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Abstract Molecular dynamics (MD) simulations were
carried out to study the behavior of human receptor
molecule in the hemagglutinin (HA) of 1918 and 2009
HINI influenza viruses respectively. The 2009 HA model
was obtained by virtually mutating the 1918 HA crystal
structure based on A/Mexico City/MCIG01/2009(HIN1)
segment 4 sequence. We found that human receptor
molecule has no binding preference between the 2009 HA
and the 1918 HA. In addition, among the four sugar
moieties in the human receptor molecule, sialic acid
contributes the most to the electrostatic and non-polar
interaction energy during binding. Furthermore, the hydro-
gen bonds between sialic acid and the surrounding residues
in 1918 HA are preserved in 2009 HA. We also found that
the mutated residues contribute to a more favorable binding
of hemagglutinin to the human receptor molecule.
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Introduction

Influenza A viruses are classified based on the combination
of their two viral surface antigens: hemagglutinin and
neuraminidase, of which 16 (H1-H16 HA) and 9 (N1-N9
NA) are known to date, respectively. Hemagglutinin
facilitates the attachment of virus to the cell surface and
the entry of viral RNA into the host cell [1, 2], whereas
neuraminidase aids the release of virus from the infected
cells.[3, 4] The HIN1 influenza virus responsible for the
recent 2009 pandemic is a novel virus of avian/human/
swine ‘quadruple reassortants’ [5]. This virus has caused at
least 18,366 deaths since it was first identified in April 2009
[6]. Currently, there are two recommended FDA-approved
antiviral drugs (oseltamivir phosphate and zanamivir) against
2009 HIN1 virus and both drugs inhibit only the neuramin-
idase of the virus [7]. It should be noted that the inhibition of
neuraminidase only stops the release of virus, but does not
stop the viral entry. The treatment leaves the host cell
practically infected due to the biological activity of hemag-
glutinin. Furthermore, there have been reported cases of
oseltamivir-resistant HIN1 virus [6], prompting a need to
study the hemagglutinin as a new target. Hence, this project
is carried out to gain a better understanding on the binding of
HIN1 hemagglutinin (HI HA) to the human receptor
molecule.

Studies done by Hancock et al. [8] and Itoh et al. [9]
suggested that older adults who were exposed to ‘1918-like
HIN1’ virus have antibodies against the 2009 pandemic
HINI1. This observation lead us to think that the hemag-
glutinin structure of 2009 HIN1 virus would be similar to
that of 1918 HIN1. Hence, we mutated the 1918 H1 HA
based on the A/Mexico City/MCIGO1/2009(HIN1) seg-
ment 4 sequence to make the 2009 H1 HA model. In this
project, we focus on the molecular dynamics of the human
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receptor molecule in both 1918 and 2009 H1 HA. Using
computational methods, the following comparisons are
made for both hemagglutinins: 1) binding affinity to human
receptor molecule and interaction energy contributions of
individual sugar moieties, 2) hydrogen bond pattern for
individual sugar moieties, and 3) interaction energy of
individual residues in the hemagglutinin to the human
receptor molecule.

When our study was near the end stage, Xu et al. [10]
managed to obtain the crystal structure (PDB id 3LZG) of
the hemagglutinin from A/California/04/2009 HINT1 virus.
To evaluate the similarities between the crystal structure
and our predicted structure for the 2009 H1 HA, the
backbone atoms and the sequence for both hemagglutinin
were aligned. We found that the HA1l domain, which
contains the glycan binding site, for both structures differ
by only three residues. The RMSD value between the two
structures (1.39 A for HAI) is also relatively small and
within the range of experimental uncertainties. These data
shows that the approximated 2009 H1 HA structure that we
made for this study is quite accurate. Hence, we believe that
the subsequent insightful studies that we have done herein
are still relevant and valid.

Methods
Hemagglutinin system setups

The co-crystal structure of 1918 HA monomer and human
receptor molecule was obtained from PDB (PDB id 2WRG)
[11] while the structure of 2009 HA monomer was obtained
by virtually mutating the 1918 HA crystal structure based
on A/Mexico City/MCIGO01/2009(HINI1) segment 4
sequence using Maestro 8.0 [12] followed by 5 ns MD
simulation with a partial solvation approach to completely
relax the mutated structure. Afterward, one can easily dock
the human receptor molecule into 2009 HA monomer by
simply superimposing it over the complex structure of 1918
HA and human receptor molecule.

Molecular dynamics (MD) simulations

All MD simulations were carried out using SANDER
module of AMBER 9 program [13] with FF03 force field
[14] for the proteins and GLYCAMOG6 force field [15] for
the glycans. For both complex structures, the area around
the HA head (HA1 domain) was subjected to partial explicit
solvation with 35 A of solvation radius from the center of
the globular HA head. To prevent the inner water molecules
from escaping into the surrounding, water molecules within
the outer 5 A radius were restrained. K ions were added to
maintain the electro-neutrality of the system. The direct-
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space, nonbonded cutoff was set to 12.0 A. The simulation
based on this cutoff was compared with the one with a
larger cutoff radius (20.0 A) to check the convergence of
the free energy of binding values for 1918 HA. It turned out
that the two simulation results with a cutoff of 12 A and
20 A respectively are similar in terms of RMSD fluctuation
and SIE determined binding free energy (shown in S1 in the
supporting information). Minimization was done in two
steps: solvent minimization while the HA and the human
receptor molecule were fixed, and then the whole system
minimization. Both steps were done by steepest descent,
followed by conjugate gradient minimization. The time step
for equilibration was set to 2.0 fs and bonds involving
hydrogen atom were constrained using SHAKE algorithm
[16]. The equilibration was carried out using weak-coupling
ensemble [17] and the time constant for heat bath coupling
was set to 2.0 ps. During equilibration, only molecules
within the 30 A radius of the globular HA center were
allowed to move while the coordinates of the rest were
frozen. The system was heated up from 10.0 K to 300.0 K
over 100 ps, and then a subsequent isobaric-isothermal
production was done over 20 ns. Water molecules and K"
ions were then stripped off from the trajectory and RMSD
analysis were done to find the region with less fluctuations
for free energy calculations. All simulation images were
generated using VMD [18].

Free energy calculations

Free energy was calculated by averaging the solvated
interaction energy (SIE) using Sietraj program [19, 20].
Sietraj is an alternative to the MM-PBSA calculation in
AMBER 9 [13]. This method is related most closely to the
linear interaction energy (LIE) approach first proposed by
Aqvist et al. [21]. According to this method, the binding
free energy is written as a linear combination of the
electrostatic interaction energy between the protein and
the ligand, E.,., and the difference of the reaction field
energies of the complex, the receptor and the isolated
ligand, AG}%S, and the van der Waals interaction energy,
E, s, and the change in the molecular surface area upon
binding, AMBA.

AGping = (Eetee + AGS + Eygyy + y AMSA) + C
= 0.1048 X [Eoteec + AGY + Eygyr + 0.0129 x AMSA] — 2.89

(1)

The coefficients of these energy terms are calibrated by
fitting to the absolute binding free energies for a set of 99
protein—ligand complexes [20]. The first two terms repre-
sent the electrostatic contribution to the binding free energy,
and the last two terms account for the non-polar contribu-
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Fig. 1 Comparison of 1918 and
2009 HIN1 HA sequence. The
mutations are framed in red
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tion to the binding free energy. The energy terms included
in the linear equation are obtained by averaging over a
series of snapshots from MD trajectories with the program
sietraj, and the weighting terms are fitted to experimental
binding free energies. There is no explicit entropic term in
the equation; the entropic contribution to the binding free
energy is taken into account implicitly through the weight-
ing coefficients and the constant. In our studies, the SIE
were averaged over 1000 snapshots that were collected
every 10 structures from the trajectory of the last 10 ns. We
believe that this 10 ns productive run having stable
fluctuation and recording the coordinates every 10 ps will
be sufficiently far apart that the structures are uncorrelated.
In order to test it, we carried out a trial SIE calculation by
using 2000 snapshots from the trajectory of the last 15 ns.
As we can see from S2 in the supporting information, the
results from the two selections of the snapshots are quite
similar. It is understandable because the RMSD fluctuations
(shown in Fig. 2) for both the receptor and the ligand are
stable after 5 ns simulation.

Fig. 2 Left: 1918 HIN1 HA
under partial solvation. Right:
root-mean-square deviations (A)
of human receptor and a) 1918
HA, b) 2009 HA. Red line:
hemagglutinin, black line:
human receptor
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Hydrogen bond analysis

Hydrogen bond analysis was carried out using Ptraj
program of AMBER 9 [13]. Intra-residue interactions were
not included. A distance cut-off of 3.00 A (donor-acceptor)
and angle cut-off of 120.00 degree (donor-H-acceptor) were
used as hydrogen bond criteria. Only hydrogen bonds that
exist more than 5% of the investigated time period, i.c.,
more than 5% occupancy, are reported. The sugar images
were drawn using ChemBioDraw Ultra 11 [22].

Results and discussion

We used the 1918 H1 HA structure obtained from the Protein
Data Bank (PDB ID: 2WRG) as a template to create the 2009
H1 HA model for this project based on A/Mexico City/
MCIGO01/2009(HIN1) segment 4 sequence. The sequences
for 1918 and predicted 2009 H1 HA were aligned and the
comparison is shown in Fig. 1. We found that there is an
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Fig. 3 Starting conformation
for MD simulation: a) 1918
HA and b) 2009 HA. Last frame
of 20 ns simulation: ¢) 1918 HA
and d) 2009 HA. Mutated resi-
dues of the predicted 2009 HA
are highlighted in red. The green
dashed lines represent the
hydrogen bonds

overall similarity of 86.0% between both sequences, which
consists of 82.8% similarity in HAI region and 92.5%
similarity in HA2 region. This high percentage of similarity
suggests that the degree of mutation is low considering the
number of decades that has lapsed.

Both hemagglutinin — human receptor complexes were
then subjected to partial explicit solvation (refer to Fig. 2
left panel) to reduce computational cost for MD simulation.
Full explicit solvation would be too costly because a huge
amount of water molecules and a lot of time are required to
fully simulate the whole system. Twenty nanoseconds of
MD simulation were then performed for both 1918 and
2009 system. The RMSD analysis performed after the
simulation shows that both systems were well equilibrated
after 5 ns with relatively small-ranged fluctuations (less
than 0.5 A) as depicted in Fig. 2 right panel. The 2009
RMSD plot shows a great jump in value compared to the
1918 plot, indicating a large deviation from the starting
conformation. This deviation can be explained by the fact
that we determine the complex structure of 2009 HA and
human receptor molecule by structural alignment rather
than molecule docking. As a result when the simulation was
carried out, there were adjustments in the 2009 system to
reach the lowest energy conformation. From the region with
the least fluctuation in the RMSD plot, 1000 snapshots
were collected from each system for further analyses.

@ Springer

The comparison of 1918 and 2009 binding site is
illustrated in Fig. 3 a & b with the mutated residues
highlighted in red. These mutations have caused conforma-
tional change of the bound human receptor molecule and

Table 1 Binding free energy components for the hemagglutinin —
human receptor complex

Contribution 1918 complex 2009 complex
Mean® o® Mean® o®
E,aw —33.39 3.32 —41.09 3.61
Eelee —54.29 5.30 =79.27 8.60
AGgp 52.20 4.03 80.09 6.42
AG,psor —6.58 0.33 —8.88 0.36
AG —-7.30 0.35 —8.04 0.44

All values are given in kcal mol™'® Average over 1000 snapshots

®Standard error of mean values. The o values for E, g Ectoe; AGri and
AG,,,5; are the values before applying weighting terms

E, . : intermolecular van der Waals interaction energies in the bound
state

E,.: intermolecular coulombic interaction energies in the bound state

AGpgg: change in reaction field energy between the bound and free
states

AG,50;: the change in the non-electrostatic solvation energy between
the bound and free states
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Fig. 4 Left: Comparison of interaction energy components of
individual sugar moieties. Right: hydrogen bond pattern for individual
sugar moiety. Top-bottom: Sia 1, Gal 2, Glc-NAc 3, Gal 4. The dashed
line represents hydrogen bond between the protein and the individual

eventually, the change in interactions of individual sugar
moieties with the surrounding amino acid residues. Fig. 3 ¢
& d shows some of the changes in binding interaction,
especially the loss of hydrogen bonds to D225 residue in
2009 HA. The snapshots in Fig. 3, however, do not really
give much detail as they are only static figures taken from
the last frame of the MD simulation. The hemagglutinin—
human receptor system, on the contrary, is a dynamic
system whereby some hydrogen bonds break and re-formed
while others stay intact along the simulation period. Thus,
binding free energy calculation and hydrogen bond analysis
were performed to obtain more detailed information on
binding interaction.

The binding free energies calculated for both systems are
listed in Table 1. The values are estimated using solvated
interaction energy (SIE) approach [19, 20] as in Eq. 1. In
our case, the binding free energy of the 2009 complex
(—8.04 kcal mol ") is relatively similar to that of the 1918
complex (=7.30 kcal mol™"), implying that both 1918 and
2009 H1 HA have similar binding affinity to human
receptor molecule. The percentage breakdown of electro-
static £, and non-polar E,;j interaction contributions by
each sugar moieties is illustrated in Fig. 4 left panel. For
both 1918 HA and 2009 HA, the largest contribution, be it
electrostatic or non-polar, to the binding interaction comes
from Sia 1 with over 50% of the total interaction energy for
the whole ligand. This observation indicates that Sia 1 plays
a key role in the binding process. The high electrostatic
contribution from Sia 1 can be explained by its extensive

sugar moiety. If there is more than one hydrogen bond formed from a
donor/acceptor atom to the same residue, only the largest occupancy
value is shown

hydrogen bonding and the high non-polar contribution by
its relatively large volume, when compared to the other
three sugar moieties (refer to Fig. 4 right panel). Consid-
ering the change in value from 1918 to 2009, the graph also
shows that there is a larger change in contributions by Sia 1
and Gal 4 (around 4% for electrostatic and 9% for
non-polar) to the overall interaction energy, relative to the
changes in contributions by Gal 2 and Glc-NAc 3 (around
1% for electrostatic and 3% for non-polar). Comparing the
two interaction energy components across the sugar
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Fig. 5 Interaction spectrum (£, 4 ciec) 0f @) 1918 complex, b) 2009
complex, and ¢) the difference (E,pp9 — E;9;5). Mutations are denoted
as “1918 residue — residue number — 2009 residue”
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moieties, the non-polar contribution seems to have larger
percentage changes compared to the electrostatic contribution.

The results of hydrogen bond analysis are summarized in
Fig. 4 right panel. Out of the four sugar moieties, only Sia 1
has all its hydrogen bonds preserved. This observation
agrees with the calculated interaction energy components
obtained. From Fig. 4 left panel, values for electrostatic
contribution by Sia 1 in 1918 and 2009 HAs are relatively
similar (67.29% and 63.45%, respectively), indicating
minimal change in the electrostatic binding interaction.

The interaction spectrum between individual residues
and the human receptor molecule is also illustrated in
Fig. 5. This spectrum provides an easy means to extract
molecular insight of protein-ligand binding by explicitly
calculating the interaction energy (E,gp+eec) between
individual residues and ligand. The detailed quantitative
information about specific residue interaction with the
human receptor molecule should be extremely useful to
our understanding of the molecular nature of 2009 HI
HA-human receptor binding. In Fig. 5, frame C shows the
difference in interaction energy between the 1918 and 2009
complex (Ezpp9 — E;9;8) against the residue number. There
are 9 residues that create significant change in the
interaction energy, out of which 7 have undergone mutation
in the 2009 complex. The data suggests that the mutations
have contributed to the more favorable binding of hemag-
glutinin to the human receptor molecule. Comparing the
data in Frame C with that in Fig. 4 right panel, the highly
negative value for S145K can partly be explained by the
newly-formed hydrogen bond between that residue to Sia 1
(with 25.37% occupancy) in the 2009 complex; the
negative value for D190 by a newly-formed hydrogen
bond to Gal 2, Glc-NAc 3, and Gal 4 each, overshadowing
the decrease in percentage occupancy of the existing bond
with Gle-NAc 3; the positive value for D225 by the loss of
a hydrogen bond and a decrease in percentage occupancy in
another bond to Gal 2. The other six residues which cannot
be accounted for in Fig. 4 may have other forms of
interaction, apart from hydrogen bond, to the human
receptor molecule. The contribution from non-polar inter-
action may not be as much as that from electrostatic
interaction in the case of these 9 residues because the
majority of them, except A227 and W255 in 1918 complex,
are polar residues.

Conclusions

This study attempted to provide the much needed informa-
tion on the molecular dynamic behavior of human receptor
molecule as well as its individual sugar moieties in the
hemagglutinin of 1918 and 2009 HINT1 virus. Sialic acid
seems to be the most important sugar moiety in the human

@ Springer

receptor for the hemagglutinin to bind with, possibly
because of its position as the outermost sugar moiety which
allows more degree of freedom to fit into the binding site
compared to the other three sugar moieties. Hence, in our
search for analogs of human receptor molecule, perhaps it
would be better to have minimum changes in sialic acid and
modify the other three sugar moieties instead [23-25].
Moreover, from the interaction spectrum, we observe that
six of the mutated residues in the 2009 glycan binding
domain give more attractive interactions with the same
human receptor molecule. Such detailed quantitative infor-
mation on individual residue-human receptor interaction
energy gives insight into molecular mechanism in
hemagglutinin-human receptor binding and provides a
useful and practical tool in rational design of hemagglutinin
inhibitors. We hope that with the information acquired from
this study, possible analogs of the human receptor can be
proposed with greater confidence to develop more potent
hemagglutinin inhibitors and eventually, a better drug for
HINT influenza treatment.
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