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Abstract D222G mutation of the hemagglutinin (HA) is of
special interest because of its close association with the
enhanced virulence of 2009 pandemic influenza A (HIN1)
virus through the increased binding affinity to «2,3-linked
sialylated glycan receptors. However, there is still a lack of
detailed understanding about the molecular mechanism of
this enhanced virulence. Here, molecular dynamics simula-
tion and binding free energy calculation were performed to
explore the altered glycan receptor binding mechanism of
HA upon the D222G mutation by studying the interaction of
one «2,3-linked sialylglycan (sequence: SIA-GAL-NAG)
with the wild type and D222G mutated HA. The binding
free energy calculation based on the molecular mechanics
generalized Born surface area (MM-GBSA) method indi-
cates that the D222G mutated HA has a much stronger
binding affinity with the studied «2,3-linked glycan than
the wild type. This is consistent with the experimental result.
The increased binding free energy of D222G mutant mainly
comes from the increased energy contribution of GIn223.
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The structural analysis proves that the altered electrostatic
potential of receptor binding domain (RBD) and the increased
flexibility of 220-loop are the essential reasons leading to the
increased affinity of HA to «2,3-linked sialic acid glycans.
The obtained results of this study have allowed a deeper
understanding of the receptor recognition mechanism and
the pathogenicity of influenza virus, which will be valuable
to the structure-based inhibitors design targeting influenza
virus entry process.
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Introduction

Since the first detection of the HINI influenza A virus in
human in April 2009, this virus spreads rapidly around the
world and has given serious threat to the life of the population
all over the world. In most cases, infection with the 2009
pandemic influenza A (HIN1) virus (pdmH1N1) causes mild
disease [1] and the case-fatality rate during the start of the
pandemic is influenza virus has high evolutionary rate and
tendency to acquire point mutation in their genome. Some of
these mutations can result in amino acid substitutions at key
position in the proteins like hemagglutinin (HA) which is
important for the virus replication and thus can alter the
properties such as those associated with the virus antigenicity
or pathogenecity [2]. From July to December of 2009, in
Norway, 11 (18 %) of 61 cases infected by 2009 pandemic
influenza A(HIN1) virus with severe disease outcome have
been reported to harbor the D222G substitution of HA in
clinical specimens [3]. Such mutant was not observed in any
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ofthe 205 mild cases investigated [3—5]. In addition to Norway,
this mutation has also been detected in Hong Kong, Brazil,
Japan, Mexico, Ukraine, and the United States [3]. Because of
its close correlation with a severe clinical outcome, D222G
mutation arouses great interest. Furthermore, D222G mutation
has been described as the single change in HA between two
strains of the “Spanish” 1918 HIN1 virus [6, 7].

Why does this single amino acid substitution increase the
pathogenicity of the 2009 pandemic influenza A (HINT1)
virus? As we know, the influenza virus infection is initiated
by virus attachment to cell-surface sialoside receptors via
influenza HA. Thus, HA plays a key role for the attachment
of'the virus to the host cell membrane surface glycoproteins or
glycolipids via multivalent interactions to the sialoglycans.
Thus, the point mutation in the receptor binding domain of
HA may influence the interaction between virus and cell-
surface sialoside receptors of the host and then change the
pathogenicity of influenza virus. Recently, Chutinimitkul et al.
confirmed this hypothesis and they found that the most re-
markable difference in phenotype between wild type and
D222G 2009 pandemic influenza A(HIN1) lay in the altered
sialoside receptor binding [8]. Such differences in attachment
are likely explained by an increased affinity for «2,3-linked
sialic acids (x2,3-SAs), while maintaining specificity for
«2,6-linked sialic acids (x2,6-SAs). However, there is still a
lack of understanding in molecular mechanism about how the
D222G mutation increases the binding affinity of HA with
«2,3-SAs, which is very important to the rational design of
HA inhibitors aiming at the severe influenza disease caused by
D222G mutation.

Recent biotechnologies can test the affinity of miscella-
neous HA binding to various carbohydrate receptors, but they
cannot provide intrinsic and detailed information about their
interaction [9]. A better understanding of the mechanism of
glycan receptor recognition requires new approaches. As we
know, during the glycan receptor recognition process of HA,
the conformational dynamic factors and binding free energy
should be important and responsible for the specific recogni-
tion. Molecular dynamics (MD) simulation combined with
binding free energy calculation offer a complementary
approach to investigate biological phenomena difficult to
assess experimentally [10-13]. This method can provide
not only plentiful dynamic structural information on pro-
tein complex structures in solution but also a wealth of
energetic information, including the binding free energy
between protein and ligand. In recent years, a combination
of molecular dynamics (MD) simulation and binding free
energy calculation has been used widely and successfully
to study protein-protein, protein-nucleic acid and protein-
ligand interactions [14—17]. In the study of glycan receptor
recognition mechanism for influenza virus HA, there are
also several successful applications of MD combined with
binding free energy calculation [10, 11].
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In this study, to explore the mechanism that D222G mu-
tation increases the virulence of 2009 pandemic influenza A
(HIN1) virus, we combined molecular dynamics simulation
with binding free energy calculation to analyze the difference
of the interaction of one «2,3-linked glycan (sequence: SIA-
GAL-NAG) with the wild type and mutated HA. The large
scale simulation can complement experiments for better
understanding of the molecular recognition mechanism by
providing atomic details and conformational dynamics that
are often inaccessible by experiment. The binding free ener-
gy calculations based on the molecular mechanics general-
ized Born surface area (MM-GBSA) can provide the detailed
interaction profile as well as characterize the binding hot
spots and identify the difference between the wild type and
D222G mutated HA. These specific interaction profiles will
give an interesting clue to understand the mechanism of
glycan receptor recognition and species’ specificity switch,
which will help us get a deeper understanding about the
pathogenicity depending on HA strains of influenza virus
and will be very valuable to structure-based design of anti-
influenza drugs targeting the HA.

Materials and methods
Preparation of the studied systems

During our study, there was no crystal structure of pdmHI1NI1
HA with «2,3-SA. Thus, the first step is to construct the
structure of the studied complexes. The 3D structure of HA
of pdmHINT1 used in this study was taken from the Protein
Data Bank (pdb code: 3M6S) [18]. In this crystal structure, the
HA exists in trimer with the asparagine-linked glycosylation
at position 87. In the receptor binding site, there was no glycan
receptor crystallized. Here, one «-2,3 linked sialylglycan with
the sequence SIA-GAL-NAG (Fig. 1a), which has been con-
firmed to be with increased affinity for HA D222G mutant
from glycan microarray analysis [18], was used in this study.
To construct the complex of the studied «-2,3 linked glycan
with the wild type HA, firstly, three HA monomers with the
corresponding «-2,3 linked glycan were extracted from 1934
HA (PDB ID: 1RVX) [19], respectively. Similarly, each
monomer structure of HA of 2009 pandemic influenza A
(HINT1) virus were extracted from PDB ID 3M6S. Then, by
aligning each monomer, the corresponding «-2,3 linked gly-
can was fitted to HA of 2009 pandemic influenza A and the
complex of the studied «-2,3 linked glycan with the wild type
HA was obtained. The mutated HA complex with glycan was
obtained by using the wild type complex as the initial structure
and changing the specific residue with the program Pymol
[20]. When we finished our study, the wild type HIN1 HA-
LSTa crystal structure was obtained (pdb code 3UBJ) [21]. By
comparing our structure and the reported crystal structure, we
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Fig. 1 The studied complex of
glycan and HA: (a) the studied
«-2,3 linked glycan topology;
(b) structure overview of trimer
HA; (c) the receptor-binding
site of HA

found that the RMSD between Cox atoms of the two structures
is 0.684, indicating our constructed structure is reasonable.

The complexes of wild type and mutated HA were further
treated and used as the initial structures for molecular
dynamics simulation. The main procedure for the structure
treatment included the addition of hydrogen atoms and six
disulfide bonds for protein using the leap module together
with the parameterization of receptor and ligands in AMBER
10 software package [22]. The standard AMBER force field
for bio-organic systems (FF99SB) [23] and for glycans
(GLYCAMO6) [24] was used to describe the HA and glycan
parameters, respectively. For each system, the counter ions
(Na+) were added to neutralize each ligand-bound system.
Then, the corresponding systems were solvated using atomis-
tic TIP3P water [25] in an octahedron box with at least 10 A
distance around the complex.

Molecular dynamics simulation

The molecular dynamics package AMBER10 [22] was used
throughout the whole simulation process as well as the min-
imization and equilibration protocols. The energy minimiza-
tion was firstly conducted with steepest descent method
switched to conjugate gradient every 2500 steps totally for
5000 steps with 0.1 kcal mol ' A2 restraints on all atoms in
the complexes. Following this step, another two rounds of
energy minimization were performed by only restraining pro-
tein and further releasing all the restraints for 5000 steps of

each round. Long-range Coulombic interactions were handled
using the particle mesh Ewald (PME) summation [26]. For the
equilibration and subsequent production runs, the SHAKE
algorithm [27] was employed on all atoms covalently bonded
to a hydrogen atom, allowing for an integration time step of
2 fs. The system was gently annealed from 0 to 310 K over a
period of 50 ps using a Langevin thermostat with a coupling
coefficient of 1.0/ps and a force constant 2.0 kcal mol ' A2
on the complex. All subsequent stages were carried out in the
isothermal isobaric (NPT) ensemble using a Berendsen baro-
stat [28] with a target pressure of 1 bar and a pressure coupling
constant of 2.0 ps. An additional five rounds of MD (100 ps
each at 310 K) were performed with decreasing restraint
weights from 2.0, 1.5, 1.0, 0.5 to 0.1 kcal mol ' A™% By
releasing all the restraints, the system was again equilibrated
for 500 ps. Following the last equilibration step, the produc-
tion phase of the simulations was run without any restraints for
a total of 15 ns.

Binding free energy calculation

MM-GBSA calculation was performed using AMBER10
[22]. The first step of MM-GBSA method is the generation
of multiple snapshots from an MD trajectory of the protein-
ligand complex, stripped of water molecules and counter ions.
Snapshots, equally spaced at 10 ps intervals, were extracted
from the equilibration section of MD trajectory. For each
snapshot, the free energy is calculated for each molecular
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species (complex, protein, and ligand). The binding free energy
is computed as the difference:

AGbind = Gcomplex — Uprotein — G[igand (1)

The free energy, G, for each species can be calculated by
the following scheme using the MM-GBSA method [29]:

G = Egus + Goo1 — TS (2)
Eous = Eint + Eeie + Evaw 3)
Eint = Epona + Eangle + Eorsion (4)
Gsor = G + Ghonpolar (5)
Ghopotar = YSAS (6)

Here, E, is the gas-phase energy; E,,, is the internal

energy; Epong, Eangle> and E,0, are the bond, angle, and
torsion energies, respectively; and E,, and E,,, are the
Coulomb and van der Waals energies, respectively. Eg,q
was calculated using the AMBER molecular mechanics
force field. Gy, is the solvation free energy and can be
decomposed into polar and nonpolar contributions. Gz is
the polar solvation contribution calculated by solving the
GB equation [29, 30]. The dielectric constant of solvent was
set to 80. The dielectric constant of solute was shown to be
an important factor in influencing the calculation of solva-
tion free energy [31]. Here, in order to select the proper
dielectric constant of solute, different values were tried.
Gonpolar 18 the nonpolar solvation contribution and was
estimated by the solvent accessible surface area (SAS) de-
termined using a water probe radius of 1.4 A. The surface
tension constant y was set to 0.0072 kcal mol ' A~ [32]. T
and S are the temperature and the total solute entropy,
respectively. Vibrational entropy contributions were estimat-
ed by normal mode analysis [33]. Because of the high
computational demand, only 50 snapshots for ligand and
the receptor binding region (residues 54-259) of HA were
used in the normal mode analysis and each snapshot was
optimized for 100,000 steps using a distance-dependent
dielectric of 4r;; (r;; is the distance between atoms i and j)
until the root-mean-square of the gradient vector was less
than 0.0001 kcal mol™ A7,

To obtain the contribution of each residue to the binding
energy, MM-GBSA was used to decompose the interaction
energies to each residue involved in the interaction by only
considering molecular mechanics and solvation energies
without the contribution of entropies.
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Cluster analysis

Molecular dynamics simulations can provide a representa-
tion of the sampling of a given molecule’s energetically
accessible conformational ensemble. Such trajectories con-
tain large amounts of structural information. To group and
make sense of this information in the trajectory, clustering
analysis is a useful tool. In this study, the self-organization
map (SOM) method from the AMBER ptraj module was
used to cluster the MD trajectories based on the pairwise
similarity measured by the root-mean square deviation
(RMSD) [34]. The SOM algorithm proposed by Kohonen
has been used successfully in the trajectory analysis [34]. In
the SOM-based clustering analysis, each cluster is seeded
with a random point, and the clusters are set up in a simple
topology where each cluster has some “neighbor” clusters.
Then, the system is run through several training cycles on
the input data. To process a data point, the most similar
cluster is chosen. Here, during the clustering analysis, for
each monomer both in the wild type and mutated HA-glycan
complexes, only the ligand and residues of the receptor
binding site in the 5 A range of glycan were considered
and the corresponding snapshots every 1 ps were extracted
from the equilibration section of MD trajectory and selected
for cluster analysis. The cluster number was set as 3.

Results and discussion
System stability and structural changes

Molecular dynamics simulation was performed for 15 ns for
each system. Here, the equilibration of MD trajectories was
monitored from the convergence of the root-mean square
deviation (RMSD) of Cx atoms of protein from the original
starting coordinates (Fig. 2a). From Fig. 2a, it can be seen
that this system is stable in the last 5 ns. In addition, we also
monitored the RMSD of Cx atoms for the residues in 5 A
around ligand as well as RMSD of heavy atoms for ligand
for each monomer in the wild type and mutated HA com-
plexes (Fig. 2b and c) since our aim here is to study the
interaction of HA and glycan. From Fig. 2b, we can see the
receptor binding site is very stable and has a small fluctua-
tion after 5 ns. From Fig. 2c, except for the monomer-2 of
D222G mutant, the «-2,3 linked glycan has a single binding
mode with HA. In the monomer-2 of D222G mutant, it
seems that there are two different states for glycan. In order
to give a clear description, we extracted two representative
snapshots at 10 ns and 15 ns (shown in Fig. 3). By aligning
these two snapshots, we find that the glycan at 15 ns is
somewhat translated relative to that at 10 ns.

To identify if D222G mutation will affect the conforma-
tional flexibility, we also calculated the RMS fluctuations of
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backbone atoms averaged for each residue in the wild type
and mutated HA. Since there are many residues in the
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Fig. 2 The monitoring of the equilibration for the MD trajectories: (a)
The time series of the RMSD of Ca atoms from the initial structure; (b)
Time evolution of RMSD of Cox atoms for the residues in 5 A around of
glycan; (¢) Time evolution of the RMSD of heavy atoms for the x-2,3
linked glycan

Fig. 3 The alignment of two snapshots at 10 ns (colored as white) and
15 ns (colored as yellow) in the monomer-2 of D222G mutated HA

studied system, to give a clear display, we just showed the
comparison of RMSF of the residues around the glycan
binding region (Fig. 4). In pdmHI1N1, the receptor binding
region (RBD) mainly includes the 130-loop, 190-helix and
220-loop. From Fig. 4, it can be seen that the flexibility of
130-loop and 220-loop in D222G mutant obviously in-
creased compared to that in wild type HA. The increased
flexibility in the receptor binding region may be responsible
for the increased ability in the identification of more kinds
of glycan receptors, such as «2,3-SAs. However, this con-
clusion is not consistent with that from the work by Yang et
al. [18]. In the work of Yang et al., by mutating D222 to
G222 based on the crystal structure of wild type HA, they
deduced that the D222G mutation may not drastically
change the properties of HIN1 HA, since the overall struc-
ture of the receptor binding site may be generally preserved.
We think this inconsistency may arise given that Yang et al.
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Residues

A P PP PP

Fig. 4 The comparison of RMSF of the residues of the receptor
binding region in the wild type and mutated HA
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[18] used static structural information, while our results are
obtained through dynamics simulations.

The comparison of the binding free energy of the studied
glycan with wild type and D222G mutated HA

To explore the difference of interaction profile from the energy
perspective for the studied «-2,3 linked glycan with the wild
type and mutated HA, the binding free energy calculation and
pair interaction energy analysis were performed by using
MM-GBSA method. Five hundred snapshots were extracted
from the last 5 ns equilibrated section of molecular dynamics
(MD) trajectory and used for the enthalpy calculation. Be-
cause of the high computational demand, it is difficult to
calculate the entropy for such a large system including more
than 23,000 atoms excluding the water molecules. However,
entropy, as an important component, is critical to the accurate
evaluation of binding free energy. To make the calculation of
entropy feasible here, the residues (residues 54-259) in 20 A
around the glycan and only 50 snapshots extracted from the
last 5 ns of molecular dynamics (MD) trajectory were used to
evaluate the entropy change.

Furthermore, the solute dielectric constant is shown to be a
very important factor to affect the accurate calculation of the
electrostatic interaction contribution and polar solvation free
energy during the MM-GBSA calculation process. Here, the
ligand is a glycan with large polarity. Thus, the binding
surface exhibits the hydrophilicity to some degree. To select
the proper solute dielectric constant, we tried 1, 2,4, 5 and 6.
By comparing the binding free energy results in the different
dielectric constants of solute, we found more stable enthalpy
for each monomer in the same trimer could be obtained with
the increasing of solute dielectric constant. When the solute
dielectric constant was 6, each monomer in the same trimer

had very similar enthalpy with glycan and the reasonable
binding free energy results were obtained. The calculated
average binding free energies when the solute dielectric con-
stant was 6 and the detailed contribution of various energy
components are shown in Table 1. The calculated results when
the solute dielectric constant was set as other values are given
in the supporting information (Tables S1-S4).

From Table 1, it can be seen that the wild type HA has a
positive binding free energy for the studied «-2,3 linked
glycan, indicating that the HA cannot bind «2,3-SAs. After
D222G mutation, the average binding free energy between the
studied glycan and HA is —1.49 kcal mol . Although it is
difficult to give an accurate estimation of absolute binding free
energy, generally, the MM-GBSA can give a good rank of
binding free energy for different systems [31, 35, 36]. Here,
the 4 kcal mol ' lower binding free energy of D222 mutated
HA with the glycan relative to that of wild type system
indicates that the HA with D222G mutant has a much stronger
binding ability to «2,3-SAs. Such calculation result is com-
pletely consistent with the experimental results that the
D222G mutation do increase the binding of the «2,3-SAs
[8], indicating that our calculated results are reliable. By
decomposing the free energy into identifiable contributions,
we can understand the origin to determine the binding of the -
2,3 linked glycan and HA. From the contribution of individual
energy term, the averaged nonpolar or hydrophobic interaction
(AGponpolar=AEvagwt AGgolnp) With —31.13 keal mol " and
—32.36 kcal mol ™" contribution in wild type and mutated
HA, respectively, provides the main driving force for the
glycan binding. Relative to the hydrophobic interaction, the
electrostatic interaction (AGpoiar=AEcieTAGgocte) has an
even smaller unfavorable contribution. Basically, the direct
intermolecular electrostatic interactions (AEg,) are highly
favorable to the binding both for the wild type and mutated

Table 1 The calculated binding free energies and the detailed contribution of different energy components (kcal mol ")

WT m-1 WT m-2 WT m-3 WT ave MT m-1 MT m-2 MT m-3 MT ave
AEe —22.24 —24.60 —20.67 —22.50 —29.40 -31.01 -30.21 -30.21
AE, 4w —26.22 —26.49 -26.39 —26.37 —27.25 —26.85 —28.38 —27.49
AEvm —48.46 =51.09 —47.06 —48.87 =56.65 —57.86 —58.59 =57.70
AGgo1np —4.76 —4.79 —4.73 —4.76 —4.81 —4.80 —4.98 —4.86
AGgol.ele 23.19 24.93 20.86 22.99 28.92 30.85 29.73 29.83
AGg, 18.43 20.14 16.13 18.23 24.11 26.05 24.75 24.97
AGpotar 0.95 0.33 0.19 0.49 —0.48 —-0.16 —-0.48 —-0.37
AGyonpolar ° —30.98 —31.28 —31.12 -31.13 —32.06 -31.65 -33.36 —32.36
AHyping -30.03 —30.94 -30.94 —30.64 —32.54 —31.81 —33.84 —32.73
TAS —33.43 —33.67 —33.17 —33.42 —30.83 —30.68 —32.22 —31.24
AG 3.40 2.73 223 2.79 -1.71 -1.13 -1.62 -1.49

Note: WT m-1, WT _m-2, WT m-3 refer to the monomer-1, monomer-2 and monomer-3 of the wild type HA; MT m-1, MT m-2, MT m-3 refer
to the monomer-1, monomer-2 and monomer-3 of the D222G mutated HA; WT_ave and MT _ave are the energy averaged over three monomers for
wild type and D222G mutated HA, respectively. * AGpqjar=AEcie+ AGgo-cle; b AGyonpolar=AEyaw+ AGgopnp-
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HA but their contributions are compensated by the large
desolvation penalties (AGgoc1e) associated with the binding
process.

By comparing the difference in the contribution of individ-
ual energy term, both the polar and nonpolar terms have an
increased contribution for mutated HA relative to wild type
HA. In order to seek which residues are responsible for the
increased binding affinity for the D222G mutated HA, pair
interaction energy analysis was employed. As for the wild
type HA, residue contribution profile of each monomer was
given in Fig. 5. By comparing Figs. 5a-5c, it can be seen that
the energy profile for each monomer is very similar. In all
three monomers, five residues have more than 1.0 kcal mol !
contribution to the binding of glycan commonly. They include
Vall32, Thr133, Trp150, Leul91 and GIn223. Lys142 also
has an obvious contribution in monomer-2 and monomer-3.
From the perspective of enthalpy (Table 1), monomer-3 both
in the wild type and mutated HA has the strongest binding
with the studied «-2,3 linked glycan. In the following analysis,
we will focus on monomer-3. The comparison of residue
contribution profile in monomer 3 of the wild type and mutated
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HA indicates that the increased contribution of GIn223 should
be responsible for the increased binding affinity of the D222G
mutated HA with glycan (shown in Fig. 5d). To search for the
reason of the varied contribution of the residues in wild type
and mutated HA, deeper structural analysis is necessary.

As for the glycan receptor, to explore which section is
responsible for its interaction with HA, we further decompose
the binding free energy to each glycan component including
SIA, GAL and ANG. The corresponding results were given in
Table 2. From Table 2, it can be seen that SIA is a main section
to interact with HA while GAL and ANG have a relatively
small contribution for this «-2,3 linked glycan binding, which
is consistent with the glycan binding mode.

Structural analysis of wild type and D222G mutated HA

To explore the reason for the binding affinity change of HA
to ®2,3-SAs upon the D222G mutation, further structural
analysis was performed. Generally, the change of hydrogen
bond mode will have a large impact on the protein-ligand
interaction and the feature of the binding pocket. To identify
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Fig. 5 The residue contributions for the glycan binding: (a) monomer 1 in WT HA; (b) monomer 2 in WT HA; (¢) monomer 3 in WT HA; (d) The
energy difference of each residue contribution in the mutated HA relative to wild type one in monomer 3
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Table 2 The binding free energy contribution of each glycan component of the studied glycan (sequence: SIA-GAL-NAG) (kcal mol™)

WT_m-1 WT_m-2 WT_m-3 WT _ave MT _m-1 MT_m-2 MT_m-3 MT ave
SIA —12.68 —-13.09 —13.66 —13.14 —13.60 —13.26 —13.80 —13.55
GAL -1.82 -1.99 —1.42 —-1.74 —2.09 —2.06 —2.43 —2.19
ANG —0.31 -0.25 —-0.20 —0.25 —0.45 —0.36 —0.52 —0.44

Note: WT_m-1, WT_m-2, WT_m-3 refer to monomer-1, monomer-2 and monomer-3 of the wild type HA; MT m-1, MT_m-2, MT m-3 refer to
monomer-1, monomer-2 and monomer-3 of the D222G mutated HA; WT ave and MT _ave are the energy averaged over three monomers for wild

type and D222G mutated HA, respectively

the reason for the changed contribution of the residues upon
the D222G mutation, the hydrogen bond analysis was per-
formed. The default geometric criterion to define the hydro-
gen bond is used: the donor-acceptor heavy atom distance
should be less than 3.5 A, and the donor-hydrogen-acceptor
angle should be larger than 120°. Figure 6 shows the
comparison of percentage occupation of hydrogen bonds
between the SIA section of the «-2,3 linked glycan and the
wild type as well as mutated HA. From this figure, it can be
seen that the hydrogen bond interaction mode between the
glycan and HA changed largely upon the D222G mutation.
The occupation of the hydrogen bonds between the carboxyl
group of SIA and the nitrogen atom of side chain of GIn223
reduced greatly in the D222G mutated HA. In addition, the
hydrogen bond modes between the 1,2,3-trihydroxy propyl
group of the glycan and the mutated HA have a large differ-
encefrom that in wild type system. The hydrogen bonds
between the 1,2,3-trihydroxy propyl group and Tyr91,
GIn223 disappear almost completely in the D222G mutated
HA. Instead, the His180 and Glul87 as hydrogen acceptors,
form the stronger hydrogen bonds with 1,2,3-trihydroxy pro-
pyl group in the mutated HA compared with the wild type HA.
From the hydrogen bond analysis, D222G mutation changes
the hydrogen bond mode of GIn223 on a large scale, which is

Fig. 6 Percentage occupation 100%
of hydrogen bonds between the
glycan and HA in the wild type
and D222G mutated system
75%
=
=
b
]
g 50%
S
=]
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0%
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consistent with the RMSF and binding free energy decompo-
sition analysis. The RMSF analysis indicates the flexibility of
220-loop in the mutated HA increased compared with the wild
type system. Furthermore, the results from the binding free
energy calculation disclose that the residue GIn223 in D222G
mutated HA has a clearly increased contribution to the binding
of the «-2,3 linked glycan. From the above hydrogen bond
(HB) analysis, the number of HB of the residue 223 in D222G
mutated HA was reduced compared to that in wild type HA,
which may suggest that the direct electrostatic interaction
should decrease. However, the direct favorable electrostatic
interaction can be compensated by the unfavorable polar
solvation contribution generally. As a result, the polar
contribution of Q223 is almost the same in the wild type
(—0.50 kcal mol ") and mutated HA (—0.51 kcal mol ™).
However, D222G mutation makes the nonpolar contribution
of Q223 increase obviously (—1.67 kcal mol ™" in the mutated
HA and —0.86 kcal mol ' in wild type HA), leading to the
increased contribution of Q223 on the whole. All the above
analyses show the importance of 220-loop. The importance of
the 220-loop brings our attention to its structural changes. By
monitoring the distance between the oxygen atom from main
chain of Arg221 and the terminal nitrogen atom from side
chain of GIn223 (shown in Fig. 7), we find an interesting

-CO0 ¢ -OH | -CH(OH)CH(OH)CH (OH) | -NHCOCH,

223 187 180 132
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Fig. 7 The monitoring of the distance between the oxygen atom from
main chain of Arg221 and the terminal nitrogen atom from side chain
of GIn223

change upon the D222G mutation. In the wild type HA, one
hydrogen bond between the oxygen atom from the main chain
of Arg221 and the terminal nitrogen atom from the side chain
of GIn223 is always stably formed. However, the D222G
mutation makes this hydrogen bond almost disappear. Based
on this phenomenon, this hydrogen bond locks the 220-loop
in a special and stable conformation in the wild type HA like a
lock. When a small and flexible residue glycine replaces
aspartic acid, the hydrogen bond lock disappears and the
220-loop becomes more flexible. This change means the

Fig. 8 (a) Percentage a
occupation of different clusters 50% -

different clusters in D222G
mutated HA; (c) electrostatic
surface of largest cluster in WT
HA; (d) electrostatic surface of
largest cluster in WT HA (blue
region with positive change and
red region with negative
charge)

RBD may identify many more kinds of glycans such as
2,3-SAs.

Furthermore, we performed structural cluster analysis for
the RBD of monomer-3 to seek the structural difference
between the wild type and mutated HA. We selected a three
cluster solution using the self-organization map method
based on pairwise similarity measured by RMSD. The per-
centage occupation of different clusters and the electrostatic
surface of the largest cluster in the wild type and mutated
HA was shown in Fig. 8. For the wild type HA, the percent-
age of each cluster is similar where cluster 3 is the largest
cluster. As for the D222G mutated HA, the largest cluster is
cluster 1 accounting for 46.8 % conformations. Since the
electrostatic force has been shown to be very important to
the recognition and association between the protein and
ligand [37], from a quick glance at the electrostatic potential
surfaces of different clusters, it can be seen that the electro-
static surface of each cluster both for the wild type or
mutated HA is similar. However, the comparison of the
electrostatic surface between the wild type and D222G
mutated HA shows a large difference. The RBD of D222G
mutant is becoming more positive. By checking this change
in detail, we find that in the wild type HA, the carboxyl
group of SIA lies in the region with neural, even negative
charge, which is unfavorable to its binding. After D222G
mutation, the corresponding region has positive charge and
easily forms the favorable electrostatic interaction with the
carboxyl group of SIA, leading to increased interaction of
the «-2,3 linked glycan with HA. The electrostatic potential

in the wild type HA; (b)
25% - I I
0% .
1 2

Percentage occupation of
50% -

25% |

3

0% : l
1 2
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analysis can explain further why the D222G mutation
increases the binding ability of HA to «2,3-SAs.

Since explicit water molecules can affect the interaction of
protein and ligand [38], the solvent effects of the explicit water
molecules in the binding site were further explored. As shown
in Fig. 9, the water molecules were monitored at 5 ns, 10 ns
and 15 ns in the monomer-3 of wild type and mutated HA.
From this figure, it can be seen that there are more water
molecules in the binding pocket in the wild type HA, indicat-
ing that the binding pocket of wild type HA is more hydro-
philic that that of D222G mutant. Furthermore, in the wild
type HA, residue 222 can form a weak hydrogen bond with
glycan using a water molecule as a bridge for a long time.

Fig. 9 Themonitoring
ofwatermoleculesof binding
pocket in the monomer-3
ofwild type HA and D222G
mutant: (a)7WT HA at 5 ns; (b)
MT HA at 5 ns;(¢) WT HA at
10 ns; (d) MT HA atl0 ns; (e)
WT HA at 15 ns; (f) MT HAat
15 ns. (red sphere are water)

@ Springer

However, the D222G mutation makes this hydrogen bond
disappear completely. Although the hydrogen bond interac-
tion decreased, the increased hydrophobicity makes the mu-
tated HA form stronger hydrophobic interactions with the
glycan, leading to the increased overall binding affinity of
mutated HA relative to wild type.

Conclusions
In this study, to explore the altered receptor binding mecha-

nism of HA, molecular dynamics simulation and binding free
energy calculations were performed to study the interaction of
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the «-2,3 linked glycan with the wild type and D222G mutated
HA. To make the simulation reflect the real state, a large trimer
of HA was used and 15 ns molecular dynamics simulation for
each system was performed. The MM-GBSA calculations
based on the molecular dynamics simulation trajectories indi-
cate that the D222G mutated HA has a —1.46 kcal mol ™
binding free energy with the studied «-2,3 linked glycan while
the binding free energy of the wild type HA with glycan is
2.79 kcal mol . This result is consistent with the experimental
result that the D222G mutated HA 1is able to bind the «2,3-
linked sialic acid while the wild type HA can not. By compar-
ing the residue contribution profile, we find that the increased
binding ability of D222G mutant mainly comes from the
increased contribution of GIn223. Furthermore structural anal-
ysis suggests the altered electrostatic potential of receptor
binding domain (RBD) and the flexibility of 220-loop should
be responsible for the increased affinity of HA to «2,3-linked
sialic acid. The obtained results of this study have allowed a
deeper understanding of the receptor recognition mechanism
and the pathogenicity of influenza virus, which will be valu-
able to the structure-based inhibitors design targeting influenza
virus entry process.
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