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Abstract Hemagglutinin (HA) is a membrane protein present
on the influenza viral envelope. It is responsible for molecular
recognition between the viral particle and the host cell, as well
as fusion of the viral envelope to the endosome bilayer. Because
it is essential for influenza viral infection and replication, it has
become a target for the design of anti-influenza drugs. Previous
studies have identified two small molecule HA ligands (CL-
385319 and 1L) that inhibit infection with pseudovirus H5N1
with different potency. In order to compare their different
inhibitory activities and shed light on drug design targeting the
HA protein, we conducted a variety of theoretical calculations,
including docking, molecular dynamics simulations, free energy
calculations, as well as quantum calculations to investigate
interactions between these two ligands and the HA protein.
We found that molecule 1L has stronger 7t—t interactions with
the side chains of residues F110, and M24; compared with
molecule CL-385319. We propose that these stronger 77t
interactions are responsible for the higher inhibitory activity of
molecule 1L. Our calculations will aid drug design studies
targeting the HA protein.
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Introduction

Hemagglutinin (HA) is a membrane protein present on the
influenza viral envelope that mediates molecular recognition
between the viral particle and the host cell by binding with sialic
acid receptors on the host cell surface. After endocytosis of the
viral particle, the HA protein is cleaved into two functional
groups known as HA1 and HA2. These two subunits are
connected by a single disulfide bond. Acidification of the viral
interior induces a variety of conformational changes of the HA2
subunit, as well as fusion of the viral envelope with the
endosome membrane. Viral ribonucleoproteins are then
released into the host cell and viral replication begins.
Therefore, the HA protein is crucial for influenza virus infection
and replication. Ligands designed to target the HA protein
could inhibit this molecular recognition and membrane fusion,
thus preventing viral infection and replication, and have been
envisaged as a strategy for treating the influenza pandemic.
Broad neutralizing antibodies that recognize the conserved
region in the membrane-proximal stem of HA1 and HA2 confer
immunity to diverse influenza subtypes [1, 2]. Several small
molecules, such as stachyflin [3], BMY-27709 [4], and CL-
385319 [5], can block virus infection by inhibiting the low pH-
induced conformational change of HA protein required for
membrane fusion [4, 6]. Seasonal influenza pandemics
currently represent a serious threat to public health, therefore
investigations into the HA protein and its ligand interactions
could lead to the design of anti-influenza drugs.

Our previous studies have revealed the mechanism of action
of CL-385319—a potent inhibitor of the HSN1 influenza virus.
CL-385319 inhibits influenza viral infection by binding to the
HA protein and preventing molecular recognition between the
host cell and the viral particle [7]. Ligand binding of CL-385319
to the HA protein is achieved by the so-called “induced fit”
mechanism, where the binding cavity in the receptor adjusts its
conformation to accommodate the ligand during the binding
process [8]. Our previous calculations found that the following
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residues constituted the binding cavity: V48,, F110,, M24,,
ElOSZ, R1062, E1032, T1072 and K512, of which E1052,
T107,, V48,, F110, and M24,; contributed most to the ligand
binding free energies. Therefore, these residues were referred to
as “hot-spots” in our previous studies [8]. However, Zhu and co-
workers have synthesized a series of compounds and found that
molecule 1L showed higher inhibitory activity against HSN1
pseudovirus than CL-385319 (ICs( values are 0.22 uM and 0.37
puM, respectively) [9]. In order to explain these differences in
inhibitory activity, and to compare their binding modes, we
conducted a variety of molecular modeling studies to investigate
the interactions between these two ligands and the HA protein
binding cavity.

We first docked these two compounds individually to the
binding site of the HA protein, and calculated the binding free
energies using the molecular mechanics generalized Born
surface area (MM-GBSA) method. However, we found higher
binding affinities of molecule CL-385319 with the protein,
which is inconsistent with the experimental 1Cs, values. In
order to explain this result, we conducted computational
alanine scanning calculations to evaluate interaction strengths
between the ligand and different residues in the binding site.
We also performed quantum calculations to analyze the
noncovalent interactions between ligands and protein as well
as the 7t—t interactions between them. We found that molecule
1L interacts more potently with residues F110, and M24,,
which are crucial for conformational changes in the HA2
protein and for membrane fusion. We propose that these
interactions explain the higher inhibitory activity of 1L. Our
simulations indicated that not only the binding free energies
between ligands and protein but also interactions between
ligands and crucial residues in the binding site should be
considered in theoretical studies. These results further our
understanding of HA-ligand interactions and will aid in the
design of novel anti-influenza drugs targeting the HA protein.

Computational methods
Molecular docking and molecular dynamics simulations

The AutoDock package was used to dock molecules CL-
385319 and 1L to the binding site of the HA protein. The
crystal structure of HA protein (PDB ID: 2IBX) was used in
the docking simulations, and 100 independent runs were
performed for each molecule. The root mean square deviation
(RMSD) values between the docked conformations and the
quantum optimized structures were calculated and the
conformation with the lowest RMSD value was considered
reasonable and used in subsequent calculations.

Molecular dynamics (MD) simulations of a total of 100 ns
each were conducted for CL-385315-HA and 1L-HA
complexes, respectively. The MD simulations were performed
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with the AMBERI11 [10] package and the structures obtained by
docking simulations were used as the initial conformations in the
simulations. The restrained electrostatic potential (RESP) charges
were calculated for the ligands by the antechamber module of the
Amber 11 program following the electronic structure and
electrostatic potential calculations at the HF/6-31G* level [11].
The ff99SB force field [12] and the general AMBER force file
(GAFF) [13] were used to describe the proteins and ligands,
respectively. The complexes were solvated by TIP3P [14] water
molecules in a periodic box that extended 8A from the protein.
Na" ions were added as counterions to neutralize the simulation
systems. The final simulation systems contained the ligand—
protein complex, ~27,900 water molecules, and 20 Na" ions.

A total of 2,000 steps energy minimization by steepest
descent (SD) algorithm were conducted for each system,
followed by another 2,000 steps energy minimization using
conjugate gradient (CG) algorithm. The energy minimized
systems were heated from 1K to 300K in 50 ps steps. Then,
another 50 ps MD simulation was conducted with the protein
backbone restrained. Finally, a 100-ns MD simulation was
performed for each system. All the simulations were
conducted under NPT ensemble [15, 16]. The temperature
and pressure of the system were maintained at around 300K
and latm. A time step of 2 f. was used during the simulations.

The structures with the lowest energy during the 100 ns
MD simulation were used as reference structures in the RMSD
calculations.

Free energy calculations

The MM-GBSA method was used to calculate the binding
free energies of the CL-385319-HA and 1L-HA complexes.
The binding free energy (AG;yq) is defined by the following
equation:

AGbind = Gcom_Grec_Glig (1)

where Geom, Grec and Gy are the free energies of the
complex, protein, and ligand, respectively. They are defined
by the following equation:

G =< EMM >+ < Gpsolv >+ < ansolv >-T<S> (2)

where E v is the molecular mechanics energy calculated by
sum of the molecular internal energy, the electrostatic
interaction energy, and the van der Waals interaction energy;
Gpsotv and G o1y are the polar and non-polar salvation
energies; 7 represents the temperature of the system, whereas
S is the entropy of the molecule.

The nonpolar solvation energy (G ppsorv) is calculated based
on the solvent accessible surface area (SASA) [17, 18] by the
following equation:

Gupsoly =7 SASA +b (3)
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where SASA is determined by the Molsurf method using a
probe radius of 1.4 A. Values of 0.0072 kcal/A? and 0 kcal
mol ! were used fory and b, respectively [19].

Finally, the entropy term was estimated by normal mode
analysis of the vibration frequencies of the protein—ligand
complex using the nmode module of the AMBER package.
The free energy calculations were based on 300 snapshots
extracted from the last 30ns of the simulations every 100 ps.
The calculated binding free energies of molecules CL-385319
and 1L are listed in Tables 1 and 2, respectively. Although
there is still some debate regarding the accuracy of the MM-
PBSA and the MM-GBSA methods [20, 21], we show only
the results of the MM-GBSA method here.

Computational alanine scanning (CAS) methods [22] were
used to calculate the binding free energies of the ligands with
HA mutants. In the CAS calculations, a residue in the binding
cavity was mutated to alanine and the binding free energy of
the ligand-mutated protein complex was computed. Based on
the free energies of the wild-type and mutated complexes, the
free energy changes (AAG) could be calculated to evaluate
the contributions of the mutated residue to the binding free
energy. In our studies, we mutated a variety of residues
constituting the binding site (listed in Tables 1 and 2) to gain
a deeper understanding of the ligand—protein interaction.

Quantum mechanical calculations
To analyze the bonding characteristics of the complexes, the

atoms in molecules (AIM) theory of Bader [23, 24] was applied
using the AIM 2000 program package [25]. The AIM theory is

based on topological analyses of the electron charge densities
and their Laplacian values. In the context of quantum
calculation of a molecular structure, this theory has proved a
valuable tool in defining the concepts of atoms and bonding.
The rigorous AIM theory has been applied successfully to the
interpretation of charge densities in a variety of chemical systems
[26, 27]. Popelier et al. [28] proposed a set of criteria for the
existence of H bonding within AIM formalism. The most
prominent evidence of hydrogen bonding is the existence of a
bond path between the donor hydrogen nucleus and the acceptor,
as well as a bond critical point (BCP) where the electron density
(pp) ranges from 0.002 to 0.035 a.u. The AIM calculations in the
present study were performed at the B3LYP/6-31 + G (d, p) level.

Results and discussion
Molecular docking

The AutoDock program was used to dock the compounds to
the binding site of the HA protein (PDB ID: 2IBX). For each
molecule, 100 independent runs were conducted. The
conformations generated by docking simulations were
compared with the structures optimized by quantum
calculations, and the conformations with lowest RMSD values
were chosen and used in subsequent MD simulations.
Superimposition of the quantum optimized structures and
the docked structures are shown in Fig. 1. The all atom RMSD
values of CL-385319 and 1L were 1.46A and 0.95 A,
respectively. The relatively large structural differences

Table 1 Free energy calculation (kcal mol ') of CL-385319 binding to wild-type and the mutated hemagglutinin (HA) protein

Energy terms (kcal mol ')

AG (kcal mol ") AAG (kcal mol ")

AE 4w AE AGpsoly v AGps01

Wild-type -32.3 -17.8 23.6 —4.8 -31.2 —

R106, -30.4 -19.7 28.4 —4.6 —26.3 49
E103, -31.4 —15.3 20.0 —4.6 -31.2 0.0
H111, -32.2 -17.8 234 —4.7 -31.2 0.0
L2, -30.7 -17.9 23.7 —4.6 —29.4 1.7
K51, -31.7 -19.4 25.8 —4.7 -29.9 1.3
M24, -28.9 -17.3 23.0 —4.1 -27.3 39
F110, -28.1 -17.5 232 —4.2 —26.6 4.6
T107, —31.8 -17.7 24.6 —4.7 -29.6 1.6
V48, —-32.2 -17.8 23.6 —4.7 —31.06 0.1
P — — — — — 10.3
M4, P10, — — — — — 8.5

* AE,gws AEcie; AGpsons AGnpsolv are the free energy changes of the van der Waals interaction energies, the electrostatic interaction energies, the polar

salvation energies, as well as the non-polar salvation energies, respectively

® Y5 represents the sum of the free energy changes (AAG) upon mutations of M24,, F110,, T107, and V48,
¢ Ym24, 4 F110, Tepresents the sum of the free energy changes (AAG) upon mutations of M24, and F110,
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Table 2 Free energy calculation
(kcal mol ") of molecule 1L

Energy terms (kcal mol™")

AG (kcalmol™)  AAG (keal mol™)

binding to wild-type and the

mutated HA protein® AEq4w AEg, AGpsolv v AGipsol
Wild-type -33.7 —4.4 19.1 —4.7 —23.7 —
R106, -32.7 0.0 14.5 —4.6 —22.8 0.9
E103, —33.4 24 17.6 —4.7 -22.9 0.7
HI111, -329 —4.8 19.8 —4.7 —22.5 1.2
L2, -32.8 —4.4 19.2 —4.7 —22.7 1.0
K51, -322 -6.2 20.2 —4.5 —22.8 0.9
M24, -304 —4.1 18.8 —4.2 —20.0 3.7
F110, —28.5 -3.7 19.7 —4.3 —-16.8 6.9
T107, —33.1 -34 18.4 —4.6 —22.8 0.9
V48, —33.7 —4.4 19.1 —4.7 —23.7 0.0
Yhsh — . — — . 115
M4+ F110, - - - - - 10.6

& All definitions as in Table 1

between the quantum optimized structure and the docked
structure are reasonable because the conformations of the
ligands are changed to fit to binding cavity of the HA protein.
The interaction details between these two molecules and the
receptor revealed by docking simulations are shown in Fig. 2.

Molecular dynamics simulations and free energy calculations

Our MD simulations found that the initial structures of
both ligand—HA complexes were stable throughout the

a

overlap

Docked structure Quantum optimized structure

All atom RMSD = 1.46 A

b overlap

Docked structure  Quantum optimized structure

All atom RMSD = 0.95 A

Fig. 1 Quantum optimized molecular structures (magenta) and docked
conformations (cyan) with lowest root mean square deviation (RMSD)
values of CL385319 (a) and 1L (b)
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entire simulation time. The two ligands showed very
similar binding conformations at the binding site. For
instance, the “induced fit” mechanism revealed in our
previous simulations of the CL-385319—HA complex [8]
was also found in simulations of the 1L-HA complex,
with the benzene ring of the ligand sandwiched between
residues F110, and M24, in both complexes. In our
previous simulations of the CL-385319-HA complex
[8], a hydrogen bond between ligand and the V48,
residue was broken during the “induced fit” process.
Similar interactions were also found in simulations of
the 1L-HA complex, as shown in Movie SI (Supplemental
data, Movie SI).

In order to further investigate the interactions between
ligands (CL-385319 and 1L) and the HA protein, 100-ns
MD simulations were conducted for the CL-385319-HA
and 1L-HA complexes. The binding free energies of these
two molecules at the HA binding cavity were then calculated
by the MM-GBSA method based on 300 snapshots extracted
from the last 30 ns of the dynamics simulations (Fig. 3). The

Fig. 2 Binding conformations obtained by molecular docking
simulations of molecules CL-385319 and 1L at the binding cavity of
hemagglutinin (HA) protein
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binding free energies were —31.2 kcal mol ™' and —23.7 kcal
mol ! for CL-385319 and 1L, respectively. The lower binding
free energy of CL-385319 may imply higher binding affinity
of CL-385319 with the HA protein, which is inconsistent with
the experimental results that 1L is a more potent inhibitor of
the HSN1 pseudovirus [9].

To try to resolve this apparent conflict, we employed the
CAS method to evaluate the contributions of residues at the
binding site to binding free energies. In the CAS calculations,
residues in the binding site were mutated to alanine residues
and the free energy changes (AAG) upon mutations were

Time 0.1*(ns)

calculated. Mutations that resulted in free energy changes
larger than 1 kcal mol ' were considered crucial for ligand
binding. According to the free energy calculation results in
Tables 1 and 2, residues K515, L2,, R106,, T107,, F110, and
M24, were crucial for CL-385319-HA binding, whereas
residues H111,, M24, and F110, were crucial for 1L-HA
binding. Our previous study confirmed that CL-385319 was
sandwiched by F110, and M24, via 7—7t interactions [8].
Combining the free energy changes (AAG) upon mutations
in Tables 1 and 2, we found that values were 10.3 kcal mol ™!
and 11.5 kcal mol ™, respectively, for CL-385319 and 1L.
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When considering only residues F110, and M24,, the sum of
free energy changes (AAG) were 8.5 kcal mol ' and
10.6 kcal mol™', respectively, for CL-385319 and 1L.
Larger AAG values indicate stronger interactions
between ligands and these residues. Therefore, 1L has
stronger interactions with residues constituting the
binding cavity (particularly F110, and M24,) than CL-
385319. F110, and M24, are the most important
residues in the binding cavity, because their mutation
causes the loss of inhibitory activity of CL-395319
against HSN1 pseudovirus infection. We propose that
the stronger interactions between 1L and these two
residues make 1L more potent than CL-385319.

Quantum calculations reveal stronger interactions
between molecule 1L and crucial residues at the binding
cavity

In order to further compare the strengths of the interactions
between these two ligands and the HA protein, we conducted
quantum calculations to evaluate the noncovalent contacts and
7—t interactions between them. The charge densities of BCPs

were calculated based on the conformation with the lowest
energy during the MD simulations; the results are listed in
Table 3. The noncovalent interactions between the ligands and
residues at the binding site found in our calculations are
shown in Table 3 [29]. A total of 25 noncovalent interactions
was found between molecule 1L and the binding site,
whereas only 23 noncovalent interactions were found
between molecule CL-385319 and the binding cavity.
Counting only the interactions between the ligands and
residues T107,, F110, and M24,, the number of
nocovalent interactions were 15 and 9, respectively, for
molecules 1L and CL-385319 (Table 3, Figure S1-S18).
These results suggest that 1L has stronger interactions
with T107,, F110, and M24; than CL-385319, thus
explaining the higher inhibitory activity of molecule
1L [29].

Arene—arene interactions play an essential role in the
interaction between ligand and protein [30-32]. The
benzene ring of molecule CL-385319 was sandwiched
by F110, and M24; side chains via 71—t interactions,
and the charge density of case saddle point was 0.0005
a.u., which is very weak (Fig. 4). However, the charge

Table 3 Noncovalent Interactions, charge densities (p ;,) and their Laplacian (Vp p) at bond critical points (BCPs) between substrates and main residues

at B3SLYP/6-31 + G (d,p) level (a.u.)

Noncovalent bond

Charge density (p )  Laplacia (V>’p1,)  Noncovalent bond

Charge density (p,)  Laplacia (V?p 1)

1L-A44-1: C-H...O 0.0021 0.0088 CL-385319-R106-1: C-H...7 0.0040 0.0121
1L-R106-1: C-H...H-C ~ 0.0023 0.0077 CL-385319-R106-2: C-H...H-C ~ 0.0046 0.0165
1L-R106-2: C-H...O 0.0043 0.0157 CL-385319-R106-3: C-H...7 0.0112 0.0367
1L-G47-1: C-H...m 0.0028 0.0082 CL-385319-R106-4: C-H...H-C ~ 0.0036 0.0118
1L-G47-2: C-H...S 0.0070 0.0295 CL-385319-E103-1: C-H...O 0.0029 0.0111
1L-HI11-1: C-H...7t 0.0026 0.0086 CL-385319-E103-2: O...7 0.0025 0.0098
1L-K51-1: C-H...H-C 0.0036 0.0121 CL-385319-E103-3: C-H...H-C ~ 0.0040 0.0145
1L-K51-2: C-H...S 0.0081 0.0267 CL-385319-E103-4: C-H...H-C ~ 0.0032 0.0111
1L-M24-1: C-H...S 0.0031 0.0098 CL-385319-E105-1: C-H...7 0.0031 0.0114
1L-M24-2: C-H...mt 0.0039 0.0114 CL-385319-G1-1: N-H...O 0.0061 0.0250
1L-M24-3: C-S...mt 0.0041 0.0105 CL-385319-G1-2: C-H...O 0.0054 0.0215
1L-M24-4: C-H...O 0.0028 0.0110 CL-385319-123-1: C-H...H-C 0.0039 0.0142
1L-F110-1: C-H...H-C ~ 0.0039 0.0139 CL-385319-123-2: C-H...H-C 0.0035 0.0120
1L-F110-2: C-H...H-C ~ 0.0082 0.0313 CL-385319-L2-1: C-H...O 0.0053 0.0190
1L-F110-3: t...7t 0.0045 0.0124 CL-385319-M24-1: C-H...H-C 0.0073 0.0232
1L-F110-4: 7.7t 0.0037 0.0102 CL-385319-M24-2: C-H...S 0.0123 0.0335
1L-F110-5: ...t 0.0063 0.0166 CL-385319-M24-3: C-S...7t 0.0094 0.0297
1L-F110-6: C-H...F 0.0048 0.0216 CL-385319-M24-4: C-H...mt 0.0034 0.0111
1L-T107-1: C-H...O 0.0125 0.0402 CL-385319-F110-1: C-F...mt 0.0070 0.0263
1L-T107-2: C-H...H-C ~ 0.0064 0.0256 CL-385319-F110-2: C-F...mt 0.0070 0.0269
1L-T107-3: C-H...H-C ~ 0.0040 0.0149 CL-385319-F110-3: 7t...7t 0.0063 0.0168
1L-T107-4: C-H...O 0.0022 0.0090 CL-385319-T107-1: C-H...m 0.0026 0.0076
1L-T107-5: C-H...mt 0.0056 0.0177 CL-385319-T107-2: C-H...O 0.0044 0.0156
1L-V48-1: C-H...mt 0.0059 0.0191

1L-V48-2: C-H...mt 0.0048 0.0142
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a
CL-385319
o
"L cL3ss319
g AT R
F110, 7
b
O
Q@
F110,

111 1L-2

Fig. 4 Noncovalent interactions between residue F110, and CL-385319
(a)or IL (b). CL-385319-1, 1L-1 and 1L-2 are case saddle points

densities of two case saddle points 1L-1 and 1L-2 were
0.0037 a.u. and 0.0017 a.u., respectively, which are
much stronger than that of CL-385319-1 (Fig. 4b). These
calculations indicate stronger 7t—7t interactions in the 1L-HA
complex than in the CL-385319-HA complex. The C-
X't (X = H, S or F) interactions and C-H---H-C
interactions are also crucial noncovalent interactions between
ligands and the residues constituting the binding cavity of the
HA protein except for the 7—7t interactions, as shown in
Table 3.

Conclusions

Hemagglutinin (HA) is a membrane protein on the
influenza viral envelope that mediates membrane fusion
of the viral membrane with the endosome bilayer during
infection with influenza virus. Therefore, design HA
inhibitors that could prevent recognition between viral
particle and host cell has been used as a strategy for
treating influenza virus infection. In this study, we
conducted a variety of theoretical studies to compare
the interactions between two structurally related HA
inhibitors, CL-385319 and 1L, and the HA protein.
Theoretical calculations have proved a reliable method
with which to investigate ligand—protein interactions and
protein—protein interactions [33—35]. Free energy calculations

based on the MM-GBSA method revealed higher binding
affinities between molecule CL-385319 and the HA
protein, which is inconsistent with its lower inhibitory
activity for H5N1 pseudovirus. To reconcile this
controversy, we calculated the contributions of crucial
residues in the binding cavity to the free energy using
the CAS method, and found that 1L interacted more
potently with residues F110, and M24,. Quantum calculations
also revealed much stronger 7—7t interactions between the
benzene ring of 1L and side chains of residues F110,
and M24,. These results may explain the higher
inhibitory activity of molecule 1L for the HS5NI
pseudovirus.

An important conclusion of our calculations is that
the interactions between the inhibitors and several
crucial residues at the binding cavity are highly
corelated with their inhibitory potency. Therefore, in
future drug design studies, these interactions should be
considered carefully in order to improve ligands activity.
Our research illustrates that the interactions between HA
and its small molecule ligands may lead to possible
anti-influenza drug design in the future.
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