Monatsh Chem (2010) 141:801-807
DOI 10.1007/s00706-010-0319-z

ORIGINAL PAPER

Molecular insights into human receptor binding to 2009 HIN1

influenza A hemagglutinin

Nadtanet Nunthaboot - Thanyada Rungrotmongkol - Maturos Malaisree -
Panita Decha - Nopporn Kaiyawet - Pathumwadee Intharathep -
Pornthep Sompornpisut - Yong Poovorawan + Supot Hannongbua

Received: 25 September 2009/ Accepted: 2 May 2010/ Published online: 27 May 2010

© Springer-Verlag 2010

Abstract The current pandemic of the viral 2009 HIN1
influenza and its sustained human—human transmission has
raised global concern for human health. The binding of the
viral glycoprotein hemagglutinin (HA) and the human
a-2,6-linked sialopentasaccharide (SIA-2,6-GAL) host cell
receptor is a critical step in the viral replication cycle.
Here, the complex structure of the 2009 HIN1 HA bound
to the SIA-2,6-GAL sialopentasaccharide receptor was
constructed by using homology modeling and molecular
dynamic simulations. The receptor was found to fit very
well within the HA binding pocket and formed hydrogen
bonds with the residues of the 130-loop, 190-helix, and
220-loop. Most receptor binding residues play a significant
role in stabilizing the protein—receptor complex with major
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contributions being provided by V135, T136, A137, K222,
and Q226. The results are similar to the human SIA-2,6-
GAL sialopentasaccharide receptor binding to H1 HA
subtype, but are slightly different from those of H3, HS5,
and H9 HAs.
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Introduction

Since the first identification of the novel A (HIN1) influenza
virus in April 2009, the outbreak of this virus has rapidly
spread and encircled over 100 countries worldwide, causing
more than 3,000 human deaths (April-September 2009) [1].
The World Health Organization (WHO) announced a
worldwide pandemic alert level at phase 6, indicating that a
global human pandemic of this virus isolate is under way
[1-3]. In the primary step of the viral replication cycle,
influenza infection is initiated by the viral surface homo-
trimeric glycoprotein hemagglutinin (HA) binding to the
host membrane sialylated glycans, which act as cell recep-
tors. Understanding of this attachment and interaction can
provide a basic knowledge of how the emerging virus infects
humans and is thus the main goal of this study.
Hemagglutinin is an important target for the develop-
ment of both vaccines and antiviral drugs against influenza
viruses. Each monomer of the homotrimer is composed of
two subunits, HA1 and HA2. Whilst HA1 is known to be
responsible for the viral attachment to host cell, HA2 is
associated with the release of the viral RNA complexed
with the RNA polymerase through membrane fusion [4-7],
and thus HA is essential to both host cell targeting and cell
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entry (infection). HA1l binds to host cell membrane
receptors, glycans containing the terminal sialic acid which
are attached to surface membrane proteins or lipids [6, 8,
9]. The specific topology, determined principally but not
exclusively by the specific linkage of the terminal sialic
acid to the galactose subunit and the glycan chain length,
identifies the species and tissue specificity and avidity of
binding, and thus its infectability and transmission rates
[10]. The avian influenza virus preferentially recognizes
the sialic acid «-2,3-galactose (SIA-a-2,3-GAL) linkage
with a long glycan chain and cone-like topology, whilst the
adopted sialic acid «-2,6-galactose (SIA-2-2,6-GAL) link-
age is more favorable for both human and swine influenza
viruses with longer glycan chains and an umbrella topology
[10-14]. It is supposed that the alternation in host speci-
ficity of sialic acid linked to galactose from «-2,3- to o-2,6-
linkage is a major barrier for influenza viruses to cross
species barriers and adapt to a new host [7, 10, 15-18].

From the available information, it is clear that the
binding domain of HA with the glycan receptors comprises
several key structural components including the 190-helix,
130- and 220-loop domains, and several other conserved
residues that give species and tissue specificity [9]. How-
ever, how this is derived is not clear and to date, the HIN1-
2009 HA structures, either as free-form or receptor-bound
conformation, have not yet been experimentally solved.
Recently, a theoretically modeled structure of the HA—
receptor complex has been published [19]. However, it
represents a static view of protein—receptor interactions
without dynamic capture of time-dependent properties.
Therefore, in the present study, molecular dynamics (MD)
simulations were performed on the homology modeled
structure of the novel HIN1 HA complexed with the
SIA-2,6-GAL sialopentasaccharide, a human preferential
receptor, to investigate the fundamental structural charac-
teristics, the role of conserved binding residues, and
receptor binding specificity. Extensive analysis was
focused on the structural properties and, in particular, on
the enzyme-receptor interactions in terms of hydrogen
bonding and per residue-receptor interactions.

Results and discussion

MD simulation of the novel HIN1 HA complexed with the
SIA-2,6-GAL sialopentasaccharide, a human preferential
receptor, was carried out over a period of 4 ns. In the last
2.5-ns simulation, the whole system is fairly stable as
indicated by the small magnitude of root mean square
deviation (RMSD) fluctuation of ca. 0.5 A (Fig. 1). The
simulation run could thus provide a suitable basis for the
subsequent analyses.
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Fig. 1 Root mean square deviation (RMSD) of all heavy atoms of
hemagglutinin and human SIA-o-2,6-GAL pentasaccharide receptor
to the starting structure as a function of simulation time

The obtained human SIA-2,6-GAL sialopentasaccharide
receptor was found to properly occupy the binding pocket
of the 2009 HIN1 hemagglutinin, similar to what has been
observed experimentally in the other viral influenza HA
strains [21, 28-30], where the potentially important contact
residues of the 130-loop (K133a, N133, V135, T136, and
A137), 190-helix (H183, D190, and S193), and 220-loop
(K222, D225, Q226, and E227) as well as Y95 (see Fig. 2a
for residue positions) were revealed. Structural properties,
hydrogen bonds, and per residue—receptor interactions are
extensively discussed in the following sections.

Sialopentasaccharide receptor conformation

To investigate the conformational character of the human
SIA-2,6-GAL sialopentasaccharide receptor, the distribu-
tion of eight important torsion angles, defined in Fig. 3a,
from (1) /-4 bridging between the saccharide units and
(2) 15—18 of the functional groups of the terminal sialic
acid, were measured and plotted in Fig. 3b and c,
respectively.

It can clearly be seen in Fig. 3b that the t/ and 12
torsions of the first three saccharide units (SIA1, GAL?2,
and NAG3) show a single preferential and sharp peak,
suggesting the high stability of these units which were well
oriented and occupied in the binding pocket of the enzyme
(Fig. 2a, b) and, therefore, that many hydrogen bonds with
the HA residues were firmly formed (Fig. 4a, discussed
later). The most probable glycosidic torsion angle
(t1, black line in Fig. 3b) was found at ca. —68° indicating
the adopted cis-conformation of the o-2,6-linked terminal
sialic acid (SIA1) to the galactose (GAL2) of the receptor.
This proposed conformation is consistent with what has
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Fig.2 a Top and b side views of the human SIA-2,6-GAL
sialopentasaccharide receptor bound to the binding pocket of the 2009
HINI influenza HA. The potential contact residues and five units of
the receptor (SIA1, GAL2, NAG3, GAL4, and GLC5) are labeled.

Fig. 3 a Definition of torsion
angles of the human SIA-2,
6-GAL sialopentasaccharide
receptor. Probability
distributions of the b torsion
angles (t/-74) linking between
each saccharide unit and

¢ torsion angles (5-18) of the
functional groups of the
terminal sialic acid

been observed both experimentally and theoretically for the
human SIA-2,6-GAL receptor binding to the influenza HA
subtypes H1, H3, and HS, whose glycosidic torsion angles
were observed to fall within the range of between —50° and
—70° [21, 30-33]. In the same fashion, the 73 and 14 angles
linking between the last three saccharides (NAG3, GALA4,
and GLCS5) showed the single preferential sharp peak at ca.
—73° (Fig. 3b) indicating their high rigidity throughout the
simulation period.

To reveal the conformational change of the terminal
sialic acid SIA1, the torsion angles of its functional groups
were further evaluated and the results are shown in Fig. 3c.
Amongst the four angles, 5 and 16 are slightly broader
than the other two angles, t7 and ©8. This indicates that the
—COO- and -NHAc groups could feasibly rotate rather
than the hydrophilic group.

Enzyme—receptor hydrogen bonds
To determine the protein—receptor interactions, hydrogen

bonding between the HA residues and the human SIA-o-
2,6-GAL sialopentasaccharide receptor were calculated

Residue K133a is an inserted amino acid specific to the 2009 HIN1
HA. Blue and orange surfaces indicate the hydrophilic and hydro-
phobic features, respectively (color figure online)
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according to the two criteria: (1) a proton donor (D) and
acceptor (A) distance of 3.5 A or less and (2) a D-H---A
angle of 120° or more.

The number and percentage of hydrogen bond occupa-
tion of each of the 2009 HA binding residues and all five
saccharides of the receptor were evaluated, and the results
are shown in Fig. 4a (see description in Table 1). At the
terminal sialic acid (SIA1, see Fig. 2a), extensive interac-
tions were found with Y95 and the highly conserved
residues of the 130-loop (V135, T136, and A137), 190-
helix (H183), and 220-loop (Q226). The hydroxyl oxygen
of the hydrophilic group forms a strong hydrogen bond to
the phenyl group of Y95. Three strong hydrogen bonds
were detected between the terminal sialic acid —COO™
group and the three HA residues, T136 and A137 in the
130-loop and Q226 in the 220-loop, whilst the -NHAc
moiety established two strong hydrogen bonds with the
backbone nitrogen and oxygen atoms of residue V135 in
the 130-loop. In addition, the hydroxyl oxygen atoms of
hydrophilic side chain form strong and moderate hydrogen
bonds with the imidazole ring of H183 in the 190-helix and
the amide group of Q226 in the 220-loop, respectively.
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Based on the numbers of hydrogen bonds (see Fig. 4a), the
130-loop is more likely to be in contact with SIA1 than
the 190-helix and 220-loop, which is comparable to that of
the other hemagglutins complexed with the human receptor
[21, 30, 33].

For the second unit of the human SIA-2,6-GAL sialo-
pentasaccharide receptor (GAL2), two strong hydrogen
bonds were formed with the ammonium group of K222 and
the backbone oxygen of D225. These hydrogen bonds were
also detected in the case of the HS HA-receptor complex,
but not in the H3 and H9 HA-receptor complexes [33].
Moreover, two moderate hydrogen bonding interactions
between the hydroxyl moieties of this saccharide and the
carboxylate group of D225 were also found. Instead, G225,
as in the crystal structure of the HI HA-receptor complex
[21, 30], forms hydrogen bonds through its backbone
oxygen with the GAL2 unit. Finally, considering the other
three units (NAG3, GAL4, and GLCS) of the sialopenta-
saccharide, they were all found to establish medium to
rather weak hydrogen bond networks to the two 190-helix
residues, D190 and S193, which are in agreement with the
published results of the swine Hl-receptor structure [21].
Interestingly, they are, however, different from what has
been reported for the H3, HS, and H9 HA-receptor com-
plexes where the last three glycans explicitly interact with
the 150-loop and 190-helix [33].

@ Springer

Taking into account all the simulation results shown
above, all important hydrogen bonds between the SIA-
2,6-GAL sialopentasaccharide receptor and the residues
of the 130-loop, 190-helix, and 220-loop are consider-
ably conserved and are more likely to be similar to those
observed in the Hl HA-receptor complex structure [21,
30], indicating the likely reliability of the simulated
structures of the human receptor bound to the pocket of
the viral HIN1-2009 HA. In addition, the results also
confirm the potentially important role of the 130-loop,
190-helix, and 220-loop of the viral surface HA in
attaching to SIA-2,6-GAL sialopentasaccharide glycan,
which is the main receptor found in human respiratory
tract host cells.

Per residue HA enzyme—SIA-2,6-GAL receptor
interactions

To reveal the fundamental basis of the binding between the
human STA-2,6-GAL sialopentasaccharide receptor and
the influenza HA, the interaction energies between each of
the individual residues and the SIA-2,6-GAL sialopenta-
saccharide were evaluated by using the decomposition (DC)
energy module implemented in AMBER 10. The energetic
contribution was averaged over a set of 100 MD snapshots,
taken at every 25 ps from the last 2.5-ns simulation.
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Table 1 Hydrogen bond descriptions and interactions detected
between heavy atoms of the human SIA-x-2,6-GAL pentasaccharide
receptor and 2009-HIN1 hemagglutinin residues

Pentasaccharide HA Type Occupation
(%)
SIA1 Y95  Y95_OH_H---0O8_SIAl 92
Y95  Y95_OH.---H_09_SIAl 14
V135 VI35_N_H---O5N_SIAl 94
V135 VI135_0---H_N5_SIAl 93
T136 TI136_OG1_H--O1B_SIA1 100
A137 Al137_N_H--Ol1A_SIAl 85
Al137 AI137_N_H--O1B_SIAl 50
K145 KI145_NZ_H---04_SIAl 60
H183 HI83_NE2---H_09_SIAl 91
Q226 Q226_NE2_H:--O1A_SIAl 16
Q226 Q226_NE2_H---O1B_SIAl 95
Q226 Q226_OEl---H_O8_SIAl 68
GAL2 K222 K222 _NZ H--03_GAL2 96
D225 D/G225_0O---H_04_GAL2 97
D225 D225_0OD1--H_O3_GAL2 55
D225 D225_0D2--H_03_GAL2 48
NAG3 D190 DI190_ODI1--H_N2_NAG2 57
D190 DI190_OD2--H_N2_NAG2 47
GAL4 D190 D190_ODl1---H_0O2_GAL4 30

S193  S193_0OG---H_O2_GAL4 45
S193  S193_OG_H---O2_GAL4 21
A189 TI189_0O---H_0O6_GLC5 12
S193  S193_OG---H_O3_GLC5 20

GLC5

The evaluated DC energies of the HA residues located in
the binding pocket are plotted in Fig. 4b, where the per
residue interaction energies are seen to vary within the
range of 2 to —17 kJ mol~". The major contribution to the
enzyme-receptor interactions was gained from the con-
served residues which are the members of the 130- and
220-loops: V135, T136, A137, K222, and Q226. The cor-
responding DC energies of less than —8 kJ mol~' due to
these residues agree well with the hydrogen bond data
discussed above (Fig. 4a) and corroborate their important
role in attaching the viral coat HA to the human SIA-2,6-
GAL sialopentasaccharide receptor of susceptible host
cells. The higher negative values of the DC data in Fig. 4b
for the remaining residues of these two loops and the 190-
helix residues (except for D190) also indicate their likely
responsibilities in stabilizing the human receptor—-HA
complex. In some contrast, and in agreement with a pre-
vious theoretical report [34], the D190 residue was found to
destabilize the protein—receptor complex.

Interestingly, as determined from their DC energies, the
D225 and D190 residues do not significantly improve the
enzyme-receptor binding affinity, although they interact

explicitly via three hydrogen bonds with the GAL2, NAG3,
and GAL4 saccharides of the SIA-2,6-GAL sialopenta-
saccharide, respectively (as discussed above). This can
then be best understood in terms of their total interactions
with the neighboring residues, since the DC energy is a
summation of all interactions between a central residue and
its environment, including the SIA-2,6-GAL receptor and
all the residues of the respective HA enzyme. In other
words, the D225 and D190 hydrogen bond energies can be
destabilized by their repulsions with the other residues of
the HA.

Conclusions

In the present study, the three-dimensional structure of the
human STA-2,6-GAL sialopentasaccharide receptor bound
to the recently detected 2009 HIN1 HA was modeled
based on a homology modeling approach and consequently
performed by molecular dynamic simulations. The struc-
tural properties and protein—receptor interactions, in terms
of the receptor conformation, hydrogen bonds, and per
residue interaction energies, were extensively discussed
and compared to the binding between the human SIA-2,6-
GAL sialopentasaccharide receptor and the other HAs.
Basically, comparative molecular dynamics are comple-
mentary to experimental results (tissue binding, glycan
microarrays, Scatchard analysis) and do not suffer the
drawback of crystallographic methods in that the glycan
and HA protein show considerable flexibility in confor-
mation which is missed, by being only a single snapshot,
by crystallography methods.

Conformational analysis of the human SIA-2,6-GAL
sialopentasaccharide receptor orientation throughout the
simulation period confirms the adopted preferential cis-
conformation of this receptor, as indicated by the glycosidic
torsion angle between the terminal sialic acid (SIA1) and
the adjacent galactose (GAL2) of ca. —68°. The simulated
model of the 2009 H1 HA bound to the human SIA-2,6-
GAL sialopentasaccharide receptor showed a well-oriented
conformation of the receptor in the binding pocket of the
HA enzyme and lays in the conserved regions including the
130-loop, 190-helix, and 220-loop. The sialic acid forms
many strong hydrogen bonds with the HA residues V135,
T136, A137, H183, and Q226. Furthermore, the GAL2 unit
of the receptor was found to interact with the HA K222 and
D225 residues, whilst the last three glycans established
hydrogen bonds with D190 and S193. Based on a per res-
idue interaction analysis, most receptor binding residues
(especially V135, T136, A137, K222, and Q226) of the viral
surface HA were found to play a stabilizing role in attaching
to the human SIA-2,6-GAL sialopentasaccharide receptor
of the host cell.
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Fig. 5 Sequence alignment of 1930 and 2009 H1 hemagglutinins of influenza A (HIN1) viruses

In comparison to the other influenza HAs—human SIA-
2,6-GAL sialopentasaccharide receptor complexes, the
simulated results of this receptor binding to the 2009 HIN1
influenza HA provided the highest similarity to those from
the structure of the Hl-receptor complex. This is mainly
due to the fact that they belong to the identical HA subtype
and so are likely to share the highest conformational as
well as primary sequence similarity. In addition, the results
also show somewhat similar properties to those evaluated
and observed for the H3 and HS5, and H9 HAs-SIA-2,6-
GAL complexes. Although many experimental aspects
of the 2009 HINI outbreak including its virulence and
pandemic potential are still uncertain, our molecular
information could provide a better understanding of the
first step of the viral life cycle based on how the viral
surface glycoprotein HA of the 2009 influenza A (HIN1)
efficiently attaches and tightly binds with the human
SIA-2,6-GAL sialopentasaccharide receptor.

Materials and methods

Model of 2009 HINI influenza hemagglutinin
complexed with human receptor

The initial structure of the 2009 HIN1 influenza HA bound
with the human STA-2,6-GAL sialopentasaccharide recep-
tor was modeled based on the sequence which was recently
isolated from children in Southern California, A/California/
04/2009(H1NT1) [20]. To seek the most relevant structure of
the 2009 HA protein, its amino acid sequence was pre-
liminarily aligned to all seven available crystallographic
HIN1 HA structures [21]. It was found that the highest
amino acid sequence similarity, at 86% identical, was with
the 1930 swine HIN1 HA structure (Fig. 5). Therefore, this
HA enzyme structure complexed with the human SIA-2,6-
GAL sialopentasaccharide receptor (Protein Data Bank
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entry code 1RVT) was chosen as the template [21] for
building up the HA-2009 structure by homology modeling
performed by using the module implemented in Discovery
Studio 2.0 [22]. The novel HIN1 HA-receptor complex
was then further refined by using energy minimization and
followed by multiple stepwise MD simulations.

Molecular dynamics simulations

All simulations of HA-receptor complex were carried out
using the SANDER module of the AMBER 10 software
package [23]. The HA protein and SIA-2,6-GAL sialo-
pentasaccharide were parameterized by using the
AMBERO3 [24] and the GLYCAMO6 force fields [25],
respectively. All missing hydrogen atoms were added by
using the LEaP module [23] and the system was subse-
quently solvated by a cubic box with dimensions of
66 x 69 x 141 A® filled with TIP3P water molecules.
Normal charge states of ionizable amino acids corre-
sponding to pH 7.0 were treated and 5 CI™ counterions
were further added to maintain neutrality on the system.
A periodic boundary condition in the isobaric—isothermal
(NPT) ensemble with a constant pressure of 1 atm and a
temperature of 310 K was set up, whilst a Berendsen
coupling time of 0.2 ps was employed to control the tem-
perature. The SHAKE algorithm [26] was applied to
constrain all hydrogen bonds using a time step of 2 fs.
Non-bonded interactions were calculated with a 12-A res-
idue-based cutoff and the particle mesh Ewald method [27]
was applied to treat the long-range electrostatic interac-
tions. To remove unfavorable contact, the structure of the
HA-receptor complexes was relaxed by performing 3,000
steps of conjugated gradient energy minimization. The
whole system was subsequently heated from 0 to 310 K
over 100 ps. The system was pre-equilibrated for two steps
of 200-ps simulations with position restraints on the
receptor atoms with the factors of 80 and 40 kJ mol ™! AJ,
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to maintain their coordinates inside the protein binding
pocket. Afterwards, the complex was fully simulated for
4 ns.
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