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Abstract:

The recent outbreak of the novel 2009 HIN1 influenza in humans has focused
global attention on this virus which could potentially have introduced a more
dangerous pandemic of influenza flu. In the initial step of the viral attachment,
hemagglutinin (HA), a viral glycoprotein surface, is responsible for the binding to the
human SIA «2,6 linked sialopentasaccharide host cell receptor (hHHAR). In this work,
the complex structure of the 2009 H1IN1 HA bound to the hHAR was constructed
using homology modeling and molecular dynamic simulations. The receptor was
found to fit very well within the HA binding pocket. Key interactions between HA
and hHAR are well conserved. The results are similar to the hHAR binding to H1 HA
subtype, but are slightly different from those of H3, H5 and H9 HAs. To further
understand the effects of amino acid changes in the receptor binding pocket of
different strains of HA, molecular dynamics simulations of the four different HAs of
Spanish 1918 (H1-1918), swine 1930 (H1-1930), seasonal 2005 (H1-2005) and a
novel 2009 (H1-2009) H1IN1 bound to the hHAR, were conducted and compared. The
simulated results indicated that introduction of the charged HA residues K145 and
E227 in the 2009 HA binding pocket was found to increase the HA-hHAR binding
efficiency in comparison to the three previously recognized H1IN1 strains. A
positively charged K145 in the HA of a novel H1-2009 can potentially make a lysine
fence with residues K133, K156 and K222 and thus provides an optimal contact to
hydrogen bond with the SIA1 of the hHAR. Residue E227 stabilizes the orientation of
K222 to form hydrogen bond with hHAR. Moreover, changing of the non-charged
HA G225 residue (1930 and 2005) to a negatively charged D225 (1918 and 2009)
provides a larger number of hydrogen bonding interactions. This finding agrees well
with the experimental data. The increase in hydrophilicity of the receptor binding

region is apparently an evolution of the current pandemic flu from the 1918 Spanish,



1930 swine and 2005 seasonal flues. Detailed analysis could help the understanding of
how different HAs effectively attach and bind with the hHAR and could be useful for

future study of the new emerging of influenza viruses.

Keywords: Influenza virus, H1N1, Hemagglutinin, Human receptor, Molecular

dynamics simulations



1. Executive summary

A global outbreak caused by a swine origin 2009 A (H1N1) influenza virus
has rapidly spread and encircled over hundred countries worldwide, causing more
than 18,000 human deaths.* The World Health Organization (WHO) has declared as a
new strain of influenza virus pandemic.® 2 Fear is arisen because the mutation of this
strain of influenza virus could lead to a potentially more pathogenic in the near future.
The pandemic HIN1 2009 is not the first human pandemic caused by H1IN1 influenza
virus. The most devastating influenza pandemic, 1918 H1N1 Spanish Flu, killed more

than 40 million people worldwide.*
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Figure 1. Influenza viral replication life cycle

Among the known targets determining the virus life’s cycle, the initial step of
viral attachment is mediated by the viral surface homotrimeric glycoprotein
hemagglutinin (HA) binding the virion to the host cell receptor (Figure 1). Therefore,
HA is an important target for the development of both vaccines and antiviral drugs
against influenza viruses. Each monomer of the homotrimer is composed of two
subunits, HA1 and HA2. While HAl 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, ®° and thus HA is



essential to both host cell targeting and cell entry (infection). HA1 binds to host cell
membrane receptors, glycans containing the terminal sialic acid which are attached to
surface membrane proteins or lipids.2**!* 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.*
The avian influenza virus preferentially recognizes the sialic acid a2,3 galactose
(SIA-a2,3-GAL) linkage with a short glycan chain and cone like topology, while the

adopted sialic acid a-2,6,galactose linkage is more favorable in both human and swine
influenza viruses with longer glycan chains and an umbrella like topology.***® It is
supposed that the alternation in host specificity of sialic acid linked to galactose from
a2,3 to a.2,6,- linkage is a major barrier for influenza viruses to cross species barriers
and adapt to new hosts. 21720

From the available information, it is clear that the binding domain of HA with
the glycan receptors is comprised of several key structural components including the
190 helix, 130- and 220-loop domains and several other conserved residues (Figure 2)
that give species and tissue specificity'*. However, 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, the theoretically
modeled structure of HA-receptor complex has been published®. However, it
represents a static view of protein-receptor interactions without dynamics capture of
time-dependent properties. Therefore, in the first part of this work, structure of a
novel HIN1 HA complexed with the human cell receptor, a2,6 linked

sialopentasaccharide (SIA-a2,6-GAL;hHAR) was constructed. Molecular

dynamics (MD) simulation was consequently performed on the homology



modeled structure to investigate the fundamental structural characteristics, the

role of conserved binding residues and receptor binding specificity.

Figure 2 (A) Top and (B) side views of the human SIA-2,6-GAL sialopentasaccharide
receptor bound to the binding pocket of the 2009 H1N1 influenza HA. The potentially
contact residues and five units of the receptor (SIAl, GAL2, NAG3, GAL4 and
GLC5) are labeled. Residue K133a is an inserted amino acid specific to the 2009
HIN1 HA. Blue and orange surfaces indicate the hydrophilic and hydrophobic
features, respectively.

Moreover, it is also very interesting to compare the amino acid in receptor
binding site of the novel 2009 HA with the previous strains of HIN1 subtypes. The
viral genetic sequences in the HA receptor binding domain of the four different HIN1
influenza viruses i.e., the 1918 Spanish flu, 1930 swine flu, 2005 seasonal flu, and
2009 novel flu, are compared and are summarized in Table 1. Using the original 1918
H1N1 HA as the reference, the amino acids at 7 A spherical radius around the hHHAR
in the binding pockets of the H1-1930, H1-2005, and H1-2009 HAs contain three
(K133aR, T155V and D225G), six (T133N, K133aR, S145N, T155V, A219E and
D225G) and seven (T133N, S145K, T155V, P186S, T189A, A2191 and A227E)

substitutions (shown in bold and underlined in Table 1), respectively. From a



comparison of the hydrophobic plots (Figure 3), the 2009 HA binding pocket displays
considerably higher hydrophilic characteristics (represented by the blue surface) than
those of the other three HA strains. Since the residues 190 and 225 are known to be a
key factor determining the HA-hHAR binding in all HIN1 subtypes,” *% and the
HAs of all HIN1 strains contain D190, therefore, interest is focused on residue 225 in
which G225 was found in the 1930 swine and 2005 seasonal viruses, whereas D225
was detected in the HAs of the two pandemic strains, H1-1918 and H1-2009 (Table
1). In addition, residue A227, which is the receptor binding site that is commonly
conserved as “Q226-A227-G228” (“QAG”) was replaced by E227 in the novel 2009
influenza virus. Substitution of A227 by the negatively charged E227 residue
(“QEG™) is supposed to affect the orientation of the surrounding residues.* As a
consequence, the increase of the hydrophilicity and the replacement of the “QAG” by
the “QEG” receptor binding site of the H1-2009 HA are possibly involved in the
recognition and familiarity-strength in the binding to the hHAR of the newly emerged
flu. Therefore, in the second part of this work, MD simulations of the hHAR
bound to the four HA A/H1NL1 influenza viruses were carried out to examine the
receptor binding contribution arisen from the differences of electronic and

structural properties of the four different HA binding pockets.



Table 1. Comparison of amino acids in the HA receptor binding domain of the four
different HIN1 influenza viruses: the 1918 Spanish flu (H1-1918), 1930 swine flu
(H1-1930), 2005 seasonal flu (H1-2005), and 2009 novel flu (H1-2009). Residues are
numbered (residue ID) according to 1918 Spanish flu sequence. Using H1-1918 as the
reference, the residue differences in the other three isolates are shown in bold and

underlined. Residue K133a is an inserted amino acid specific to H1.

H1N1 HA strains

Residue ID  H1-1918 H1-1930 H1-2005 H1-2009

95 Y Y Y Y
133 T T N N
133a K R R K
134 G G G G
135 v Y V Y
136 T T T T

137 A A A A
138 A A A A
145 S S N K
153 W W W W
155 T v v v
183 H H H H
185 P P P P

186 P P P S

189 T T T A
190 D D D D
192 Q Q Q Q
193 S S S S

194 L L L L

219 A A E 1



222 K K K
225 D G G D
226 Q Q Q Q
227 A A A E
228 G G G G

Figure 3. The hHAR in the binding pocket of the four viral influenza A/HIN1 HAs:
(A) 1918 Spanish flu (H1-1918), (B) 1930 swine flu (H1-1930), (B) 2005 seasonal
flu (H1-2005) and (D) 2009 novel pandemic flu (H1-2009). For H1-1930, H1-2005
and H1-2009, the residues that differ from the reference H1-1918 sequence are shown
in red. The hydrophilic and hydrophobic surfaces are colored by blue and orange,

respectively.
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2. Objectives

The main goals of this research work are:

3.1 To understand how a novel 2009 emerging influenza virus infects human cell

3.2 To compare the HA-hHAR binding efficiency among the four different HIN1
strains of 1918, 1930, 2005, and 2009 HA influenza viruses

3.3 To examine the effects or influences of amino acid changes in receptor binding

pocket contributed to HA-hHAR binding efficiency

3. Methodologies
The works are divided into two parts.

3.1 MD simulation of the 2009 HA H1N1 complexed with hHAR

Since there is no experimentally resolved crystal structure of 2009 HA bound
with hHAR, the initial structure of the 2009 HIN1 influenza HA complexed with the
hHAR was modeled based on the sequence recently isolated from children in
Southern California, A/California/04/2009(H1N1) ?’. To search for the most relevant
structure of the 2009 HA protein, its amino acid sequence was preliminary aligned to
all seven available crystallographic HIN1 HA structures®. It was found that the 1930
swine HIN1 HA structure shows the highest amino acid sequence similarity, at 86 %
identical (Figure 4). Therefore, the 1930 HA complexed with the hHAR (Protein Data
Bank entry code: 1RVT) was chosen as the template % for building up the HA-2009
structure by homology modeling technique using the module implemented in the
Discovery Studio 2.0%°. To obtain the 2009 HA-receptor complex, HA protein
backbone atoms of 2009 and 1930 isolates were superimposed and coordinates of
1930-HA were removed, retaining only hHAR. The novel HIN1 HA-receptor
complex was further refined using energy minimization and followed by the multiple

stepwise MD simulations.
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Figure 4 Sequence alignment of a novel 2009 (Accession No. EP1176470), swine
1930, and seasonal 2005 (Accession No. ABY40407) to 1918 H1IN1 hemagglutinin
influenza A virus.

All simulations of HA-receptor complex were carried out using the SANDER
module of the AMBER 10 software package®. The HA protein and SIA-02,6-GAL
sialopentasaccharide were parameterized using the AMBERO03% and the GLYCAMO06
force fields®, respectively. All missing hydrogen atoms were added using the LEaP
module® and the system was subsequently 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 corresponding 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 temperature. The SHAKE algorithm® was applied to
constrain all hydrogen bonds using a time step of 2 fs. Non-bonded interactions were

calculated with a 12 A residue-based cutoff and the Particle Mesh Ewald method®*
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was applied to treat the long-range electrostatic interactions. To remove unfavorable
contact, the structure of the HA-receptor complexes, was relaxed by performing 3000
steps of conjugated gradient energy minimization. The whole system was
subsequently heated from 0 K 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™.A?, to maintain their coordinates inside the protein

binding pocket. Afterwards, the complex was fully simulated for 4 ns.

3.2 Molecular dynamics simulation of the hHAR bound to four different HA

strains of H1IN1 influenza viruses

The co-crystal structure of the 1930 swine influenza A/HIN1 HA (H1-1930)
with the hHAR and the crystal structure of the apo form of the 1918 influenza
A/HIN1 HA (H1-1918), were retrieved from the Protein Data Bank (PDB entry codes
1RVT and 1RUZ, respectively),® and were used as the starting structures for the MD
simulations. To prepare the hHAR bound to the H1-1918 HA, superposition of the
H1-1930 and the H1-1918 HA proteins over the backbone carbon atoms was
performed and the H1-1930 coordinates were then removed, retaining the coordinates
of hHAR. The structure of the 2005 seasonal HIN1 HA complexed with the hHAR
was prepared in a similar fashion of the H1-2009.*° Briefly, using the structure of
1930 swine flu®* as a template and amino acid sequences of the isolated Influenza
A/swine/Chachoengsao/NIAH587/2005(H1N1),*" the 3D-structure of the 2005 HA
protein was created by homology modeling technique using the module implemented
in Discovery Studio 2.0.*® The hHAR bound to the H1-2005 HA was set up in a
similar manner to that of the aforementioned H1-1918.

All calculations of the HA-hHAR complexes were carried out using the

AMBER 10 software package®®. The HA proteins and the hHHAR were parameterized
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using the AMBER03%* and GLYCAMO6 force fields,® respectively. Protonation of
the ionizable amino acids was assigned at pH 7.0 using the PROPKA program.* %°
All missing hydrogen atoms were added using the LEaP module implemented in
AMBER 10.* The simulated system was subsequently solvated by TIP3P water
molecules in a cubic box with dimensions of 65 x 68 x 143 A% for H1-1918, 65 x 68 x
141 A® for H1-1930, and 67 x 68 x 141 A® for H1-2005. This is almost comparable
to that of 66 x 69 x 141 A% used before for the H1-2009 complex.®® The
electroneutrality of the simulated systems was treated by adding 1, 0, 4 and 5 chloride
counterions for H1-1918, H1-1930, H1-2005, and H1-2009, respectively. The
periodic boundary condition in the isobaric-isothermal (NPT) ensemble with a
constant pressure of 1 atm and temperature of 310 K was set up, whereas a Berendsen
coupling time of 0.2-ps was employed to control the temperature. Non-bonded
interactions were calculated with a 12 A residue-based cutoff, and the Particle Mesh
Ewald method*! was applied to treat the long-range electrostatic interactions. A 2-fs
step size with the SHAKE algorithm*? was used along the simulations.

The water molecules were first relaxed with 500 steps of steepest descent (SD)
and 1,000 steps of conjugated gradient minimizations, while the HA and hHAR
coordinates were kept fixed. The whole system was consequently optimized by
performing 1,000 steps of SD and 1,000 steps of conjugated gradient minimizations.
Afterwards, the systems was heated to 310 K over 100-ps simulation and pre-
equilibrated for 400 ps with position restraints on the hHAR atoms with factors of 20
and 10 kcal-mol™-A to maintain their coordinates inside the receptor-binding pocket.
Finally, 6.5-ns simulations were carried out for each HA-hHAR complex and the
structural coordinates from the last 5-ns (1.5-6.5-ns) simulations, a production period,

were collected for analysis.
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4. Results and Discussion
4.1 MD simulation of the 2009 HA H1N1 complexed with hHAR

MD simulation of a 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 RMSD fluctuation of ca. 0.5 A (Figure 5). The simulation run

could thus provide a suitable basis for the subsequent analyses.

3
< 2+ WWWMMM
a
0w 4N
= |
X q-
0 g T g T E T :
0 1 2 3 4
Time/ns

Figure 5 Root-mean-square deviation (RMSD) of all heavy atoms of hemagglutinin
and human SIA-a.2,6-GAL pentasaccharide receptor to the staring structure as a

function of simulation time.

The obtained hHAR was found to properly occupy the binding pocket of the
2009 HIN1 HA, similar to what has been observed experimentally in the other viral

influenza HA strains®® #-4

, 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 Figure 2A for

residue positions) were revealed. Structural properties, hydrogen bonds and per

residue-receptor interactions are extensively discussed in the following sections.



15

4.1.1 Sialopentasaccharide receptor conformation

To investigate the conformational character of the human SIA-a2,6-GAL
sialopentasaccharide receptor, the distribution of eight important torsion angles,
defined in Figure 6A, from (i) 71-z4 bridging between the saccharide units and (ii) z5-
78 of the functional groups of the terminal sialic acid, were measured and plotted in
Figures 6B and 6C, respectively.

It can clearly be seen in Figure 6B that the 71 and 2 torsions of the first three
saccharide units (SIA1, GAL2 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 (Figure 2A and 2B) and, therefore, that many
hydrogen bonds with the HA residues were firmly formed (Figure 7A, discussed
later). The most probable glycosidic torsion angle (71, black line in Figure 6B) was
found at ca. -68° indicating the adopted cis-conformation of the SIA1 terminal to the
GAL2 of the receptor. This proposed conformation is consistent with what has been
observed both experimentally and theoretically for the human SIA-a2,6-GAL
receptor binding to the influenza HA subtypes H1, H3 and H5 whose glycosidic
torsion angles were observed to fall within the range of between -50° and -70°% 48,
In the same fashion, the 73 and 74 angles linking between the last three saccharides
(NAG3, GAL4 and GLC5) showed the single preferential sharp peak at ca. -73°
(Figure 6B) indicating their high rigidity along simulation period.

To reveal the conformational change of the terminal sialic acid, the torsion

angles of its functional groups were further evaluated and the results are shown in

Figure 6C. Amongst the four angles, 5 and 76 are slightly broader than the other two
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angles, 77 and z8. This indicates that the -COO- and -NHAc groups could feasibly

rotate rather than the hydrophilic group.

Figure 6 (A) Definition of torsion angles of the human SIA-2,6-GAL
sialopentasaccharide receptor. Probability distributions of the (B) torsion angles (z1-
) linking between each saccharide unit and (C) torsion angles (z5-78) of the

functional groups of the terminal sialic acid.

4.1.2 Enzyme-receptor hydrogen bonds

To determine the protein-receptor interactions, hydrogen bonds between the
HA residues and the human SIA-a2,6-GAL sialopentasaccharide receptor were
calculated according to the two criteria: (i) a proton donor (D) and acceptor (A)
distance of < 3.5 A and (ii) a D-H..A angle of > 120°.

The number and percentage of hydrogen bond occupation of each of the 2009
HA binding residues and all five saccharides of the receptor were evaluated, and the
results are shown in Figure 7A (see description in Table 2). At the terminal sialic acid
(SIAL, see Figure 7A), extensive interactions were found with Y95 and the highly
conserved residues of the 130-loop (V135, T136 and A137), 190-helix (H183), 220-

loop (Q226). The hydroxyl oxygen of the hydrophilic group forms a strong hydrogen
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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. Based on
the numbers of hydrogen bonds (see Figure 7A), 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®® 4.

For the second unit of the human SIA-a2,6-GAL sialopentasaccharide
receptor (GALZ2), 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 H5 HA-receptor complex, but not in the H3 and H9 HA-receptor
complexes “®. 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 H1 HA-receptor complex 2% *°,
forms hydrogen bonds through its backbone oxygen with the GAL2 unit. Finally,
considering the other three units (NAG3, GAL4 and GLC5) of the
sialopentasaccharide, 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 H1l-receptor structure %,
Interestingly, they are, however, different from what has been reported for the H3, H5

and H9 HA-receptor complexes where the last three glycans explicitly interact with

the 150-loop and 190-helix.*®
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Taking into account all the simulation results shown above, all the important
hydrogen bonds between the SIA-a2,6-GAL sialopentasaccharide receptor and the
residues of the 130-loop, 190-helix and 220-loop are considerably conserved and are
more likely to be similar to those observed in the H1 HA-receptor complex structure
28,45 indicating the likely reliability of the simulated structures of the human receptor
bound to the pocket of the viral HLIN1-2009 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-a2,6-GAL sialopentasaccharide glycan, which is the

main receptor found in human respiratory tract host cells.
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Figure 7 (A) Hydrogen bonding occupation and (B) decomposition (DC) energy in
kJ-mol™ of the individual residues of the 2009 HIN1 HA towards the human SIA-2,6-

GAL sialopentasaccharide receptor (see Figure 2 for residue labels).
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Table 2 Hydrogen bond descriptions and interactions detected between heavy atoms

of the human SIA-a2,6-GAL pentasaccharide receptor

hemagglutinin residues.

and 2009-H1N1

Pentasaccharide HA Type %0Occupation
SIAL Y95 Y95 OH_H---08_SIAl 92
Y95 Y95 OH---H_09 SIAl 14
V135 V135 _N_H---O5N_SIAl 94
V135 V135 O---H_N5_SIAl 93
T136 T136_OG1_H---O1B_SIAl 100
Al137 Al37_N_H---Ol1A SIAl 85
Al137 Al137_N_H---O1B SIAl 50
K145 K145 NZ H---O4_SIAl 60
H183  H183 NE2---H_09 SIAl 91
Q226  Q226_NE2_H---O1A SIA1l 16
Q226 Q226 _NE2 H---O1B_SIAl 95
Q226 Q226 _OE1---H_0O8_SIAl 68
GAL2 K222 K222 NZ H---O3_GAL2 96
D225 D/G225_0O---H_0O4 GAL2 97
D225 D225 OD1---H_03 GAL2 55
D225 D225 OD2---H_03 GAL2 48
NAG3 D190 D190 OD1---H_N2_NAG?2 57
D190 D190 OD2---H_N2_NAG2 47
GAL4 D190 D190 OD1---H 02 GAL4 30
S193  S193 OG---H_02_GAL4 45
S193  S193 OG_H---O2_GAL4 21
GLC5 Al189 T189 O---H_06_GLC5 12
S193  S193 OG---H_03_GLC5 20
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4.1.3 Per residue HA enzyme - SIA-a2,6-GAL receptor interactions

To reveal the fundamental basis of the binding between the human SIA-a.2,6-
GAL sialopentasaccharide receptor and the influenza HA, the interaction energy
between each of the individual residues and the SIA-a.2,6-GAL sialopentasaccharide
were evaluated 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.

The evaluated DC energies of the HA residues located in the binding pocket
were plotted in Figure 7B, 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 conserved residues which are the members of the
130- and 220-loops: V135, T136, A137, K222 and Q226. The corresponding DC
energies of < -8 kJ-mol™ due to these residues agree well with the hydrogen bond
data discussed above (Figure 7A) and corroborates 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 Figure 7B 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 previous theoretical report, * 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-02,6-GAL sialopentasaccharide, 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
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a central residue and its environment, including the SIA-a2,6-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.

4.2 Molecular dynamics simulation of the hHAR bound to four different HA

strains of H1IN1 influenza viruses

4.2.1 Changes of the receptor conformation inside the H1 binding pocket

The attachment of the viral surface homotrimeric glycoprotein HA to the host
membrane via the hHAR is believed to be the primary step in the viral replication
cycle. To differentiate the receptor’s conformation in the binding pocket of the HAs
of the Spanish flu (H1-1918), swine flu (H1-1930), seasonal flu (H1-2005) and a
novel pandemic flu (H1-2009), the distributions of the torsion angles (t1-t9 in Figure
8) were measured and are plotted in Figure 9. As defined in Figure 8, t1-t9 were
classified in three important regions providing three different characters of the
receptor binding, (i) t1-t3: conformations of terminal sialic acid (SIA1) a2,6-linked
to galactose (GAL2) of the hHAR,; (ii) t4-t6: orientations of the three side chains of
the SIA1 functional groups and (iii) t7-t9: bridging between the saccharide units 2 - 5

of the receptor.
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Figure 8 Schematic representation and definitions of the t1-t9 torsion angles of the
hHAR in the binding site of the HA subtype H1. Some labeled atoms used in the
results and discussion are also shown. The labels, such as S/S/N/K145, were used to
represent the four different amino acids in the same sequence number of the 1918-,

1930-, 2005- and 2009-H1N1 HAs, respectively.

The distributions of the torsion angle plots (Figure 9), excluding t9 of H1-
1930 and t4 of H1-2005, reveal clearly that all torsion angles of the four HA-hHAR
systems show a sharp peak at almost the same position, suggesting that the hHAR
adapts itself very well to reach its optimal structure within the four HINI HA binding

sites.
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Figure 9 Distribution plots of the torsion angles (t1-19) of the hHAR lying within the
binding pocket of the HA of the four HLN1 strains (H1-1918, H1-1930, H1-2005 and

H1-2009).

The t1-t3 angles on the single bonds linking between the six-membered rings
of the SIA1 terminus and the GALZ2 unit show a sharp peak at ca. -65°, -165° and 70°,
respectively, indicating an identical orientation of these two sugars puckered into the
HA pocket site. The t1 glycosidic torsion of ca. -65° represents their cis-conformation
on the a-ketosidic linkage corresponding to those commonly observed in the SIA-
a2,6-GAL receptor (hHAR) bound to other HAs by both experimental and theoretical
studies.®® °**2 Considering the orientations of the three side chains of the SIA1, the
difference was only found at the carboxylate group of the H1-2005 in which its t4

was detected at ca. 30° relative to ca. 180° for the other HAs, i.e., in difference from
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the other systems, the O1A group (see Figure 8) of the H1-2005 was rotated into the
binding site to interact with the HA residues. The t6 angle of the hydrophilic moiety
displayed a sharper peak than the t4 of the —.COO- and t5 of the -NHACc groups,
indicating that these two side chains are slightly more flexible in a narrow range in
comparison with the hydrophilic group of the terminal SIA1.

For the remaining sugar moieties lying on the surface-exposed region of the
hHAR protein (see Figure 3), the structural conformations of the NAG3 and GAL4
were found to be similar among the four HAs, as presented by the same degrees of t7
and t8 angles (-70° and -80°, respectively, in Figure 8). However, the orientation of
the last glycan unit, GLCS5, in the H1-1930 (t9 of 65°, red line) was somewhat
different from the other three HAs (19 of -65°). Therefore, different intermolecular
interactions of the terminal GLC5 sugar of the saccharide chain with the protein
surface residues are to be expected in the H1-1930 case (details in the following

sections).

4.2.2 Enzyme-receptor interactions

To gain insight into the efficiency of the hHAR binding to the HAs of H1-
1918, H1-1930, H1-2005, and H1-2009, the percentage and number of hydrogen
bonds between this receptor and the contact residues of HAs were measured
according to the subsequent criteria: (i) the distance between proton donor (D) and
acceptor (A) atoms < 3.5 A; and (ii) the D-H...A angle > 120°. The results are shown

in Figure 9 and the hydrogen bond descriptions are given in Table 3.
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Figure 9 Hydrogen bond occupation between the five saccharide units (SIA1, GAL2,
NAG3, GAL4 and GLC5) of the hHAR and the HA binding residues of (A) Spanish
flu (H1-1918), (B) swine flu (H1-1930), (C) seasonal flu (H1-2005) and (D) a novel
flu (H1-2009). The residues which are different among the four HAs are shown with a
box around the label (see Figure 3 for residue positions). Residues of the 130-loop,

190-helix and 220-loops are colored by red, blue and green, respectively.

As shown in Figure 9, hydrogen bonds between the hHAR and the HA
residues in all systems can be firmly formed in the three important binding HA
regions: 130-loop, 190-helix and 220-loop, especially at the sialic acid terminus which
is inserted directly into the receptor-binding pocket of the HA. Strong hydrogen bonds
are almost conserved at the residues Y95, V135, T136, A137, and Q226 of the four
HA strains. Note that major interactions between the SIA1 and the T136 and Q226 are
maintained although different hydrogen bonding pattern was detected, i.e., the
interaction takes place via the O1A in the H1-2005 and the O1B in the other HAs.

Noticeably change was found when the S/S/N145 — a polar residue with non-charged
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side chain — in the H1-1918, H1-1930, and H1-2005 was replaced by the K145 — a
positively charged residue in a novel HA. This makes the H1-2009 capable of
establishing one moderate hydrogen bond to the O4 of SIALl. The observed results
lead to conclusion that introducing of the fourth lysine (K145) of the lysine fence
(K133, K156, and K222) in the HA of the 2009 facilitates stronger enzyme-receptor
binding by better anchoring the SIAL terminus. This observation is in agreement with
the recently proposed hypothesis.>* Furthermore, a strong hydrogen bond between the
H183 and the O9 of SIAl was observed in the H1-1930, H1-2005 and H1-2009
complexes whereas this kind of interaction was disappeared in the case of H1-1918
system.

A major difference was additionally found at the connecting GAL2 unit,
where the number and percentage of hydrogen bonding interactions detected at the
HA 220-loop on residues K222 and D/G/G/D225 are much stronger for H1-1918 and
H1-2009 than those of H1-1930 and H1-2005 (Figure 9). It is clear that for the
D/G/G/D225 binding, the direct electrostatic effects, due to the negatively charged
D225 residue, lead to a more effective interaction in the H1-1918 and the H1-2009
viral HAs than the non-charged G225 in the HA of the H1-1930 and H1-2005 viruses.
For the K222-GAL2 binding, the moderate and strong hydrogen bonds between O3 of
this particular unit and the K222 residue in the HA of H1-1918 and H1-2009 were
observed. This is possibly affected by the indirect effects due to the presence of one
(D225) and two (D225 and E227) negatively charged residues in the binding pocket
of H1-1918 and H1-2009, respectively. In 2009 influenza pandemic strain, the
orientation of the K222 residue was mainly stabilized by both D225 and E227
residues through electrostatic and salt-bridge interactions, respectively (see Figure
10D and more discussion in the next section) whereas only D225 was observed to

stabilize K222 in the case of H1-1918. This is in contrast with what was found for the
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H1-1930 and H1-2005 viruses, where both the G225 and A227 residues are
hydrophobic, leading to a lowering of the electrostatic potential in this region, relative
to those of the other two systems. This provides a clear reason why K222 could not
form a stable hydrogen bond with GAL2 in the H1-1930 and H1-2005 HAs (Figures
9B and 9C, respectively). This hypothesis is further analyzed in terms of the
electrostatic potential plot in the next section. A crucial role of residue 225 has been

9.23. 24 \ith the additional hypothesis that mutation of this residue

reported previously,
could result in a reduced viral binding affinity to the hHAR. It has also been
experimentally found that the presence of the G225 residue in the HA of H1-1930 and
H1-2005 apparently reduced the binding efficiency of the virus to the hHAR.* 2

With respect to the NAG3, GAL4 and GLC5 saccharide units, which lay on
the surface exposed region (Figure 3), far from the binding pocket, and are supposed
to play only a minor role in holding the receptor in place, a lower percentage and
number of hydrogen bonds were found (Figure 9) in comparison to those observed at
the first two units (SIA1 and GALZ2) of the receptor. Their interactions were
moderately strong with 190-helix residues T/T/T/A189, D190, and S193.

Taking into account all the above given data, the order of hydrogen bond
strengths of the hHAR binding to the HIN1 HAs was H1-2009 > H1-1918 > H1-2005
~ H1-1930. The increase of binding affinity in the novel H1-2009 (H1N1) HA to the
hHAR is mainly due to the higher hydrophilicity at the receptor binding domain, in
which residues 145, 225 and 227 were found to play a critical role. The
transmissibility of the 2009 H1N1 virus (depending upon several external factors and
determined by the basic reproduction number, R, of 1.2 - 1.6) falls within the range of
the 1918 Spanish flu (Ro of 1.4 - 2.8) but is higher than that of seasonal influenza

virus (Ro of 0.9 - 2.1).>>°® This transmission ability is supposed to relate, somewnhat,

to the predicted enzyme-receptor binding affinity. Note that the pathogenesis and



28

transmission studies of the 2009 H1N1 influenza virus indicated that a novel flu was
observed to be more pathogenic than the seasonal HIN1 virus.*® °” Since the 2009
influenza virus could deeply penetrate into the airways and exhibits more extensive
viral replication in the respiratory tract, its severity could potentially increase in
56, 57

comparison with seasonal virus.

4.2.3 Effect of charged residues on the receptor binding affinity

Figure 10 Electrostatic potential map of hHAR and HA binding residues K222,
D/G/G/D225 and A/A/AIE227 of (A) Spanish flu (H1-1918), (B) swine flu (H1-
1930), (C) seasonal flu (H1-2005) and (D) novel flu (H1-2009). Positive and negative

electrostatic potentials are represented by blue and red, respectively.

As already mentioned, hydrogen bond analysis revealed that introduction of
charged amino acids in the receptor binding domain of the novel HA influenza virus
could effectively contribute to the binding with the hHAR, in particular HA residues
222, 225 and 227. Therefore, to provide an additional perspective on the contribution

of the polar residues to the hHAR-HA binding, the electrostatic isosurface maps of the
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hHAR and the HA 222, 225 and 227 residues were plotted in Figure 10. The positive
and negative electrostatic potentials are indicated by blue and red, respectively.

In all systems, the negative electrostatic potentials (Figure 10, red) were found
around the SIA1 and GAL2 units of the hHAR, while a positive electrostatic potential
was generated over the K222 residue (Figure 10, blue). Differences between the four
viral HAs are clearly and obviously observed in the region around the 225 and 227
residues. Here, changing the negatively charged D225 residue in the 1918- and 2009-
H1N1 models to a non-polar G225 residue (Table 2) leads to the negative electrostatic
potential around residue 225 almost totally disappearing (the red regions in Figures
10A and 10D change to white in Figures 10B and 10C, respectively). In addition, the
substitution of a non-polar A227 residue of the 1918-, 1930- and 2005-H1N1 HAs
(Table 2) with a negatively charged E227 residue in the HA of H1-2009 leads
additionally to an enhanced negative electrostatic potential around the 227 residue
(the red region, which is only observed in Figure 10D).

As a consequence, the electrostatically negative potentials near residues D225
and E227 are unique in the H1-2009 H1N1 isolate (of the four studied) and the
enhanced electronegative isosurface could potentially stabilize the ionic network of
the 220-loop residues K222, D225 and E227. This helps the K222 residue to adjust its
conformation to be in optimal contact with the GAL2 moiety of the hHAR, leading to
the formation of a strong hydrogen bond in the H1-2009 HA-hHAR complex (Figure
4D), as previously discussed. On the other hand, the electrostatic potentials that result
from the combination of the charged- and non-charged residues (D225 and A227) can
potentially induce the moderate K222-GAL2 hydrogen bond formation in the H1-
1918 HA-hHAR interaction (Figure 10A). This is not the case for the H1-1930 and

H1-2005 HAs (Figures 9B and 9C, respectively), where this hydrogen bond is very



30

weak because both G225 and A227 are fully uncharged and could not establish such
ionic network with the K222.

4.2.4 Role of the non-conserved residue 227

Although residue 227 was found to vary between the influenza A viral strains,
the receptor binding residues Q226 and G228 are highly conserved, forming a “Q226-
X227-G228” pattern or so called “QXG” site, where QSG and QGG sites are found in
the avian H3 or H5 and H2 influenza virus HAs, respectively.?* *® In this study, both
the 1918-, 1930-, and 2005-H1N1 strains contain the QAG sequences, whereas the
2009-novel flu (H1-2009) shows a unique QEG site. The increased hydrophilicity in
the receptor binding region is apparently the development of the current pandemic flu
from the 1918 Spanish, the 1930 swine and the seasonal 2005 flues. As shown and
described in the previous sections, substitution of the non-charged A227 residue with
the negatively charged E227 improves the binding of HA to the hHAR and this is
potentially attained by establishing the ionic network with the K222 and D225
residues. This finding thus indicates that the non-conserved residue 227 possibly plays
a critical role in the evolution of a new and potentially more pathogenic HIN1
influenza virus. Note that among the three residues in the HA “QXG” site of the four
H1 strains under this study, Q226 is the only residue that interacts directly with the
hHAR via strong hydrogen bonds (Figure 9).

4.2.5 Human HAR solvation

Solvation of the hHAR was monitored in terms of atom-atom radial
distribution functions, RDFs, gxy(r)—the probability of finding a particle of type y
within a sphere radius r around the particle of type x. The RDFs from all heteroatoms
of the hHAR to the oxygen atom of water were evaluated. The selected RDFs and the

corresponding running coordination numbers, n(r), are shown in Figure 11.
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Figure 11 Radial distribution function, g(r), centered on the selected heteroatoms of
the hHAR (see Figure 2 for atomic labels) to oxygen atoms of water molecules and

the running coordination number, n(r), for the four simulated HA-hHAR systems.

For all HA-hHAR complexes, the major differences in the g(r) at the SIAl
terminus takes place only on the O1B atom (see Figure 3 for atomic label), where the
plot for the H1-2005 complex shows the first sharp peak at ~2.7 A with the
corresponding coordination number n(r) integrated up to its first minimum of 2.8
water molecules (Figure 11B, right axis). This indicates that the water was firmly
coordinated to the O1B atom of the H1-2005, but not in the HA-hHAR systems of
H1-1918, H1-1930 and H1-2009. This is because of the interchange of the O1A and
O1B positions due to the rotation of the t4 angle (see Figure 11).

Although no significant difference was found in terms of the peak position of
the RDFs of the other atoms of the SIA1 (Figures 11A, 11C and 11D), however, the

n(r) of the H1-1918, H1-1930 and H1-2005 show a higher average number of water
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molecules located around this glycan unit than that detected in the H1-2009. In other
words, the SIA1 of the hHAR in the HA-hHAR complex of the H1-2009 virus is less
solvated than that with the other three HAs. This is consistent with the hydrogen bond
data (Figure 9), where a greater level of direct contact leads to the formation of more
hHAR-HA hydrogen bonds with the H1-2009 than with the other three viral strains. A
clear example is the moderate hydrogen bonding between the O4 atom of SIA1 of the
hHAR and the guanidinium group of the HA K145 residue that only takes place in
H1-2009 (Figure 9D). Another example that supports the degree of the solvation of
09 atom (Figure 11D) is the strong hydrogen bonding between this oxygen and the
HA H183 residue, which is in a reverse order of the first shell coordination numbers
for O9 of 1.5 1.5, 2.0 and 2.5 water molecules for H1-2005, H1-1930, H1-2009 and
H1-1918, respectively.

For the other four glycan units, the following significant differences were
found; O3 of GAL2 (Figure 11E), N2 of NAG3 (Figure 11F) and O3 of GLC5 (Figure
11G) in which the degree of solvation also supports the hydrogen bond data discussed

previously (Figure 9).

5. Conclusion

In this research work, three dimensional structure of the hHAR receptor bound
to the recently detected 2009 HIN1 HA was modeled based on a homology modeling
approach and consequently performed by MD simulations. In comparison to the other
influenza HA-hHAR complexes, the simulated results of this receptor binding to the
2009 H1INZ1 influenza HA provided the highest similarity to those from the structure
of the H1-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. Although many experimental aspects of the 2009 H1N1
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outbreak, including its virulence and pandemic potential are still uncertain, our
molecular information could provide a better understanding in the first step of the
viral life cycle based on how the viral surface glycoprotein HA of the 2009 influenza
A (H1N1) efficiently attaches and tightly binds with the hLHAR.

In addition, MD simulations of the hHAR bound to the four different HAs of
the 1918-, 1930, 2005- and 2009-HIN1 influenza viruses were also studied and
compared. We found that the crucial presence of a positively charged K145 residue in
the HA of the novel H1-2009 can potentially make a lysine fence with residues K133,
K156 and K222 and provides an optimal contact to hydrogen bond with the SIA1 of
the hHAR. Owing to the presence of an uncharged S/S/N145 residue in place of the
K145, such an ionic network was not created in the Spanish 1918, swine 1930 or
seasonal 2005 virions, resulting in the lower potency of HA-hHAR binding. As
observed in the all HIN1 strains,?* ?* 2 HA residue 225 plays a critical role in the
hHAR GAL2 binding efficiency. The presence of a negatively charged D225 residue
in the HAs of the H1-1918 and H1-2009 could provide a larger number of hydrogen
bonds in the HA-hHAR complex than that observed in H1-1930 and H1-2005, where
a non-charged G225 residue exists instead. Q226 of the “QAG” (1918-, 1930- and
2005-H1IN1) or “QEG” (2009-H1N1) HA sequence directly interacts with the hHAR
SIA1 terminus via hydrogen bonds, while the non-conserved 227 residue was found to
play a role in stabilizing the enzyme structure around the K222 residue. Introduction
of the negatively charged HA E227 residue in the H1-2009 substantially enhanced the
HA-hHAR binding efficiency through hydrogen bonds formation between the HA
K222 residue and the GAL2 unit of the hHAR. The efficiency of the hHAR binding
to the HA of the novel 2009 H1N1 viral strain is greater than that in the 1918 Spanish
and the 2005 seasonal (which is comparable to the 1930 swine) influenza viruses,

respectively. A major contribution to the virion HA—cellular hHAR binding in H1-
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2009 is apparently gained from the charged residues existing in the HA binding
pocket. Our simulated results provide a better understanding of how the viral surface

glycoprotein HA of different HIN1 strains efficiently attach and bind to the hHAR.

6. Suggestions for future works:

Although many HA studies have been carried out, there are still many open
questions concerning this particular glycoprotein and it would very interesting to:

A) Search for active inhibitors against HA protein, in particular at the receptor
binding region and membrane fusion

B) Simulate the HA-inhibitor complex. This would be useful to future
development of potent HA drugs.

C) Investigate the mechanism or function of HA by using high accuracy method

D) Extend MD simulations for longer time period to see whether dynamical
behaviors of protein-receptor complexes are significantly different from that

reported in this work
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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.

Keywords Computational chemistry - Hydrogen bonds -
Molecular modelling - Sialopentasaccharide receptor -
Per residue interactions - Molecular dynamics simulations

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.

@ Springer

RMSD/A

0 L] l v l L] l v

Time/ns

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) t/—t4 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 «-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
HINTI influenza HA. The potential contact residues and five units of
the receptor (SIA1, GAL2, NAG3, GAL4, and GLCS5) 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 (75-18) 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 H5, whose glycosidic torsion angles
were observed to fall within the range of between —50° and
—70° [21, 30-33]. In the same fashion, the t3 and 74 angles
linking between the last three saccharides (NAG3, GAL4,
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, t5 and t6 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)

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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Fig. 4 a Hydrogen bonding (a)
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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 Hl 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 SIA-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-2-2,6-GAL pentasaccharide
receptor and 2009-HIN1 hemagglutinin residues

Pentasaccharide HA Type Occupation
(%)
SIA1 Y95  Y95_OH_H---O8_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
Al137 Al137_N_H--O1A_SIAl 85
A137 Al137_N_H--O1B_SIAl 50
K145 KI45_NZ _H---04_SIAl 60
H183 HI83_NE2---H_09_SIAl 91
Q226 Q226_NE2_H:--O1A_SIA1 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_0---H_04_GAL2 97
D225 D225_0OD1--H_0O3_GAL2 55
D225 D225_0D2---H_O3_GAL2 48
NAG3 D190 DI190_ODI1--H_N2_NAG2 57
D190 DI190_OD2---H_N2_NAG2 47
GAL4 D190 DI190_ODI1--H_0O2_GAL4 30

S193  S193_OG---H_02_GALA4 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 SIA-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(H1INT1) [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

@ Springer

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 ™! Afz,
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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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The recent outbreak of the novel 2009 H1N1 influenza in humans has focused global attention on this virus,
which could potentially have introduced a more dangerous pandemic of influenza flu. In the initial step of
the viral attachment, hemagglutinin (HA), a viral glycoprotein surface, is responsible for the binding to the
human SIA a2,6-linked sialopentasaccharide host cell receptor (nHAR). Dynamical and structural properties,
based on molecular dynamics simulations of the four different HAs of Spanish 1918 (H1-1918), swine
1930 (H1-1930), seasonal 2005 (H1-2005), and a novel 2009 (H1-2009) H1N1 bound to the hHAR were
compared. In all four HA—hHAR complexes, major interactions with the receptor binding were gained
from HA residue Y95 and the conserved HA residues of the 130-loop, 190-helix, and 220-loop. However,
introduction of the charged HA residues K145 and E227 in the 2009 HA binding pocket was found to
increase the HA—hHAR binding efficiency in comparison to the three previously recognized HIN1 strains.
Changing of the noncharged HA G225 residue to a negatively charged D225 provides a larger number of
hydrogen-bonding interactions. The increase in hydrophilicity of the receptor binding region is apparently
an evolution of the current pandemic flu from the 1918 Spanish, 1930 swine, and 2005 seasonal strains.
Detailed analysis could help the understanding of how different HAs effectively attach and bind with the

hHAR.

INTRODUCTION

The emerging influenza pandemic of the 2009 influenza
A/HIN1 virus, with readily detected human—human trans-
mission rates, has raised serious global concern for human
health in recent times. Among the known targets determining
the virus life’s cycle, the initial step of viral attachment is
mediated by HA binding the virion to the host cell receptor,
a2,6 linked sialopentasaccharide (SIA-2,6-GAL; hHAR) in
the case of humans. Amino acid mutations in the HA receptor
binding domain could potentially introduce an outbreak of
a new influenza virus. Relative to the 1918 Spanish (H1-
1918), the 1930 swine (H1-1930), and the 2005 seasonal (H1-
2005) HINZ1 viruses, the HA binding pocket of the 2009
H1N1 (H1-2009) virus was found to display a notably higher
hydrophilicity than the other three viral HAs. Such types of
electronic effects, in cooperation with the structural differ-
ences due to the amino acid components (Table 1) in the
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binding pocket of the four HAs, are supposed to affect their
susceptibility. A detailed and comparative understanding of
the HA-hHAR binding among the four HIN1 strains is, then,
the rational goal of this study.

On June 11, 2009, the WHO raised the alert status of the
2009 influenza A/HIN1 to level 6.* This novel HIN1
pandemic has caused at least 18 000 deaths in many countries
around the world (as of July 2010). The most devastating
influenza pandemic, 1918 H1N1 Spanish Flu, killed more
than 40 million people worldwide.>~* The replication cycle
of influenza virus is initiated by the attachment of the viral
HA to sialylated glycans on the target cell-surface receptor,
allowing for viral penetration into the host cell. While the
adopted sialic acid o2,3-galactose linkage with a short glycan
chain and cone-like topology is more favorable in avian
influenza virus, the human and swine influenza viruses
preferentially recognizes the sialic acid a2,6-galactose with
longer glycan chains and an umbrella like topology,® *°
hereafter referred to the hHAR. Besides HA functions, the
M2-proton channel and neuraminidase (NA) are associated
with the proton transport and the release of the newly
synthesized viral particles in the viral replication cycle.
Although the antiviral drugs approved against M2 ion
channel and NA proteins are currently used for the treatment
of influenza virus infections, the limitation of drug resistances
because of amino acid mutations has led to an effort to

© 2010 American Chemical Society
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Table 1. Comparison of Amino Acids in the HA Receptor Binding
Domain of the Four Different HIN1 Influenza Viruses: The 1918
Spanish Flu (H1-1918), 1930 Swine Flu (H1-1930), 2005 Seasonal
Flu (H1-2005), and 2009 Novel Flu (H1-2009)*

HIN1 HA strains
H1-1930 H1-2005

residue 1D H1-1918 H1-2009

95
133
133a
134
135
136
137
138
145
153
155
183
185
186
189
190
192
193
194
219
222
225
226
227
228

OPOURPrOOUATIIASO>>A<SO XA
OPOMAPrVOU—HTIIKSO> > A< 0T
OPOOARMErVOUADTIIKEZ>>A<OITZ<
OMOOXR T VOOPINTITIKSIIA>> A< XZ<

# Residues are numbered (residue 1D) according to 1918 Spanish
flu sequence. Using H1-1918 as the reference, the residue
differences in the other three isolates are shown in bold and
underlined. Residue K133a is an inserted amino acid specific to H1.

discover new potent inhibitors. Impacts of drug-resistant
mutant strains of these two targeted proteins and their
relevant commercial agents have been extensively studied.**

The viral genetic sequences in the HA receptor binding
domain of the four different HIN1 influenza viruses, that
is, the 1918 Spanish flu, 1930 swine flu, 2005 seasonal flu,
and 2009 novel flu, are compared and are summarized in
Table 1 (see multiple sequence alignment in Figure S1,
Supporting Information). Using the original 1918 HIN1 HA
as the reference, the amino acids at 7 A spherical radius
around the hHAR in the binding pockets of the H1-1930,
H1-2005, and H1-2009 HAs contain three (K133aR, T155V,
and D225G), six (T133N, K133aR, S145N, T155V, A219E,
and D225G), and seven (T133N, S145K, T155V, P186S,
T189A, A219I, and A227E) substitutions (shown in bold and
underlined in Table 1), respectively. From a comparison of
the hydrophobic plots (Figure 1), the 2009 HA binding
pocket displays considerably higher hydrophilic character-
istics (represented by the blue surface) than those of the other
three HA strains. Since the residues 190 and 225 are known
to be a key factor determining the HA—hHAR binding in
all HIN1 subtypes,®®2° and the HAs of all HIN1 strains
contain D190, therefore, interest is focused on residue 225
in which G225 was found in the 1930 swine and 2005
seasonal viruses, whereas D225 was detected in the HAs of
the two pandemic strains, H1-1918 and H1-2009 (Table 1).
In addition, residue A227, which is the receptor binding site
that is commonly conserved as “Q226-A227-G228” (QAG)
was replaced by E227 in the novel 2009 influenza virus.
Substitution of A227 by the negatively charged E227 residue
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(QEG) is supposed to affect the orientation of the surrounding
residues.*® As a consequence, the increase of the hydrophi-
licity and the replacement of the QAG by the QEG receptor
binding site of the H1-2009 HA are possibly involved in
the recognition and familiarity-strength in the binding to the
hHAR of the newly emerged flu.

To examine the influence of the electronic and structural
changes in the four HA binding pockets, molecular dynamics
(MD) simulations of the hHAR bound to the four HA
AJHIN1 influenza viruses were carried out. The HA—hHAR
binding, as well as the structural and dynamical properties,
were analyzed and are extensively discussed. The observed
information at the atomic level could essentially provide a
better understanding and a prediction of the new H1IN1
influenza pathogenesis.

MATERIALS AND METHODS

System Preparation. The cocrystal structure of the 1930
swine influenza A/HIN1 HA (H1-1930) with the hHHAR and
the crystal structure of the apo form of the 1918 influenza
A/HIN1 HA (H1-1918), were retrieved from the Protein Data
Bank (PDB entry codes 1IRVT and 1RUZ, respectively)®*
and were used as the starting structures for the MD
simulations. To prepare the hHAR bound to the H1-1918
HA, superposition of the H1-1930 and the H1-1918 HA
proteins over the backbone carbon atoms was performed,
and the H1-1930 coordinates were then removed, retaining
the coordinates of hHAR. The structure of the 2005 seasonal
HIN1 HA complexed with the hHAR was prepared in a
similar fashion of the H1-2009.22 Briefly, using the structure
of 1930 swine flu?! as a template and amino acid sequences
of the isolated Influenza A/swine/Chachoengsao/NIAH587/
2005(H1N1),% the 3D-structure of the 2005 HA protein was
created by homology modeling technique using the module
implemented in Discovery Studio 2.0.>* The hHAR bound
to the H1-2005 HA was set up in a similar manner to that
of the aforementioned H1-1918.

Molecular Dynamics Simulations. All calculations of the
HA-hHAR complexes were carried out using the AMBER
10 software package.?® The HA proteins and the hHHAR were
parametrized using the AMBER03%® and GLYCAMO6 force
fields,?” respectively. Protonation of the ionizable amino
acids was assigned at pH 7.0 using the PROPKA program,?82°
All missing hydrogen atoms were added using the LEaP
module implemented in AMBER 10.2° The simulated system
was subsequently solvated by TIP3P water molecules in a
cubic box with dimensions of 65 x 68 x 143 A3 for H1-
1918, 65 x 68 x 141 A3 for H1-1930, and 67 x 68 x 141
A3 for H1-2005. This is almost comparable to that of 66 x
69 x 141 A3 used before for the H1-2009 complex.?? The
electroneutrality of the simulated systems was treated by
adding 1, 0, 4, and 5 chloride counterions for H1-1918, H1-
1930, H1-2005, and H1-2009, respectively. The periodic
boundary condition in the isobaric—isothermal (NPT) en-
semble with a constant pressure of 1 atm and temperature
of 310 K was set up, whereas a Berendsen coupling time of
0.2-ps was employed to control the temperature. Nonbonded
interactions were calculated with a 12 A residue-based cutoff,
and the Particle Mesh Ewald method®® was applied to treat
the long-range electrostatic interactions. A 2-fs step size with
the SHAKE algorithm®! was used along the simulations.
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Figure 1. The hHAR in the binding pocket of the four viral influenza A/HIN1 HAs: (A) 1918 Spanish flu (H1-1918), (B) 1930 swine flu
(H1-1930), (B) 2005 seasonal flu (H1-2005), and (D) 2009 novel pandemic flu (H1-2009). For H1-1930, H1-2005, and H1-2009, the
residues that differ from the reference H1-1918 sequence are shown in red. The hydrophilic and hydrophobic surfaces are colored by blue

and orange, respectively.

The water molecules were first relaxed with 500 steps of
steepest descent (SD) and 1000 steps of conjugated gradient
minimizations, while the HA and hHAR coordinates were
kept fixed. The whole system was consequently optimized
by performing 1,000 steps of SD and 1,000 steps of
conjugated gradient minimizations. Afterward, the systems
was heated to 310 K over 100-ps simulation and pre-
equilibrated for 400 ps with position restraints on the h(HAR
atoms with factors of 20 and 10 kcal -mol~*- A~2 to maintain
their coordinates inside the receptor-binding pocket. Finally,
6.5-ns simulations were carried out for each HA-hHAR
complex and the structural coordinates from the last 5-ns
(1.5—6.5-ns) simulations, a production period, were collected
for analysis.

RESULTS AND DISCUSSION

Changes of the Receptor Conformation Inside the
H1 Binding Pocket. The attachment of the viral surface
homotrimeric glycoprotein HA to the host membrane via the
hHAR is believed to be the primary step in the viral
replication cycle. To differentiate the receptor’s conformation
in the binding pocket of the HAs of the Spanish flu (H1-
1918), swine flu (H1-1930), seasonal flu (H1-2005), and a
novel pandemic flu (H1-2009), the distributions of the torsion
angles (r1—79 in Figure 2) were measured and are plotted
in Figure 3. As defined in Figure 2, 71—19 were classified
in three important regions providing three different characters
of the receptor binding: (i) 71—173, conformations of terminal
sialic acid (SIAl) a2,6-linked to galactose (GAL2) of the
hHAR; (ii) 4—16, orientations of the three side chains of
the SIAl functional groups; and (iii) 77—179, bridging
between the saccharide units 2—5 of the receptor.

The distributions of the torsion angle plots (Figure 3),
excluding 79 of H1-1930 and 74 of H1-2005, reveal clearly
that all torsion angles of the four HA-hHAR systems show

a sharp peak at almost the same position, suggesting that
the hHAR adapts itself very well to reach its optimal structure
within the four HINI HA binding sites.

The 71—13 angles on the single bonds linking between
the six-membered rings of the SIA1 terminus and the GAL2
unit show a sharp peak at approximately —65°, —165° and
70°, respectively, indicating an identical orientation of these
two sugars puckered into the HA pocket site. The 71
glycosidic torsion of approximately —65° represents their
cis-conformation on the o-ketosidic linkage corresponding
to those commonly observed in the SIA-02,6-GAL receptor
(hHAR) bound to other HAs by both experimental and
theoretical studies.?***~3% Considering the orientations of
the three side chains of the SIAL, the difference was only
found at the carboxylate group of the H1-2005 in which its
74 was detected at ~30° relative to ~180° for the other HAS,
that is, in difference from the other systems, the O1A group
(see Figure 2) of the H1-2005 was rotated into the binding
site to interact with the HA residues. The 76 angle of the
hydrophilic moiety displayed a sharper peak than the 74 of
the —COO™ and 75 of the —NHACc groups, indicating that
these two side chains are slightly more flexible in a narrow
range in comparison with the hydrophilic group of the
terminal SIA1L.

For the remaining sugar moieties lying on the surface-
exposed region of the hHAR protein (see Figure 1), the
structural conformations of the NAG3 and GAL4 were found
to be similar among the four HAs, as presented by the same
degrees of 77 and 78 angles (—70° and —80°, respectively,
in Figure 3). However, the orientation of the last glycan unit,
GLCS5, in the H1-1930 (79 of 65°, red line) was somewhat
different from the other three HAs (79 of —65°). Therefore,
different intermolecular interactions of the terminal GLC5
sugar of the saccharide chain with the protein surface residues
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Figure 2. Schematic representation and definitions of the 71—79
torsion angles of the hHAR in the binding site of the HA subtype
H1. Some labeled atoms used in the results and discussion are also
shown. The labels, such as S/S/N/K145, were used to represent
the four different amino acids in the same sequence number of the
1918-, 1930-, 2005- and 2009-HIN1 HAs, respectively.

are to be expected in the H1-1930 case (details in the
following sections).

Enzyme—Receptor Interactions. To gain insight into the
efficiency of the hHAR binding to the HAs of H1-1918, H1-
1930, H1-2005, and H1-2009, the percentage and number
of hydrogen bonds between this receptor and the contact
residues of HAs were measured according to the subsequent
criteria: (i) the distance between proton donor (D) and
acceptor (A) atoms of <3.5 A and (ii) the D—H-+-A angle
of =120°. The results are shown in Figure 4 and the
hydrogen bond descriptions are given in Table S1 (Support-
ing Information).

As shown in Figure 4, hydrogen bonds between the h(HAR
and the HA residues in all systems can be firmly formed in
the three important binding HA regions, 130-loop, 190-helix,
and 220-loop, especially at the sialic acid terminus which is
inserted directly into the receptor-binding pocket of the HA.
Strong hydrogen bonds are almost conserved at the residues
Y95, V135, T136, A137, and Q226 of the four HA strains.
Note that major interactions between the SIA1 and the T136
and Q226 are maintained although different hydrogen
bonding pattern was detected, that is, the interaction takes
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Figure 3. Distribution plots of the torsion angles (r1—19) of the
hHAR lying within the binding pocket of the HA of the four HIN1
strains (H1-1918, H1-1930, H1-2005, and H1-2009).

place via the O1A in the H1-2005 and the O1B in the other
HAs (see Table S1, Supporting Information). Noticeably
change was found when the S/S/N145, a polar residue with
noncharged side chain, in the H1-1918, H1-1930, and H1-
2005 was replaced by the K145, a positively charged residue
in a novel HA. This makes the H1-2009 capable of
establishing one moderate hydrogen bond to the O4 of SIAL.
The observed results lead to conclusion that introducing of
the fourth lysine (K145) of the lysine fence (K133, K156,
and K222) in the HA of the 2009 facilitates stronger
enzyme—receptor binding by better anchoring the SIA1
terminus. This observation is in agreement with the recently
proposed hypothesis.®® Furthermore, a strong hydrogen bond
between the H183 and the O9 of SIAL was observed in the
H1-1930, H1-2005, and H1-2009 complexes, whereas this
kind of interaction was disappeared in the case of H1-1918
system.

A major difference was additionally found at the connect-
ing GAL2 unit, where the number and percentage of
hydrogen bonding interactions detected at the HA 220-loop
on residues K222 and D/G/G/D225 are much stronger for
H1-1918 and H1-2009 than those of H1-1930 and H1-2005
(Figure 4). It is clear that for the D/G/G/D225 binding, the
direct electrostatic effects because of the negatively charged
D225 residue, lead to a more effective interaction in the H1-
1918 and the H1-2009 viral HAs than the noncharged G225
in the HA of the H1-1930 and H1-2005 viruses. For the
K222-GAL2 binding, the moderate and strong hydrogen
bonds between O3 of this particular unit and the K222
residue in the HA of H1-1918 and H1-2009 were observed.
This is possibly affected by the indirect effects caused by
the presence of one (D225) and two (D225 and E227)
negatively charged residues (see also Table 1) in the binding
pocket of H1-1918 and H1-2009, respectively. In 2009
influenza pandemic strain, the orientation of the K222 residue
was mainly stabilized by both D225 and E227 residues
through electrostatic and salt-bridge interactions, respectively
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Figure 4. Hydrogen bond occupation between the five saccharide units (SIA1, GAL2, NAG3, GAL4, and GLC5) of the hLHAR and the HA
binding residues of (A) Spanish flu (H1-1918), (B) swine flu (H1-1930), (C) seasonal flu (H1-2005), and (D) a novel flu (H1-2009). The
residues which are different among the four HAs are shown with a box around the label (see Figure 1 for residue positions). Residues of
the 130-loop, 190-helix, and 220-loops are colored by red, blue, and green, respectively.

Figure 5. Electrostatic potential map of hHAR and HA binding residues K222, D/G/G/D225 and A/A/A/E227 of (A) Spanish flu (H1-
1918), (B) swine flu (H1-1930), (C) seasonal flu (H1-2005), and (D) novel flu (H1-2009). Positive and negative electrostatic potentials are

represented by blue and red, respectively.

(see Figure 5D and more discussion in the next section),
whereas only D225 was observed to stabilize K222 in the
case of H1-1918. This is in contrast with what was found
for the H1-1930 and H1-2005 viruses, where both the G225
and A227 residues are hydrophobic, leading to a lowering
of the electrostatic potential in this region, relative to those
of the other two systems. This provides a clear reason why
K222 could not form a stable hydrogen bond with GAL2 in
the H1-1930 and H1-2005 HAs (Figure 4B and C, respec-
tively). This hypothesis is further analyzed in terms of the

electrostatic potential plot in the next section. A crucial role
of residue 225 has been reported previously,*®*8 with the
additional hypothesis that mutation of this residue could
result in a reduced viral binding affinity to the hHAR. It has
also been experimentally found that the presence of the G225
residue in the HA of H1-1930 and H1-2005 apparently
reduced the binding efficiency of the virus to the hHHAR. 31618

With respect to the NAG3, GAL4, and GLC5 saccharide
units, which lay on the surface exposed region (Figure 1),
far from the binding pocket, and are supposed to play only
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a minor role in holding the receptor in place, a lower
percentage and number of hydrogen bonds were found
(Figure 4) in comparison to those observed at the first two
units (SIA1 and GALZ2) of the receptor. Their interactions
were moderately strong with 190-helix residues T/T/T/A189,
D190, and S193.

Taking into account all the above given data, the order of
hydrogen bond strengths of the hHAR binding to the HIN1
HAs was H1-2009 > H1-1918 > H1-2005 = H1-1930. The
increase of binding affinity in the novel H1-2009 (H1N1)
HA to the hHAR is mainly because of the higher hydrophi-
licity at the receptor binding domain, in which residues 145,
225, and 227 were found to play a critical role. The
transmissibility of the 2009 HIN1 virus (depending upon
several external factors and determined by the basic repro-
duction number, R, of 1.2—1.6) falls within the range of the
1918 Spanish flu (R, of 1.4—2.8) but is higher than that of
seasonal influenza virus (R, of 0.9—2.1).%*8 This transmis-
sion ability is supposed to relate, somewhat, to the predicted
enzyme-receptor binding affinity. Note that the pathogenesis
and transmission studies of the 2009 HIN1 influenza virus
indicated that a novel flu was observed to be more pathogenic
than the seasonal H1N1 virus.*®3° Since the 2009 influenza
virus could deeply penetrate into the airways and exhibits
more extensive viral replication in the respiratory tract, its
severity could potentially increase in comparison with
seasonal virus.>®%°

Effect of Charged Residues on the Receptor Binding
Affinity. As already mentioned, hydrogen bond analysis
revealed that introduction of charged amino acids in the
receptor binding domain of the novel HA influenza virus
could effectively contribute to the binding with the hHHAR,
in particular HA residues 222, 225, and 227. Therefore,
to provide an additional perspective on the contribution
of the polar residues to the hHAR-HA binding, the
electrostatic isosurface maps of the hHAR and the HA
222, 225, and 227 residues were plotted in Figure 5. The
positive and negative electrostatic potentials are indicated
by blue and red, respectively.

In all systems, the negative electrostatic potentials (Figure
5, red) were found around the SIA1 and GAL2 units of the
hHAR, while a positive electrostatic potential was generated
over the K222 residue (Figure 5, blue). Differences between
the four viral HAs are clearly and obviously observed in the
region around the 225 and 227 residues. Here, changing the
negatively charged D225 residue in the 1918- and 2009-
H1N1 models to a nonpolar G225 residue (Table 1) leads to
the negative electrostatic potential around residue 225 almost
totally disappearing (the red regions in Figure 5A and D
change to white in Figure 5B and C, respectively). In
addition, the substitution of a nonpolar A227 residue of the
1918-, 1930-, and 2005-HIN1 HAs (Table 1) with a
negatively charged E227 residue in the HA of H1-2009 leads
additionally to an enhanced negative electrostatic potential
around the 227 residue (the red region, which is only
observed in Figure 5D).

As a consequence, the electrostatically negative potentials
near residues D225 and E227 are unique in the H1-2009
HIN1 isolate (of the four studied) and the enhanced
electronegative isosurface could potentially stabilize the ionic
network of the 220-loop residues K222, D225, and E227.
This helps the K222 residue to adjust its conformation to be
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in optimal contact with the GAL2 moiety of the hHAR,
leading to the formation of a strong hydrogen bond in the
H1-2009 HA—hHAR complex (Figure 4D), as previously
discussed. On the other hand, the electrostatic potentials that
result from the combination of the charged- and noncharged
residues (D225 and A227) can potentially induce the
moderate K222—GAL2 hydrogen bond formation in the H1-
1918 HA—hHAR interaction (Figure 4A). This is not the
case for the H1-1930 and H1-2005 HAs (Figure 4B and C,
respectively), where this hydrogen bond is very weak because
both G225 and A227 are fully uncharged and could not
establish such ionic network with the K222.

Role of the Nonconserved Residue 227. Although residue
227 was found to vary between the influenza A viral strains,
the receptor binding residues Q226 and G228 are highly
conserved, forming a “Q226-X227-G228” pattern or so-
called “QXG” site, where QSG and QGG sites are found in
the avian H3 or H5 and H2 influenza virus HAS, respectively, 840
In this study, both the 1918-, 1930-, and 2005-H1N1 strains
contain the QAG sequences, whereas the 2009-novel flu (H1-
2009) shows a unique QEG site. The increased hydrophilicity
in the receptor binding region is apparently the development
of the current pandemic flu from the 1918 Spanish, the 1930
swine, and the seasonal 2005 influenzas. As shown and
described in the previous sections, substitution of the
noncharged A227 residue with the negatively charged E227
improves the binding of HA to the hHAR, and this is
potentially attained by establishing the ionic network with
the K222 and D225 residues. This finding thus indicates that
the nonconserved residue 227 possibly plays a critical role
in the evolution of a new and potentially more pathogenic
H1N1 influenza virus. Note that among the three residues
in the HA QXG site of the four H1 strains under this study,
Q226 is the only residue that interacts directly with the h(HAR
via strong hydrogen bonds (Figure 4).

Human HAR Solvation. Solvation of the hHAR was
monitored in terms of atom—atom radial distribution func-
tions, RDFs, g.(r), the probability of finding a particle of
type y within a sphere radius r around the particle of type x.
The RDFs from all heteroatoms of the hHAR to the oxygen
atom of water were evaluated. The selected RDFs and the
corresponding running coordination numbers, n(r), are shown
in Figure 6.

For all HA-hHAR complexes, the major differences in the
g(r) at the SIA1 terminus takes place only on the O1B atom
(see Figure 2 for atomic label), where the plot for the H1-
2005 complex shows the first sharp peak at ~2.7 A with the
corresponding coordination humber n(r) integrated up to its
first minimum of 2.8 water molecules (Figure 6B, right axis).
This indicates that the water was firmly coordinated to the
O1B atom of the H1-2005, but not in the HA-hHAR systems
of H1-1918, H1-1930, and H1-2009. This is because of the
interchange of the O1A and O1B positions due to the rotation
of the 74 angle (see Figure 3).

Although no significant difference was found in terms of the
peak position of the RDFs of the other atoms of the SIAl
(Figure 6A, C, and D), the n(r) of the H1-1918, H1-1930, and
H1-2005 show a higher average number of water molecules
located around this glycan unit than that detected in the H1-
2009. In other words, the SIA1 of the hHHAR in the HA—hHAR
complex of the H1-2009 virus is less solvated than that with
the other three HAs. This is consistent with the hydrogen bond
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Figure 6. Radial distribution function, g(r), centered on the selected heteroatoms of the hHAR (see Figure 2 for atomic labels) to oxygen
atoms of water molecules and the running coordination number, n(r), for the four simulated HA—hHAR systems.

data (Figure 4), where a greater level of direct contact leads to
the formation of more hHAR—HA hydrogen bonds with the
H1-2009 than with the other three viral strains. A clear example
is the moderate hydrogen bonding between the O4 atom of SIAL
of the hHAR and the guanidinium group of the HA K145
residue that only takes place in H1-2009 (Figure 4D). Another
example that supports the degree of the solvation of O9 atom
(Figure 6D) is the strong hydrogen bonding between this oxygen
and the HA H183 residue, which is in a reverse order of the
first shell coordination numbers for O9 of 1.5 1.5, 2.0, and 2.5
water molecules for H1-2005, H1-1930, H1-2009, and H1-1918,
respectively.

For the other four glycan units, the following significant
differences were found: O3 of GAL2 (Figure 6E), N2 of
NAG3 (Figure 6F), and O3 of GLC5 (Figure 6G), in which
the degree of solvation also supports the hydrogen bond data
discussed previously (Figure 4).

CONCLUSION

In the present work, MD simulations of the hHAR bound
to the four different HAs of the 1918-, 1930-, 2005-, and
2009-H1N1 influenza viruses were studied and compared in
terms of hydrogen bond formation, receptor conformational
changes, the role of the receptor binding residues and the
receptor solvation level.

In all complexes, the glycosidic torsion angle linking the
terminal sialic acid and the adjoining GAL2 of apprximately
—65° confirmed the preferentially favorable cis-conformation
of the hHAR, similar to that detected with other HA strains.3**®
The SIA1 terminus was found to interact strongly with the HA
Y95 residue and with the conserved residues of the HA receptor
binding domain, which consists of the 130-loop (V135, T136
and A137), 190-helix (H183, except for H1-1918), and 220-
loop (K222 and Q226) through many strong hydrogen bonds,
whereas the GAL2 and the last three glycan units (NAGS3,
GAL4 and GLC5) of the hHAR established hydrogen bonds
with amino acids in the HA 220-loop and 190-helix, respec-
tively. More importantly, the crucial presence of a positively
charged K145 residue in the HA of the novel H1-2009 can
potentially make a lysine fence with residues K133, K156, and
K222 and provides an optimal contact to hydrogen bond with
the SIAL of the hHHAR. Because of the presence of an uncharged

S/SIN145 residue in place of the K145, such an ionic network
was not created in the Spanish 1918, swine 1930, or seasonal
2005 virions, resulting in the lower potency of HA—hHAR
binding. As observed in the all HIN1 strains,*>*3%° HA residue
225 plays a critical role in the hHAR GAL2 binding efficiency.
The presence of a negatively charged D225 residue in the HAs
of the H1-1918 and H1-2009 could provide a larger number of
hydrogen bonds in the HA—hHAR complex than that observed
in H1-1930 and H1-2005, where a noncharged G225 residue
exists instead. Q226 of the QAG (1918-, 1930-, and 2005-
H1N1) or QEG (2009-H1N1) HA sequence directly interacts
with the hHHAR SIA1 terminus via hydrogen bonds, while the
nonconserved 227 residue was found to play a role in stabilizing
the enzyme structure around the K222 residue. Introduction of
the negatively charged HA E227 residue in the H1-2009
substantially enhanced the HA—hHAR binding efficiency
through hydrogen bonds formation between the HA K222
residue and the GAL2 unit of the hLHAR. The lower hydrogen
bonding interactions in the H1-1918, H1-1930, and H1-2005
HAs were compensated by a higher degree of water accessibility
to the hHAR.

In conclusion, the efficiency of the hHAR binding to the
HA of the novel 2009 H1N1 viral strain is greater than that
in the 1918 Spanish and the 2005 seasonal (which is
comparable to the 1930 swine) influenza viruses, respec-
tively. A major contribution to the virion HA-cellular h(HAR
binding in H1-2009 is apparently gained from the charged
residues existing in the HA binding pocket. Our simulated
results provide a better understanding of how the viral surface
glycoprotein HA of different HIN1 strains efficiently attach
and bind to the hHAR.
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ABSTRACT

The recent outbreak of the novel 2009 HIN1 influenza in humans has focused global
attention on this virus which could potentially have introduced a more dangerous pandemic
of influenza flu. In the initial step of the viral attachment, hemagglutinin (HA), a viral
glycoprotein surface, is responsible for the binding to the human SIA «2,6 linked
sialopentasaccharide host cell receptor (hHHAR). Dynamic and structural properties, based
on molecular dynamics simulations of the three different HAs of Spanish 1918 (H1-1918),
swine 1930 (H1-1930) and the novel 2009 (H1-2009) HIN1 bound to the hHAR, were
compared. In all three HA — hHAR complexes, major interactions with the receptor binding
were gained from HA residue Y95 and the conserved HA residues of the 130-loop, 190-
helix and 220-loop. However, substitution of the charged HA residues K145 and E227 into
the 2009 HA binding pocket was found to increase the HA - hHAR binding efficiency in
comparison to the two previously recognized H1N1 strains. Changing of the non-charged
HA G225 residue to a negatively charged D225 provides a larger number of hydrogen
bonding interactions. The increase in hydrophilicity of the receptor binding region is
apparently an evolutionary trend of the current pandemic flu from the 1918 Spanish and
1930 swine flues. Detailed analysis could help the understanding of how different HA
effectively attaches and binds with the hHHAR.
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The binding of the viral glycoprotein, hemagglutinin (HA), and the human-
o2,6-linked sialopentasaccharide host cell receptor (hnHAR) is a critical step in the
viral replication cycle. Dynamical and structural properties of the four different HAs
of Spanish 1918 (H1-1918), swine 1930 (H1-1930), seasonal 2005 (H1-2005) and a
novel 2009 (H1-2009) H1N1 bound to the hHAR, were investigated by means of
molecular dynamics simulations. In all systems, major interactions between HA
residues and hHAR were obtained from Y95 and the conserved residues of the 130-
loop, 190-helix and 220-loop. Compared to the three previously recognized HIN1
strains, introductions of K145 and E227, charged residues, increased the HA-hHAR
binding efficiency of 2009 HA H1N1. In addition, changing of G225, the non-charged
residue, to D225, a negatively charged residue, provides a larger number of hydrogen
bonding interactions. The obtained information could help the understanding of how
different HAs effectively attach and bind with the hHHAR.
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