.0 –103.1 1.197
AS Pna21 22.34 8.84 5.43 90.0 –103.1 1.197
AV Pna21 8.99 9.80 11.78 90.0 –102.8 1.237
AM P21/c 7.10 7.83 20.19 74.7 –102.5 1.186
DE C2/c 17.11 6.59 18.43 81.2 –102.3 1.251
DC C2/c 17.11 6.59 18.42 81.2 –102.3 1.251
DA Cc 11.38 13.44 8.87 130.3 –101.6 1.241
AA P1 9.90 4.99 6.31 64.6 –101.0 1.243
AY Pca21 9.88 10.54 10.03 90.0 –99.2 1.228
DB C2 17.14 6.13 9.96 83.5 –97.8 1.235
Exp P21/n 4.5183(6) 15.337(3) 14.1244(18) 92.318(10) –97.6 1.284
FA* P21/c 5.22 20.69 9.74 79.1 –96.0 1.241
DD C2/c 15.47 9.94 14.25 101.1 –93.2 1.194
AP P21212 11.72 18.88 5.02 90.0 –91.6 1.155
BF Pna21 10.07 13.08 8.25 90.0 –91.5 1.181
AU Pna21 21.99 5.21 9.51 90.0 –91.3 1.178
CE Pbcn 11.85 10.63 17.97 90.0 –89.7 1.134
CD Pbcn 15.31 9.33 14.89 90.0 –88.7 1.207
BA P21212 26.17 8.35 5.02 90.0 –87.8 1.169
BH Pca21 15.65 7.75 9.70 90.0 –87.8 1.090
BB P21212 26.17 8.35 5.03 90.0 –87.8 1.169
FC P21/c 7.85 5.05 29.61 115.3 –85.6 1.209

Figure 3. Fingerprint plots for the single symmetry independent (a) EXP and (b) FA molecules and their (c) difference.
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highly stabilized by dispersion energies, �102 and �94.1 kJ/
mol, respectively. The intermolecular energies between the
molecular pairs are listed in Table 5. Among the energies of
intermolecular interactions, the crystal stability was highly
influenced by N1–H1���O2 interactions having the maximum
Etot energy values; –51 and �27.2 kJ/mol for both experimen-
tal and predicted crystal structures. Next to N1–H1���O2 inter-
action, H���H interactions in the experimental crystal structure
and O���H interactions in the predicted crystal structure con-
tribute significantly over the crystal stability and the corre-
sponding Etot energy values were �16.7 and �18.4 kJ/mol,
respectively. The Etot energies calculated from crystal
explorer are listed in Supplementary Table 1.

3.5. 2-AAPA–NA complex

Molecular docking, the process of searching a ligand that is
energetically and geometrically able to fit in the active site
of a protein, is being widely used to discover novel drugs. In
the present study, the optimized molecular structure of
2-AAPA was used for the molecular docking in the active site
of NA protein. Molecular docking was carried out to under-
stand the binding affinity, molecular conformation, and
orientation of 2-AAPA molecules in the active site of
NA protein.

The protein–ligand interactions of 2-AAPA with N1 are
comparable with the previous reports (Shi et al., 2006; Xu
et al., 2008). The residues of subsites S1 and S2 were

Table 4. Nature of intermolecular contacts on the Hirshfeld surface by chem-
ical types and their enrichment.

REAL FA

Atom H C N O HC Atom H C N O HC

H 0 H 0
C 1.44 9.93 %contacts C 0.48 7.71 %contacts
N 0 1.75 0 N 0 1.51 0
O 3.57 2.09 0 0.86 O 5.7 4.53 0.07 1.54
HC 1.13 27.82 1.26 23.44 26.71 HC 0.4 34.2 1.62 15.2 27.05
E E
H 0 H 0
C 0.89 1.42 Enrichment C 0.26 0.98 Enrichment
N 0 2.19 0 N 0 1.68 0
O 3.77 0.26 0 0.36 O 6.06 0.56 0.14 0.75
HC 0.34 0.98 0.78 1.42 0.93 HC 0.11 1.15 0.96 1.01 0.97

Figure 4. Scatterplot of inner and outer electrostatic potential V on the Hirshfeld surface for the (a) experimental and (b) predicted crystal structure.

Table 5. PIXEL energies for experimental I (real) and predicted (FA) crystal structures and between the molecular pairs (kJ/mol�1).

REAL

Possible interactions Distance Coul pol. Disp. rep. Total Symm

N1–H1���O2 4.518 –28.7 �10.6 –46.2 34.5 –51 xþ 1, y, z
C7–H7B���O3 7.878 –9.2 –3.1 –9.3 6.3 –15.3 –xþ 1/2, y–1/2, –zþ 1/2þ 1
C10–H10B���O1 8.631 –3.7 –1.1 –7.7 1.8 –10.7 –xþ 1/2þ 1, yþ 1/2, –zþ 1/2þ 1
C5���H9, H5���H9 8.745 –1.4 –0.4 –8 2.1 –7.8 –x, –yþ 1, –zþ 1
H6���H7C, H9���H10A 7.476 –3.9 –1.7 –14.9 3.9 –16.7 x–1/2, –yþ 1/2þ 1, z–1/2
C7–H7A���O3 7.646 –5.2 –1.8 –7.9 2 –12.8 x–1/2, –yþ 1/2þ 1, zþ 1/2
Crystal structure – –51.5 –18.7 –102 52.6 –119.6 –
FA
Possible interactions Distance Coul pol. Disp. rep. Total Symm
N1–H1���O2 5.224 –10 –6.2 –34.8 23.8 –27.2 x–1, y, z
H7B���H8, H7C���H8 10.147 –0.6 –0.4 –4.1 1.5 –3.7 x–1, y, zþ 1
H6���H7A, H8���H7A 9.738 –3.7 –1.1 –6.3 3.1 –7.9 x, y, z–1
O1���H5 6.135 –9.3 –3.7 –17.4 12 –18.4 –x, –yþ 2, –z
H8���H8, H8���H9 9.152 –3 –0.9 –9.9 4.9 –8.9 –xþ 1, –yþ 2, –z–1
C5–H5���O2 7.898 –2.3 –2 –15.2 7.3 –12.2 –xþ 1, –yþ 2, –z
N1–H1���O3 6.934 –8.9 –4.4 –12.8 8.6 –17.5 x, –yþ 1/2þ 1, zþ 1/2
Crystal structure – –32.7 –16.8 –94.1 53.7 –89.8 –

Table 6. Ligand interactions with amino residues of N1 enzyme (Å). Color
code of the table cells: Green: H–bond interactions and Red: Electrostatic
interactions.

Active sites 2–AAPA Zanamivir Oseltamivir

ARG292:NH 3.26:O2 3.136:O 3.089:O
2.816:O2 4.844
3.850

ARG371:NH 3.631:O2 2.855:O 2.732:O
2.931:O 2.719:O

TYR406:OH 2.696:O1
ASP151:O 2.911:NH 2.920:NH 2.832:NH

2.892:NH
GLU277:O 3.568 3.538:CH 3.603:CH
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considered as catalytically active residues and interact dir-
ectly with sialic acid and assist the recognition and binding
of the ligand. The subsites S4 and S5 includes the residues
making electrostatic interactions with N1.

From the binding mode analysis of Zanamivir and oselta-
mivir with N1, it is found that the residues ARG371, ARG292,
ASP151 makes strong H-bond interaction with the drug and
the residue ARG118 makes electrostatic interaction. The bind-
ing modes of 2-AAPA are highly comparable with these two
drugs reported. The corresponding interactions are listed in
Table 6. Most of the H-bond interactions are found in S1 and
S2 subsites. Additionally, 2-AAPA makes H-bond interaction
with TYR406 under S5 subsite of N1 enzyme. Like, zanamivir,
2-AAPA makes no van der Waals interaction with N1. This
implies that 2-AAPA inhibitor may be the sensitive drug
resistance of neuramidase and may be considered as an
alternative drug for treating influenza. The 2D and 3D plot
(Figure 5) shows the hydrogen bonding, and electrostatic
interactions of 2-AAPA in the active site of NA protein.

3.6. Topological properties of electron density of
hydrogen bonding interactions

The insight into the affinity of 2 AAPA conformers towards
amino acid residue was given by the topological properties

(Table 7) calculated at (3, –1) type of critical points. The com-
pound 2-AAPA forms four intermolecular hydrogen-bonding
interactions with the amino acids of S1, S2 and S5 subunits.
To understand the efficiencies of these interactions, the simi-
lar analysis was done and compared the results with that
of the reported drugs, Zanamivir and Oseltamivir. The
protein–ligand complex is stabilized by N–H…O and
O–H…O type of interactions. Notably, ARG292, TYR406 and
ASP151 residues makes the strong H-bond interactions with
the oxygen atoms of 2-AAPA ligand and their corresponding
Laplacian of electron density values at bcp were 2.66, 2.94
and 2.02 eÅ�5, respectively. These interactions are found to
be the most strongest when compared with the other
N–H…O interaction of reported complex. This was further
established from the theoretical electron density values and
the values were 0.21, 0.22 and 0.20 eÅ�3, respectively. The
binding mechanism of protein–ligand was studies further
from Hirshfeld surface with finger plot and noncovalent
interaction (NCI) energy calculations. These calculations pro-
vide a clear picture information about the strong and weak
interactions between protein and ligand. The dnorm plot of
protein ligand is shown in Figure 6a in which the red, white
and blue surface denotes the hydrogen bond interaction,
vdW separation and short contacts between the protein and
the ligand. The sharp peaks in the fingerprint plot (Figure
6b) confirms the strong hydrogen bon interactions between
the protein and the ligand. The reduced density gradient
[RDG] and its corresponding isosurface was obtained from
Multiwfn (Lu & Chen, 2012) software. RDG is calculated to
identify the NCI regions. The RDG scatter plot is shown in
Figure 7a, which blue, green and red regions reveals the
hydrogen bonding, van der Waals, and steric effect interac-
tions between protein and ligand and the corresponding
RDG surface is shown in Figure 7b.

3.7. Structural stability and flexibility of the
docked complex

Simulation of molecular dynamics is an intuitive method for
studying the conformation shifts of the NA–2-AAPA complex
as a function of time in the presence of water solvent and is
primarily necessary to obtain information on the stabilization
of NA–2-AAPA interactions. Hence the docked complex is
therefore subjected to simulations of molecular dynamics for
135 ns to examine the effect of the NA–2-AAPA interactions.
Analyses such as RMSD, RMSF of individual residues,

Figure 5. The 2-AAPA–NA complex showing the (a) 3D and (b) 2D plot of
2-AAPA and nearby amino acids present in the active site of the NA enzyme.

Table 7. Topological properties of electron density for the main intermolecu-
lar interactions between ligand and protein.

Active sites

2-AAPA Zanamivir Oseltamivir

qbcp(r) D2 qbcp(r) qbcp(r) D2 qbcp(r) qbcp(r) D2 qbcp(r)
ARG292:NH 0.215 2.664 2.460 –4.486 0.057 0.740

0.058 0.808 – – – –
ARG371:NH 0.036 0.509 0.253 2.485 0.308 3.214

– – 0.219 2.086 0.340 3.416
TYR406:OH 0.223 2.942 – – – –
ASP151:O 0.199 2.016 0.206 1.854 0.240 2.910

– – 0.132 1.589 – –
GLU277:O – – – – 0.050 0.603

– –
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hydrogen-bond occupancy, and secondary structure analyses
have been analyzed in-depth to examine the interaction
between the NA and 2-AAPA molecules.

To determine the effect of the 2-AAPA drug molecule on
the conformational stability of the NA receptor protein, the
135 ns RMSD analysis corresponding to Ca, backbone, and
all-atom of NA receptor protein was calculated for 135 ns
concerning the starting structure of MD simulation and their
corresponding results are presented in Figure 8a. There are
lower values for the Ca and backbone RMSD than for the all-
atom RMSD. The NA–2-AAPA complex trajectory ranges from
0.350 to 2.175Å, 0.403 to 2.224Å, 0.435 to 2.474Å, referring
to the Ca, backbone, and all-atom RMSDs, respectively.
During the simulation time of 0 to 13 ns, the Ca RMSD fluc-
tuates from 0.350 to 1.309 Å. After that, the RMSD values rise
with time changes and fluctuate between 1.381 and 2.175 Å
during the simulation time from 13.1 and 36.8 ns. The NA–2-
AAPA complex displays greater RMSD variations in the range
of 1.916 to 2.175Å over the 31.8 to 36.8 ns period, suggest-
ing larger conformational shifts over this period. Beyond the
75 ns of simulation the RMSD variations gets saturated and
fluctuates within the range of 1.597 to 2.031Å and is held
until the completion of the simulation. A similar trajectory
pattern was found for the backbone and all-atom RMSD of
the NA–2-AAPA complex. The average C alpha, backbone,
and all-atom RMSDs of the NA–2-AAPA complex were found
to be 1.664, 1.727, and 2.016 Å, suggesting the conform-
ational stability of the complex, respectively.

To determine the structural flexibility of the NA protein,
RMSF per protein residue was determined from the mean
RMSF of its constituent residue and the corresponding find-
ings are presented in Figure 8b. From the obtained results it
is inferred that the residues VAL 83, ILE 84, ARG 107, LYS
111, LYS 143, ASN 146, THR 148, VAL 149, LYS 150, ARG 219,
LYS 259, LYS 261, ASN 269, HIS 296, ASN 309, SER 342, ARG
394, TRP 403, GLU 412, LYS 432, ASN 435, ASP 452, THR 453,
VAL 454, TRP 456, GLU 463, LEU 464, PRO 465, PHE 466, SER

467, ILE 468 exhibits the maximum RMSF values in the range
of 2.160 to 6.790Å implying that flexibility of these residues
whereas the remaining residues possess the smaller RMSF
values in the range 0.390 to 1.980 Å which implies the rigid-
ity of these residues. The rigidity of these residues is due to
the formation of intramolecular hydrogen bonds. The super-
imposed view of the 2-AAPA–NA complex is presented in
Figure 9. The structures were obtained from the initial (repre-
sented with pink color) and final structure (represented with
blue color) of the NA–2-AAPA complex MD simulations and
exhibit the conformational difference of ligands in the
respective complex which allows us to visualize that how the
conformation and the orientation of the ligands and proteins
are altered during the MD simulation. However, the superim-
posed form of both docked and MD complexes do not
exhibit many variations confirming that the 2-AAPA molecule
binds more firmly with NA.

3.7.1. Occupancy of hydrogen bond analysis
The structural stability of the protein is characterized by
hydrogen bond formation. Hence to characterize the
dynamic behavior of the NA–2-AAPA complex, the occu-
pancy of intra- and inter-molecular hydrogen bonds has
been calculated and the obtained results are presented in
Figures 10a,10b, and 11, respectively. In the case of intramo-
lecular hydrogen-bond formation, the maximum and min-
imum occupancy of hydrogen bonds are found to be 329
and 269, respectively. The intra-molecular hydrogen-bond
formation fluctuates between 288 and 329 during the first
20 ns. Beyond that the occupancy of hydrogen bonds
decreases and fluctuates between 269 and 316, respectively.
The inter-molecular hydrogen-bond formation between the
NA–2-AAPA complex and solvent water molecules exhibits
the maximum occupancy of hydrogen bonds in the range of
545–689. In this case, for the first 23 ns, the hydrogen-bond
occupancy fluctuates between 545 and 645, and during the

Figure 6. (a) Hirshfeld surface analysis with corresponding (b) 2D fingerprint map of 2-AAPA–NA complex.
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later stages, the occupancy of the hydrogen-bond increases
and fluctuates between 649 and 689, respectively.

3.7.2. Variation of NA–2-AAPA interaction during
the dynamics

In order to study the variation of the interactions between
the NA protein and 2-AAPA ligand molecule during the simu-
lation of 135 ns, the ligand–protein interactions were moni-
tored at regular intervals of 5 ns from the starting structure
(0 ns) to final structure (135 ns) of the simulation and their
corresponding details on the NA � 2-AAPA interactions are
presented in the Supplementary Table S1. From the obtained
results, it is inferred that the NA protein and the 2-AAPA lig-
and molecule interacts via the noncovalent interactions like
attractive charge interaction, Pi–Anion, Pi–Cation, Pi–Alkyl,
Pi–Pi stacked and H-bond (interactions like N–H…O,

O–H…O and C–H…O) respectively. At 0 ns of MD simula-
tion the 2-AAPA molecule interacts with NA protein through
the weak nonbonded interactions like Pi–Alkyl, Pi–Anion, and
Pi–Cation interactions, respectively, with the ASP 151, ARG
152, ARG 224, and GLU 227 residues. As the simulation time
increases to 5 ns, it is observed that in addition to weak non-
covalent interactions like Pi–Alkyl and Pi–Pi stacked interac-
tions, the 2-AAPA molecule interacts via two N–H…O
H-bond interactions with the ARG156 residues of length 3.10
and 3.09 Å. The residues like ARG152, ARG156, ASN221,
SER246, ARG292, ASN294, and ARG347 participates in the
H-bond interaction with 2-AAPA molecule. As can be seen
from the Supplementary Table S1, it is obvious that the dur-
ing the course of MD simulation, the occupancy of H-bond
between the NA protein and 2-AAPA molecule fluctuates
between 1 and 4, respectively. At the end of the simulation,
i.e., at 135 ns, the NA–2-AAPA complex is stabilized with one

Figure 7. (a) RDG scatter plot and (b) gradient iso-surface showing the weak and strong interactions between 2-AAPA and NA enzyme. The surfaces are colored
on a blue–green–red scale according to values of sign (k2/q), ranging from –0.06 to þ0.05 au. Blue indicates strong attractive interactions, and red indicates strong
nonbonded overlap.
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N–H…O H-bond of length 2.08 Å and weak noncovalent
interactions like Pi–cation and Pi–alkyl interactions of length
3.37 and 4.96 Å, respectively.

3.7.3. Calculation of change in binding free energy using
MM-GBSA method

In order to study the variation of binding free energy during
the course of MD simulation, the Molecular Mechanics-
Generalized Born model and Solvent Accessibility (MM-GBSA)
energy calculations was carried out at regular intervals of
10 ns and also for the docked complex and final snapshot of
MD simulation. The total binding free energy was contrib-
uted from the Coulomb energy, Covalent, H-bond, Lipo, p–p
packing interaction, solvent generalized binding and van der
Waals energy. The contribution of each term is presented in
Table 8. The obtained data revealed that the binding free
energy was found to be negative implying the stabilizing
effect of the complex. Furthermore, the binding free energy
decreases with increase in simulation time up to 80 ns and
then it increases gradually up to �23.544 kcal/mol at 135 ns
of MD simulation. This implies that during the final part of
MD simulation the complex becomes more stable. Among all
the interactions, the contribution of coulomb and van der
Waals interactions to the total energy were found to be
greater than the other interactions. The values of H-bond
interaction of docked complex and the final snapshot of MD
simulation were �0.025 kcal/mol, and �1.579 kcal/mol,
respectively. It is obvious that after the simulation of 135 ns

Figure 8. (a) RMSD of Ca, backbone, and All-atom of NA protein for the simulation of 135 ns, (b) RMSF of individual residue corresponding to NA protein.

Figure 9. Superimposed view of initial (represented with pink color) and final
(represented with blue color) NA–2-AAPA complex.
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Figure 10. Occupancy of (a) intermolecular hydrogen bonds between NA–2-AAPA complex and solvent water molecules (b) intra-molecular hydrogen bond of
NA–2-AAPA complex.

Figure 11. Nonbond interactions between NA protein and 2-AAPA molecule (left picture depicts the geometry of 0 ns and right picture depicts the geometry
of 135 ns).
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the 2-AAPA drug molecule formed stable hydrogen bond
with the residues of NA protein’s binding pocket.

4. Conclusion

Neuraminidase is a potential drug target for the influenza
virus. The ester-derived benzoic acid of 2-AAPA exhibits anti-
viral properties. Therefore, in this present study, X-ray crystal-
lography, crystal structure prediction, Hirschfeld surface
analysis, molecular docking, and MD simulation studies gave
an insight into the molecular structure, strength of intermo-
lecular interactions in the crystal phase, binding affinity, and
stability of the molecule. The strength of the interaction
between the molecules in the experimental and predicted
crystal phase was highlighted from the analysis of HS and
PIXEL energy calculations. Also, the topological analysis for
closed-shell interactions between ligand and protein was car-
ried out from Bader’s Quantum theory of Atoms in
Molecules. The stability of the 2-AAPA molecule in the active
site of protein was evaluated from molecular simulations
of 135 ns.
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