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Abstract

Recently, the outbreak of avian influenza virus subtype H5N1 has caused illness in
several animals including human infections, while the subsequent appearance of the novel
pandemic in 2009 caused by the new strain of influenza virus subtype H1N1, called swine flu
or H1IN1-2009 virus, has become the first pandemic of the 21% century. Before an effective
vaccination against influenza virus had been completed, the antiviral agents such as
oseltamivir (commercial name as tamiflu) are the only ways to treat the viruses.
Unfortunately, drug resistance to the commercial agents in influenza virus isolated from the
treated patients has been detected with high resistance rates. The emergence of oseltamivir-
resistant HIN1 pandemic viruses with H274Y substitution in neuraminidase (NA) genes has
been reported to the World Health Organization (WHO) from many countries. The known
H274Y and N294S mutations were found to resistant with oseltamivir in HSN1 NA subtype
N1. In this work, the oseltamivir binding to wild-type and mutant neuraminidase strains of
the influenza A H5N1 and H1N1-2009 viruses were studied by molecular dynamics
simulations. The HIN1 virus was predicted to be susceptible to oseltamivir, with all
important interactions with the binding residues being well conserved. In the H274Y mutant,
the mutated residue moves towards the —-OCHEt2 group leading to a reduction in
hydrophobicity and pocket size, whilst in the N294S mutant it acts as the hydrogen network
center bridging with R224 and the mutated residue S294. Relative to those of the wild type
(WT), loss of drug-target interaction energies, especially in terms of electrostatic
contributions and hydrogen bonds were dominantly established in the E119V and R292K
mutated systems. The inhibitory potencies of oseltamivir towards the WT and mutants were
predicted according to the ordering of binding-free energies: WT (-12.3 kcal-mol™) > N294S
(-10.4 kcal-mol™) > H274Y (-9.8 kcal-mol™) > E119V (-9.3 kcal-mol™®) > R292K (-7.7
kcal-mol™), suggesting that the HIN1-2009 influenza with R292K substitution, perhaps,
conferred a high level of oseltamivir resistance, while the other mutants revealed moderate
resistance levels. A better understanding of molecular inhibition and source of drug resistance
is greatly useful as a rotational guide for synthetic and medicinal chemists to develop a new

generation of anti-influenza drugs.

Keywords: Influenza A virus, H5N1, H1N1-2009, Neraminidase, Oseltamivir, Molecular

dynamics simulations



Executive summary

The avian influenza A subtype H5NL1 is a virulent disease with results in significant
outbreaks throughout the world, causing numerous human and animal deaths. In February
2009, the pandemic influenza A/HINL1 virus (pH1N1) emerged from swines in Maxico and
rapidly spread out worldwide had raised a global human health concern. The new A (H1N1)
virus contains the combination of gene segments of swine, avian and human influenza
viruses. Based on genetic characterization, the hemagglutinin (HA) gene is similar to that of
the swine influenza virus currently circulating amongst USA pigs, whilst the neuraminidase
(NA) and matrix protein (M) genes are similar to those of swine influenza viruses isolated
from Europe. This unique genetic combination has not previously been detected elsewhere,
and none of the patients have had direct contact with pigs leading to the possibility of
increased human-to-human transmission of this new influenza virus. Due to antigenic
differences amongst influenza A strains, the current seasonal influenza vaccines cannot
provide protection against this new strain of A (HIN1) influenza virus. The A (H1N1)
viruses isolated from patients in USA and Mexico are sensitive to NA inhibitors but show
resistance to adamantine derivatives.

Influenza A viruses in the family of Orthomyxoviridae are composed of eight
segments of single-stranded negative sense RNA molecule encoding eleven known proteins
(PB2, PB1, PB1-F2, PA, HA, NP, NA, M1 and M2, and NS1A and NS2, Fig. 1). A lipid
envelop of the viral particle contains two spike glycoproteins, hemagglutinin (HA) and
neuraminidase (NA), and the transmembrane protein M2. HA is responsible for the viral
entry into target cells while NA plays a critical role in the release of newly synthesized viral
particles. The integral membrane protein M2 has a multifunction including proton selective

and ion channel. There are 16 antigenically distinct HA (H1-H16) and 9 NA (N1-N9)



subtypes. A combination of these HA and NA subtypes is used to identify different strains of

influenza virus such as HIN1, H2N2, and H5N1.

Figure 1. Schematic representation of influenza A virus particle [1]

Neuraminidase (NA), one of two glycoproteins on the surface of influenza virus, is
responsible for cleaving the terminal sialic acid from the host receptors in the viral replication
cycle. By blocking the NA activity, the new infectious virions cannot be released from the
host cell, therefore, NA is an important target for anti-influenza agents in the treatment and
prophylaxis of influenza infections. NA predominantly existed as a tetramer of high
molecular weight, 240 kDa, as shown in Fig. 2. Based on its phylogenetic tree, the nine
subtypes of NA, named N1-N9, are classified into two groups, group-1 (N1, N4, N5 and N8)
and group-2 (N2, N3, N6, N7 and N9). The main discrepancy in the structural feature
between the two NA groups was revealed by Russell et al. in 2006 [2]. The 150-cavity,
formed by open conformation of the 150-loop (residues 147-152), was found adjacent to the
sialic acid binding pocket in the group-1 NA (Fig. 2). However, the viral influenza pandemic

HIN1 NA recently crystallized lacks this cavity [3]. The highly conserved active site in all



subtypes consists of the catalytic residues (R118, D151, D152, R224, E276, R292, R371 and
Y406) and the framework residues (E119, R156, W178, S179, D198, 1222, E227, H274,

E277, N294, and E425).

Figure 2. Tetrameric neuraminidase with drug bound. Close up of oseltamivir and its
surrounding residues in NA subtype N1 of the influenza A/H5N1 and A/pH1IN1

viruses. The active site cavity of NA subtypes N1 and N2.

Up to date, the four anti-influenza drugs (zanamivir, oseltamvir, peramivir and
laninamivir in Fig. 3) targeting NA are available to combat the influenza virus. Zanamivir
(trade name Relenza® marketed by GlaxoSmithKline) used by oral inhalation is the first NA
agent developed through rotational drug design. Oseltamivir (Tamiflu® tablet from Roche) is
the most common used for influenza treatment. Peramivir (Rapiacta, brand name in Japan)
developed by BioCryst Pharmaceuticals was issued by the Food and Drug Administration as

emergency use to treat patients infected by pandemic HIN1 in October 2009. Laninamivir



(Inavir made by Daiichi Sankyo Co. Ltd.) recently approved and released in Japan in

September 2010 shows the long-acting inhibitory activity against the influenza virus.
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Figure 3. Chemical structures of the four available anti-influenza drugs (OTV, ZNV, PRV

and laninamivir) and the new potent inhibitors against influenza NA target

To date, oseltamivir resistances of the H274Y and N294S mutations in H5N1 were
experimentally reported as a 300-1700 and 20-80-fold reduction in the sensitivity,
respectively, compared to the wild-type. Locations of these two mutated framework residues
are adjacent to E276, a residue interacting with the most hydrophobic part (-OCHEt2) of the
inhibitor (Fig. 2). In addition, the oseltamivir resistance due to H274Y mutation in
neraminidase was also found in HIN1-2009. In the N2 and N9 subtypes, mutations on the
binding residues (E119V and R292K) of oseltamivir were detected after treatment in infected
patients with high oseltamivir resistance. The probable mutation in the neuraminidase (NA)

genes could cause resistance to the available drugs, especially oseltamivir. A new drug-



resistant strain probably leads to a large scale outbreak of influenza virus and an increase the
national and global public health concerns.

To provide information at the molecular level to aid the control and prevention of
emerging potential pandemic strains of the 2009-H1N1 influenza, multi-molecular dynamics
(MD) simulations in conjunction with the linear interaction energy (LIE) method have been
performed on complexes of oseltamivir bound to wild-type and mutant neuraminidase strains
of H5N1 and H1N1-2009 viruses. The structural property, drug—target interaction and the
binding affinity of oseltamivir against the mutated models are extensively discussed and

compared with those for the wild-type strain.

Objective

The main goals of this research work are

2.1 To understand how oseltamivir inhibits the neuraminidase function of the influenza A
virus subtypes H5N1 and H1IN1-2009

2.2 To compare the oseltamivir binding efficiency among the four different mutated NA
strains of H5N1 and H1N1-2009 influenza viruse

3.3 To investigate the source of oseltamivir resistance due to neraminidase mutations

Methodologies

Initial structure and system preparation

For HIN1 virus, the X-ray structures of the wild-type, and the two mutant strains
(H274Y and N294S), complexed with oseltamivir were obtained from the Protein Data Bank
(PDB), entry codes: 2HU4, 3CLO and 3CL2, respectively, and served as the starting

coordinates for the three bound OTV-N1 systems: (1) HSN1 WT, (2) H5N1 H274Y and (3)



H5N1 N294S, respectively. In contrast, the homology model of oseltamivir bound to the
wild-type NA of the 2009-H1N1 virus (pH1IN1 WT) was used as the initial structure for the
modeling of the four single mutations: N294S, H274Y, E119V and R292K. To prepare each
mutant, the specific residue was changed using the LEaP module of the AMBER 10 program

package, keeping the backbone and identical side chain atoms.

Figure 4. Initial structure of (left) the neuraminidase N1 complexed with oseltamivir and

(right) the oseltamivir in free state

All calculations were performed using the Q-program package, version 5. Each
system of the drug-protein bound state (left, Fig. 4) was capped by a 25 A sphere of TIP3P
water molecules centered on the C2 atom of oseltamivir and only water molecules where the
oxygen was not within a 2.4 A distance of any heavy atoms of the inhibitor and enzyme were
retained. Within a 22 A sphere of the centered C2 atom, the ionization state of each amino
acid with an electrically charged side chain was assigned using the PROPKA program. The
ionizable residues lying at 22-25 A distances were neutralized, except for the pairs of
charged residues which probably interact via hydrogen bonds. All ionizable residues

positioned further than a 25 A sphere from the center were treated as a neutral charge. After



solvation, the net charge of the final system of the drug-protein bound state was +2 which
was then neutralized by two CI ions. For the system with oseltamivir in the free state (right,
Fig. 4), the ligand was solvated by a 25 A sphere of TIP3P water molecules centered on its

C2 atom and counterions were added.

Molecular dynamics simulations

Spherical boundary molecular dynamics simulations for all drug-protein systems were
carried out under the surface constrained all atom solvent (SCAAS) model. Harmonic
constraints were treated to restrain all atoms further than 25 A from the C2 center. Long-
range electrostatic interactions were performed by the local reaction field (LRF)
approximation, with a cut-off radius of 10 A for the non-bonded interactions. To prevent the
diffusion of ligand and counterions toward the edge of the simulation sphere, the position of
the C2 atom of oseltamivir in the free state system was restrained with a 100 kcal mol™* A™2
harmonic potential, whilst a 75 kcal mol™* A2 flat-bottom harmonic potential, scaled from a
maximum at 20.5 A to zero at 21.5 A from the center, was used to treat the counterions. MD
simulations of each system were set up as follows. Firstly, the positions of the water
molecules were simulated, keeping all other atoms fixed to their initial positions, with the two
periods of MD simulations at 5 K. Then, the whole structure was relaxed by four periods of
MD simulations at 5 K and the system was heated from 5 K to 298 K in six 50 ps intervals
with an increasing temperature of 50 K, and followed by equilibration phase at 298 K.
Finally, four different starting structures obtained from the equilibration period were
separately performed by 5-ns simulations at 298 K. The NVT ensemble was employed and
the SHAKE algorithm was used to constrain all bonds involving hydrogen with a simulation
time step of 2 fs. Only the snapshots and energies taken from the production phase were used

for the analysis.
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Results and Discussion

Susceptibility of oseltamivir against H5N1 and pH1N1 influenza A viruses

To examine the efficiency of oseltamivir binding to the new A (H1N1) influenza NA
protein, the percentage and number of hydrogen bond (H-bond) interactions between
oseltamivir and the NA binding residues were determined using the following 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 Fig. 5 in comparison to the H5N1 influenza.

m N1/04H5N1 B N1/09H1N1

20-

%Occupation

R118 R292 R371 Y347 E119 D151 R152

Figure 5. Percentage occupation of hydrogen bonding of oseltamivir and its binding residues

In comparison between the two complexes (Fig. 5), dramatic changes were found at
the —.COO™ group of oseltamivir where a strong H-bond with R118 in the N1/09H1N1 system
with 84% occupation. The loss of the H-bond with N347 in the N1/09H1NL1 is due to its
smaller side chain relative to that of Y347 for the N1/04H5N1. Note that the significance of
Y347 was reported in a previous study on oseltamivir-resistance in the N1/04H5N1 isolate as
being due to the N294S mutation, which was found to increase the O1(OTV)-OH(374) H-

bond distance by 0.5 A, i.e., the occupation percentage of this H-bond was relatively
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decreased. Interestingly, the residues within a spherical radius of 5 A around the oseltamivir
of the new strain are completely identical to those of group-2 NA subtype N9. In addition,
oseltamivir was designed to fit to the cavity of this NA group.

To estimate the binding free energies (AGying) Of oseltamivir and its four sidechains
against the 2009 A (H1N1) influenza NA, 20 ns of MD simulations of OTV-N1/09H1N1
modeled system were carried out using the LIE method with Essex coefficients). Note that
the energy of each functional group was evaluated from the fitted LIE equation without the
addition of the c constant. The results are summarized in Table 1, where the corresponding
values for avian H5N1 influenza NA complexed with oseltamivir, and the experimental
energies converted from the ICsp and K, values [4-7], are also given for comparison. The
observed binding affinity of oseltamivir to the N1/09HIN1, at -12.8 kcal'mol™, is
considerably higher than that of its binding to N1/04H5N1, by 1.4 kcal-mol™, and falls within
the range of experimental energies determined for the other N1 strains (-11.8 to -13.1
kcal-mol™). The contribution from each side chain of oseltamivir to the absolute binding free
energy is in the following order: -COO~ > —-OCHEt, > -NHAc > -NH3 with the
corresponding values of -5.2, -4.6, -2.9 and -2.6 kcal-mol™, respectively (Table 1). These
predicted energies were not notably different from those of the avian N1 system, except for
the —COO™ group of N1/09H1N1 which shows an increase in the energetic contribution of 1.1
kcal-mol™. The calculated binding affinities lead us to conclude that the new A (H1N1)

influenza virus is slightly more sensitive to oseltamivir than the avian H5N1 influenza.

How does oseltamivir lose its activity against virulent H5N1 influenza mutants?
The predicted energies of the oseltamivir bound to the H5N1 wildtype and two
mutants, H274Y and N294S, evaluated from the LIE with Essex' coefficients are summarized

in Table 1. The experimental determined energies for the N1 inhibitory potencies by
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oseltamivir converted from the most recently observed K, and ICso values [4,5], are also
given for comparison. In Table 1, the H274Y and N294S mutants were found to reduce the
sensitivity to oseltamivir by 1.9 kcal-mol™ (from —11.4 to —9.5 kcal-mol™) and 0.5 kcal-
mol™* (from —11.4 to —10.9 kcal-mol™), respectively. This is in good agreement with the
ordering of the experimental binding energies of oseltamivir: wild-type ¢13.1 or —12.1

kcal-mol ™) > N294S (~10.5 or —9.3 kcal-mol ™) > H274Y (-9.8 or —8.5 kcal-mol ™).

Table 1. The experimental and predicted binding free energies (AGyping) Of 0seltamivir to the
wild-type (OTV-WT) and to the two mutants, OTV-H274Y and OTV-N294S, of H5N1 virus

calculated using a MD/LIE approach

The means and standard derivations are derived from four separated 5 ns simulations.

b Experimental binding energies were calculated from the K inhibitory constants [4] and ICs, values [7] (the
latter shown in parenthesis).

¢ The rms derivations were evaluated from the calculated AGy;ng energies with respect to the experimental AGpng

energies derived from the K, and ICsq values (the latter shown in parenthesis).

To provide detailed information on the conformational changes of the binding pocket
due to the mutations, the distributions of the torsional angle of the side chains of the two
mutated residues (Th274y and tnoess) and their neighborhoods (te276 and tro24), as well as the
bulky —OCHELt, moiety of oseltamivir (tw, Tx, Ty and 1z, See Fig. 6B for definition), were
plotted (Fig. 7). The torsional angles were defined by a set of four atoms. To monitor the

interaction changes between the two N1 residues, E276 and R224, as a result of the side chain
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rotations, hydrogen bond distances from the carboxylate group of E276 to the guanidinium
group of R224 (which is known to determine the hydrophobic-pocket formation) and to the
side chain of N294S were measured and the results are thus summarized and shown in Figs. 8

and 9.

Figure 6. Chemical structures of (A) sialic acid, and (B) oseltamivir's substituent functional
groups: -COO™, -NHs", -NHAc and —OCHEt,, showing the atomic numbering referred in the
text. (C) The crystal structures of oseltamivir bound to the active site of native N1 (cyan),
H274Y (pink) and N294S (yellow) mutants

In Fig. 7, the H274Y mutation cannot prevent the E276-R224 hydrogen bonding
interactions or the hydrophobic-pocket formation, in contrast to the proposed mechanism of
oseltamivir resistance caused by the H274Y mutation [4,8-10]. The primary source of
resistance is more likely to be due to the reduction of the hydrophobicity and size of the
hydrophobic pocket around the —OCHEt; side chain. Detailed information on the torsional
angle changes is summarized as follows. The H274Y mutation confers a significant change in
the sidechain torsional angle of the mutated residue 274, tr274v, from a tilted peak dominantly
found at —106° in the wild-type to a very sharp peak at —86° in the mutant (Fig. 7A). This

rotation, as well as an increase in the bulkiness of the tyrosine's phenol ring, leads to a large
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conformational rearrangement of the nearby residue E276 (see Fig. 6C for the initial structure

and Fig. 8A for the last MD snapshots).
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Figure 7. Distribution plots of the torsional angle of the bulky —OCHEt2 group of
oseltamivir, and the side chains of two mutated residues (H274Y and N294S) and two

neighboring residues (E276 and R224).

The te276 Observed in the H274Y system was noticeably split and shifted from a narrowand
sharp peak at —80° for the wild-type, into two peaks at 70°and 180° (Fig. 7C). This
accordingly causes the rearrangement of the R224 side-chain orientation, where tro24 Was
found to consequently rotate by 90° (Fig. 75D) to maintain its hydrogen bonding interactions
with the E276 carboxylate group, i.e., the two strongly formed hydrogen bonds indicated by a
sharp peak of NE(R224)-OE1(E276) and NH1(R224)-OE2(E276) at ca. 2.8 A distance.
These hydrogen bonds comparable with those found in the wild-type are in contrast to their
crystal structures in which only one carboxylate oxygen (OE1) of E276 interacts with the
guanidinium group of R224. As mentioned above, the rotations of tg276 and Tro24 towards the
inhibitor drastically reduce the hydrophobicity and size of the pocket which accommodates

the bulky group of oseltamivir. This is the main reason why the oseltamivir's bulkymoiety



15

cannot fit well into the hydrophobic pocket of the H274Y mutant, a notion which is also
supported by the high flexibility of the four torsional angles of the particular moiety (tw.z,
Fig. 7E-H). The results are in good agreement with the previous study on the H274Y N1
mutant [11] where the Y274 phenol ring was found to push the E276 carboxylate group
toward the bulky group of inhibitor; however, the hydrogen bonds between E276 and R224
were not observed.

The remarkable changes in the OTV-N294S complex were originated by the side
chain rotation of the mutated residue 294 (tn2o4s) Shifting from 78° in the wild-type to form
the two preferential conformations at—80° and—180°. This leads accordingly to the primary
source of oseltamivir resistance in the N294S mutated N1 strain, in contrast to that observed
for the oseltamivir-resistant H274Y mutant. The N294S rotation induces the E276 side chain
(te276) to turn around in the opposite way (78° an d—152°, Fig. 7C), in comparison to that of
the H274Y mutant (78° and ~180°), forming a strong hydrogen bond between the OE2-
carboxylate oxygen of E276 and the OG hydroxyl oxygen of the mutated residue S294 which
is not detected in either the N1 wild-type or the H274Y mutant. Thus, the E276-S294
hydrogen bond formation largely prevents the side chain rotation of E276 and the strong
interaction with R224 which is normally stabilized by the presence of two strong hydrogen
bonds. In other words, only the remaining carboxylate oxygen of E276 (OE1) in the N294S
system is able to form the interactions with the NE- and NH1-guanidinium nitrogens of R224
agreeing well with the crystallographic structure. This is different from the simulations of the
N294S N1 mutant [11] where the two hydrogen bonds formed between E276 and R224 were
not changed (from wild-type) by the N294S mutation. Although the H274 side chain seemed
to be able to rotate freely leading to the three preferential conformations at —104°, 32° and
110° (Fig. 7A), it did not interfere with the hydrophobic pocket which was constantly

constructed by the hydrogen bond network around the center residue E276. Instead, the Y347
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phenyl ring sometimes partially occupied the pocket and was also found in the crystal
structure (Fig. 6C). Again, in contradiction with that observed for the high-level oseltamivir-
resistant H274Y strain, the N294S mutation does not influence the conformations of the R224
side chain and —OCHEt; group. This statement was supported by the insignificant changes in
their torsional angles (Tr224, Tw-z IN Fig. 7C and E—H), in comparison to those of wild-type.
These results lead us to conclude that the hydrophobicity and size of the hydrophobic pocket

were not disturbed by the N294S mutation.

Figure 8. Structural alignment between the four last snapshots of the 5-ns MD simulations of
(A) OTV-WT and OTV-H274Y, and (B) OTV-WT and OTV-N294S. Closed view of
oseltamivir, the two residues E276 and R224 mainly forming the hydrophobic pocket around
the bulky —OCHEt, group of oseltamivir, the mutated residues (H274Y and N294S) and

Y347, are displayed.

Molecular prediction of oseltamivir efficiency against probable pH1N1 mutants
Multi-MD simulations in conjunction with the LIE method was performed on
oseltamivir—-NAbound complexes for the four probable NA mutants of influenza A (HIN1-

2009): two mutations on the framework residues (N294S and H274Y) and the two others on
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the direct-binding residues (E119V and R292K) of oseltamivir (Fig. 9). Reduction in the
oseltamivir—enzyme interaction energies, particularly in the electrostatic term, and in the
hydrogen bonding were both observed in the two mutated systems with substitution on the

direct-binding residues, E119V and R292K.

Figure 9. Modeled structure of oseltamivir bound to the wild-type strain of 2009-H1N1
influenza neuraminidase. Among the labeled residues, four residues colored in red are singly
mutated for investigation in this work: there are N294S, H274Y, E119V and R292K

mutations.

Based on the MD/LIE approach, the binding affinities of oseltamivir towards different
mutant models of the 2009-H1IN1 influenza [A/California/04/2009(H1N1)] were predicted
and are summarized in Table 2. As expected, oseltamivir’s binding-free energy against the
WT is the most favorable one at -12.8 kcal mol™. Only moderate binding-free energy values
were found for the N294S, H274Y and E119V mutated strains, in which the corresponding
AGping of -10.4, -9.8 and -9.3 kcal mol™, respectively. The lowest favorable binding of
oseltamivir is found in the R292K mutant with a predicted AGping of -7.7 kcal mol™. All the

calculated binding-free energies were found to fall within the ranges of those experimentally
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determined for various WT and mutant strains of the other influenza N1 and N2 subtypes
(Table 2). Taking all the above data into consideration, it seems likely that oseltamivir will be
significantly less potent an inhibitor for all the modeled mutants of the 2009-H1N1 strains,

with the ranked order of: R292K < E119V < H274Y < N294S.

Table 2 MD/LIE binding-free energies (DGbind) of oseltamivir towards the 2009-H1N1
influenza neuraminidases [A/California/04/2009(H1N1)] for the wild type (WT) and the

probable single mutations: N294S, H274Y, E119V and R292K

Means and standard deviations are derived from four separate 5-ns simulations

The experimental AGyng for different strains of N1 and N2, converted from the K| inhibitory and ICs, values, are
also given for comparison

# AGexperiment Was calculated from the experimental data using the following references: (b) ref. 5, (c) ref. 12, (d)

ref. 4 and (e) ref. 13

Suggestions for future works

A) Extend MD simulations for longer time period to see whether dynamical behaviors of
drug binding at neuraminidase active site are significantly different from that reported in this
work

B) To find new potent drugs, the detailed mechanism of the neuraminidase functions on
cleaving the terminal sialic acid from the host receptors in the viral replication cycle should

be revealed.
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C) Surveillance of any mutations in the influenza A (H1N1-2009) needs to be closely
watched, and prompt action taken for preparation for the next pandemic of potentially higher
oseltamivir-resistant HIN1 influenza strains. This calls for the urgent development of new

potent anti-influenza agents against both native and mutants forms of HIN1-2009.
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The recent outbreak of the novel strain of influenza A (H1N1) virus has raised a global concern of the
future risk of a pandemic. To understand at the molecular level how this new H1N1 virus can be inhibited
by the current anti-influenza drugs and which of these drugs it is likely to already be resistant to, homol-

ogy modeling and MD simulations have been applied on the HIN1 neuraminidase complexed with osel-
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tamivir, and the M2-channel with adamantanes bound. The HIN1 virus was predicted to be susceptible
to oseltamivir, with all important interactions with the binding residues being well conserved. In con-
trast, adamantanes are not predicted to be able to inhibit the M2 function and have completely lost their
binding with the M2 residues. This is mainly due to the fact that the M2 transmembrane of the new H1N1
strain contains the S31N mutation which is known to confer resistance to adamantanes.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Since March 2009, the outbreak of a new strain of influenza A
(H1NT1) virus infection in humans has raised increasing concerns
of the risk of a global flu epidemic. Many countries around the
world, especially The United States of America and Mexico, have
formally reported symptomatic human infections of this new A
(HIN1) virus [1]. The most effective antiviral agent, oseltamivir
(OTV), is recommended by The World Health Organization
(WHO) and the Centers for Disease Control and Prevention (CDC)
for treatment of the infected patients, whilst the new A (HIN1)
strain confers resistance to amantadine (AMT) and rimantadine
(RMT). To overcome this or any other future pandemic, this urgent
event needs a detailed understanding at the molecular level of any
inhibitory machinery of such commercially available and well
stocked front line drugs.

The new A (H1N1) virus contains the combination of gene seg-
ments of swine, avian and human influenza viruses. Based on ge-
netic characterization, the hemagglutinin (HA) gene is similar to
that of the swine influenza virus currently circulating amongst
USA pigs, whilst the neuraminidase (NA) and matrix protein (M)

* Corresponding author. Fax: +66 22 187603.
E-mail address: supot.h@chula.ac.th (S. Hannongbua).

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.05.066

genes are similar to those of swine influenza viruses isolated from
Europe. This unique genetic combination has not previously been
detected elsewhere, and none of the patients have had direct con-
tact with pigs leading to the possibility of increased human-to-hu-
man transmission of this new influenza virus [2]. In late April 2009,
WHO has raised the pandemic alert for influenza A (HIN1) to
phase 5, which is when the spread of disease between humans is
occurring in more than one country [3].

Due to antigenic differences amongst influenza A strains, the
current seasonal influenza vaccines cannot provide protection
against this new strain of A (H1N1) influenza virus. Up to date,
there are two classes of anti-influenza agents: (i) NA inhibitors,
oseltamivir and zanamivir, protecting the release and spread of
progeny virions; (ii) adamantane derivatives, amantadine and
rimantadine, preventing the proton transfer in the M2 ion-channel
[4]. The A (H1N1) viruses isolated from patients in USA and Mexico
are sensitive to NA inhibitors but show resistance to adamantane
derivatives [5].

To gain the fundamental knowledge on the structure and the
drug-target interactions of the new strain of influenza A (HIN1)
virus, homology modeling and molecular dynamics (MD) simula-
tions were carried out on the three inhibitor-enzyme complexes:
OTV-NA, AMT-M2 and RMT-M2. The present study is an extension
from, and is compared to, our previous works on avian influenza
H5N1 virus which were focused to understand the structural
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properties, intermolecular interactions and predictive inhibitory
potencies of both wild- and mutant-type viruses at the NA and
M2 targets [6-10].

Materials and methods

Models of the 2009 H1N1 influenza neuraminidase and M2-chan-
nel. The initial structures of the new strain of A (H1IN1) influenza
NA (N1/09H1N1) and M2-channel (M2/09H1N1) were modeled
based on the available 3D structures and the genomic sequence
data of virions recently isolated from infected patients in southern
California, A/California/04/2009 (H1N1). Here, the crystal structure
of avian influenza N1 (N1/04H5N1) with oseltamivir bound, (PDB
entry code: 2HU4) [11], and the solid state NMR structure of the
transmembrane segment of a homotetrameric M2 channel
(2H95.PDB) [12], were used as the templates. The sequence align-
ment was performed using the homology modeling module imple-
mented in the Discovery Studio 2.0 software. Relative to the amino
acid sequences of the templates, the N1/09H1N1 and M2/09H1N1
proteins had 92% and 84% identity, respectively. To prepare the
OTV-N1/09H1N1 complex, superimposition of OTV-N1/04H5N1
with N1/09H1N1 was performed and the N1/04H5N1 atomic coor-
dinates were then deleted. For the AMT-M2/09H1N1 and RMT-M2/
09H1NT1 structures, the inhibitor was docked into the tetrameric
M2 channel using the Autodock 3.0 program [13]. All built models
were further refined by energy minimization and consequently MD
simulations were performed for 20 ns on the NA complex, and for
8 ns on the M2 systems. All calculations were set up according to
our previous studies on avian influenza NA [14] and M2-channel
[9,10] (see detailed methodology in Supplementary material).

Linear interaction energy method. The linear interaction energy
(LIE) method was used to calculate the binding free energies
(AGping) of the oseltamivir bound to the NA enzyme. This method
is a linear response semiempirical technique used to evaluate the
free energy changes from the simulations of two states: (i) the sol-
vated ligand (free state), and (ii) the ligand bound to the solvated
protein (bound state). Based on the LIE method, the total binding
free energy was contributed from van der Waals (U"*W) and elec-
trostatic interaction energies (U®'®°) using the equation given
below:

AGbind = a(< UVdW>bound_ < UVdW>free) + ﬂ(< UEleC>b0und_
< Uelec>free) +7 (1)

where o and p are empirical scaling coefficients for the van der
Waals and electrostatic interaction energies, respectively, and 7 is

Table 1

Binding free energies (AGping) Of oseltamivir and its functional groups to the 2009
H1NT1 influenza neuraminidase (N1/09H1N1) based on the MD/LIE approach. Means
and standard deviations are derived from four separate 5 ns simulations. The AGping
for the OTV-N1/04H5N1 complex and the experimental values are also given for
comparison.

System AGping [kcal-mol ']

Oseltamivir -CO0~ -NH5* -NHAc —OCHEt,
N1/09H1N1 -12.8+0.9 -52+04 -26%05 -29+02 -46+09
N1/04H5N1 —-11.4+04 —-41+03 -28+01 -26+01 -45+04
Experimental (-11.8)-(-13.1) - - - -

a constant. Here, Essex’s coefficients (o =0.472, f=0.122 and
7y = 2.603), efficiently derived from a statistical analysis of the inhib-
itor sets binding to the NA enzyme [15], were used to fit the LIE
equation. This set of coefficients has previously been found to be
the most predictive model for the NA system amongst the many
developed models, with or without the addition of the hydration
term.

Results and discussion

All calculations are modeled and discussed in comparison to our
previous studies on the avian H5N1 influenza NA (N1/04H5N1) [6-
8,14] and M2-channel (M2/04H5N1) [9,10]. Relative to N1/
04H5NT1, all residues in the N1/09H1N1 binding pocket are con-
served except for one, the tyrosine (Y374) being replaced by aspar-
agine (N374) (Fig. 1A). This is not the case for the M2-channel in
which amongst the 19 key residues three were changed, that is
the 128 and N31 at the extracellular site and T43 close to the gating
tryptophan (W41) of M2/09H1N1, were changed from V28, S31
and 143 of the M2/04H5NT1, respectively (Fig. 1B).

Efficiency of oseltamivir against influenza A (H1N1) neuraminidase

To estimate the binding free energies (AGping) Of oseltamivir
and its four sidechains against the 2009 A (H1N1) influenza NA,
20 ns of MD simulations of OTV-N1/09H1N1 modeled system were
carried out using the LIE method with Essex coefficients (Eq. (1)).
Note that the energy of each functional group was evaluated from
the fitted LIE equation without the addition of the y constant. The
results are summarized in Table 1, where the corresponding values
for avian H5N1 influenza NA complexed with oseltamivir [14], and
the experimental energies converted from the ICso and K; values
[16-19], are also given for comparison.

Fig. 1. Modeled structures of 2009 H1N1 influenza A virus: (A) oseltamivir bound to the binding site of neuraminidase, and (B) the adamantane inhibitor docked into the M2-
channel. The residues which differ from those of avian H5N1 influenza are highlighted and some atoms are labeled for simplicity in the investigations and discussions.
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The observed binding affinity of oseltamivir to the N1/09H1N1,
at —12.8 kcal - mol~', is considerably higher than that of its binding
to N1/04H5N1, by 1.4 kcal - mol !, and falls within the range of
experimental energies determined for the other N1 strains
(—11.8 to —13.1 kcal - mol™?!) [16-19]. The contribution from each
side chain of oseltamivir to the absolute binding free energy is in
the following order: -COO~ > ~OCHEt, > -NHAc ~ -NHj with the
corresponding values of —5.2, —4.6, —2.9 and —2.6 kcal - mol !,
respectively (Table 1). These predicted energies were not notably
different from those of the avian N1 system, except for the -COO~
group of N1/09H1N1 which shows an increase in the energetic
contribution of 1.1 kcal - mol~!. The calculated binding affinities
lead us to conclude that the new A (H1N1) influenza virus is more
sensitive to oseltamivir than the avian H5N1 influenza.

To examine the efficiency of oseltamivir binding to the new A
(H1N1) influenza NA protein, the percentage and number of hydro-
gen bond (H-bond) interactions between oseltamivir and the NA
binding residues were determined using the following criteria: (i)
the distance between proton donor (D) and acceptor (A) atoms
<3.5A and (ii) the D-H...A angle >120°. The results are shown
in Fig. 2A (where description is given in Table S1, Supplementary
materials) in comparison to the H5N1 influenza [14]. Distributions
of the H-bond distance for the 118 and 347 residues are plotted in
Fig. 2B.

In comparison between the two complexes, dramatic changes
were found at the -COO™~ group of oseltamivir where a strong H-
bond with R118 in the N1/09H1N1 system with 84% occupation
(Fig. 2A), and the preferential 02-NH2 (R118) distance of 2.9 A,
was newly formed (Fig. 2B, grey line). This is different for the
N1/04H5N1 in which this distance takes place at ~4.2 A (Fig. 2B,
black line). The loss of the H-bond with N347 in the N1/09H1N1
is due to its smaller side chain relative to that of Y347 for the
N1/04H5N1 (Fig. 2A). This notion is supported by the distribution
plots of the H-bond distances (Fig. 2C), in which the maxima of
the two peaks were found at 2.8 and 5.3 A for N1/O9HIN1 and
N1/04H5NT1, respectively. Note that the significance of Y347 was
reported in a previous study on oseltamivir-resistance in the N1/
04H5N1 isolate as being due to the N294S mutation, which was
found to increase the O1(OTV)-OH(374) H-bond distance by
~0.5 A, ie., the occupation percentage of this H-bond was rela-
tively decreased [14].

Interestingly, the residues within a spherical radius of 5A
around the oseltamivir of the new strain are completely identical
to those of group-2 NA subtype N9 as shown in Fig. 3. In addition,
oseltamivir was designed to fit to the cavity of this NA group.
Superimposition of the snapshots of both the OTV-N1/04H5N1
and the OTV-N1/09H1N1 systems with the crystal structure of
oseltamivir bound to N9 (2QWK.PDB) are consistent with the
above statement. The guanidinium group of R118 in the N1/
09H1N1 and N9 structures approaches significantly closer to stabi-
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Fig. 3. Superimposition between the MD snapshots of OTV-N1/04H5N1 (cyan) and
OTV-N1/09H1N1 (pink), and the crystal structure of OTV-N9 (yellow), where the
closed view of oseltamivir in the binding pocket was shown. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

lize the —COO™ group of oseltamivir than that observed in the N1/
04H5N1 complex. In contrast, the Y347 side chain of the N1/
04H5N1 was, as expected, shown to locate much closer to oseltam-
ivir than the other two systems.

2009 H1NT1 influenza M2-protein resistance to adamantane
derivatives

The susceptibility of the M2-channel of the 2009 H1N1 influ-
enza (M2/09H1N1) to both amantadine and rimantadine is dis-
played in terms of water density along the channel (Fig. 1B). The
results for both closed (OH) and open (3H) states, in comparison
to those of the avian influenza H5N1 strain (M2/04H5N1) [9], are
given in Fig. 4. To monitor how deep the amantadine and rimanta-
dine molecules can penetrate into the M2-channel, the inhibitor
distributions were also plotted in Fig. 4, in which the C* positions
of the four A30 and H37 residues were averaged and depicted as
the reference. Note that in changing from the M2 channel of avian
H5N1 to the new A (H1N1) influenza, three residues (V28, S31 and
L43) were, respectively, replaced by 128, N31 and T43 (Fig. 1B).
Amongst those changes, S31N is the most common mutation in
the M2 protein which is known to confer adamantane-resistance
[20-22] and, thus, the M2/09H1N1 resistance to both amantadine
and rimantadine would be expected.

Considering all the inhibitor distributions (filled area), amanta-
dine (dark grey) was found to locate deeper into the channel than

— N1/04H5N1 — N1/09H1N1
P 1075 02-NH2(R118) | C 01-OH(Y347)
c 08 | 01-ND2(N347)
&
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Fig. 2. (A) Percentage occupation of hydrogen bonding of oseltamivir and its binding residues (see Fig. 1A for labels). The distribution plots of the H-bond distances for the NA

residues: (B) R118 and (C) Y347/N347.
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Fig. 4. Water density along the channel as a function of distance L starting from the
extracellular site (see Fig. 1B for definition) for the new A (H1N1) M2 strain
complexed with two inhibitors (amantadine (AMT) and rimantadine (RMT)) in the
closed (OH) and open (3H) states. AMT and RMT distributions (filled area) were
shaded by dark and light grey, whereas the vertical dashed lines represent the
average C* positions of the four A30 and H37 residues.

rimantadine (light grey). In the closed state (OH), zero-water den-
sity was observed for both M2 strains with the inhibitor bound
(Fig. 4A and B), indicating that water cannot transport throughout
the OH channel. In addition, zero water density is not detected be-
fore the filled area in all the examined systems. This, as expected,
reveals that in the M2 channel, water cannot move across inhibitor
in the closed state.

Dramatic changes were found for the open state (3H), where
only rimantadine can inhibit water transportation through the
M2/04H5NT1 (Fig. 4C, dashed line). For the AMT-M2/04H5N1 com-
plex, an almost zero-water density was slightly observed at L
~32 A, which is in contrast to what is observed in the new A
(H1N1) M2 strain where both inhibitors totally lose their functions
(Fig. 4D). In addition, the detected density along the M2/09H1N1
channel is greater than those of the singlet S31N and A30T muta-
tions for the AMT-M2/04H5N1, in which the experimental resis-
tance degree for these two mutations are 267- and 3300-fold,
respectively [10]. Therefore, the only conclusion based on this data
is that the M2/09H1N1 resistance to amantadine is likely to be
higher than what was previously observed.

As the inhibitory potency depends on the drug-target interac-
tion, the H-bond between the ammonium group of the inhibitor
and the viral M2 residues was measured, and the data are summa-
rized in Table 2. As can be seen, there are two binding regions of
inhibitors to the channel: (i) the extracellular site at residues
L26, A30 and S31; and (ii) the H37 selective filter. Due to the bulky
hydrophobic unit, the two adamantanes were found to interact
weakly with the M2/04H5N1 channel in both states, whilst they
completely lost their binding in the 3H state of the new M2 strain.
Disappearance of H-bonding of the inhibitor to the M2 channel is
consistent with the observed loss of adamantane susceptibility in
blocking the M2/09H1N1 channel that contains the S31N-drug
resistance as well as the replacement of the other two residues
at the positions 28 and 43.

In conclusion, the evidence above suggests that both adaman-
tanes will have lost their inhibitory activities towards the M2-
channel of the 2009 influenza A (H1N1) virus, mainly due to this
virus containing the S31N mutation which is found, in general, to
be the main source of adamantane drug resistance against all influ-
enza subtypes [20-22]. This mutation was proposed to indirectly
increase the M2-protein mobility [23], and thus the drugs were un-
able to bind the M2 channel and to block the proton transport in
this new A (H1N1) influenza.

Table 2

H-bond occupation between the residues of the M2-channel and the two drugs,
amantadine and rimantadine, where [-IV refers to the M2 homotetrameric bundles.
The results are given for both closed (OH) and open (3H) states of the M2-channel of
the A (H5N1) and the new A (HIN1) influenza viruses.

System % H-bond
AMT-M2/ RMT-M2/ AMT-M2/ RMT-M2/
04H5N1 04H5N1 09H1N1 09H1N1
(i) OH state
A30-I1I - 12 - -
H37-1 - - 13 22
H37-11 - - - 21
H37-111 56 - - -
H37-1V 29 - - -
(ii) 3H state
L26-11 - 9 - -
S31-11 20 - -
S31-1Iv - 10 - -
Conclusions

In the present study, homology modeling and MD simulations
were applied on the commercially available drugs bound to the
NA and M2-channel of the new influenza A (H1N1) virus. Based
on the MD/LIE method, the predicted binding affinity of oseltami-
vir towards the new A (H1N1) influenza isolate was considerably
higher than the avian H5N1 strain. Except for the absence of a
weak H-bond with residue 347, all interactions of OTV-N1/
09H1NT1 complex were considerably conserved. Interestingly, osel-
tamivir was well oriented in the binding pocket and its -COO~
group interacted strongly with the arginine triad, similar to that
found in the crystal structure of N9. For M2/09H1N1 channels with
two adamantanes bound, water transport explicitly passed
throughout the channel of the 3H state, representing the activated
channel at a low pH. Either amantadine or rimantadine have totally
lost the H-bond interactions with the M2 residues in this state,
which results from the M2 transmembrane domain containing
the S31N mutation as well as other two residues, 128 at the extra-
cellular site and T43 close to the W41 gating residue, which differs
from the avian H5NT1. Overall, the simulated results have clearly
explained at a molecular level how anti-influenza drugs can either
potently inhibit (oseltamivir) or not (amantadine and rimantadine)
the new A (H1N1) influenza virus.

Acknowledgments

This work was supported by the Thailand Research Fund. T.R.
and P.I. thank the Post-Doctoral Program from the Commission
on Higher Education. T.R. also thank TRF Grant for New Research
from the Thailand Research Fund. We thank the Computational
Chemistry Unit Cell, Chulalongkorn University, for computing facil-
ities and The National Nanotechnology Center (NANOTEC; NSTDA)
for the use of the Discovery Studio.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2009.05.066.

References

[1] WHO, Epidemic and Pandemic Alert and Response (EPR). Available from:
<http://www.who.int/csr/don/2009_05_13/en/index.html>, (accessed May
2009).

[2] Emedicine. Available from: <http://emedicine.medscape.com/article/1673658-
overview, (accessed May 2009).


http://dx.doi.org/10.1016/j.bbrc.2009.05.066
http://www.who.int/csr/don/2009_05_13/en/index.html
http://emedicine.medscape.com/article/1673658-overview
http://emedicine.medscape.com/article/1673658-overview

394 T. Rungrotmongkol et al./Biochemical and Biophysical Research Communications 385 (2009) 390-394

[3] WHO, Media centre. Influenza A(H1N1). Available from: <http://www.who.int/
mediacentre/news/statements/2009/h1n1_20090429/en/index.html>,
(accessed May 2009).

[4] E. De Clercq, Antiviral agents active against influenza A virus, Nat. Rev. Drug
Discov. 5 (2006) 1015-1025.

[5] CDC, Antiviral Drugs and HIN1 Flu (Swine Flu). Available from: <http://
www.cdc.gov/h1n1flu/antiviral.htm>, (accessed May 2009).

[6] O. Aruksakunwong, M. Malaisree, P. Decha, P. Sompornpisut, V. Parasuk, S.
Pianwanit, S. Hannongbua, On the lower susceptibility of oseltamivir to
influenza neuraminidase subtype N1 than those in N2 and N9, Biophys. J. 92
(2007) 798-807.

[7] M. Malaisree, T. Rungrotmongkol, P. Decha, P. Intharathep, O. Aruksakunwong,
S. Hannongbua, Understanding of known drug-target interactions in the
catalytic pocket of neuraminidase subtype N1, Proteins 71 (2008) 1908-1918.

[8] M. Malaisree, T. Rungrotmongkol, N. Nunthaboot, O. Aruksakunwong, P.

Intharathep, P. Decha, P. Sompornpisut, S. Hannongbua, Source of oseltamivir

resistance in avian influenza H5N1 virus with the H274Y mutation, Amino

Acids (2009), doi:10.1007/s00726-008-0201-z.

P. Intharathep, C. Laohpongspaisan, T. Rungrotmongkol, A. Loisruangsin, M.

Malaisree, P. Decha, O. Aruksakunwong, K. Chuenpennit, N. Kaiyawet, P.

Sompornpisut, S. Pianwanit, S. Hannongbua, How amantadine and

rimantadine inhibit proton transport in the M2 protein channel, J. Mol.

Graph. Model. 27 (2008) 342-348.

[10] C. Laohpongspaisan, T. Rungrotmongkol, P. Intharathep, M. Malaisree, P.
Decha, O. Aruksakunwong, P. Sompornpisut, S. Hannongbua, Why amantadine
loses its function in influenza M2 mutants: MD simulations, J. Chem. Inf.
Model. 49 (2009) 847-852.

[11] RJ. Russell, L.F. Haire, D. Stevens, P.J. Collins, Y.P. Lin, G.M. Blackburn, A.J. Hay,
SJ. Gamblin, ]J. Skehel, The structure of H5N1 avian influenza
neuraminidase suggests new opportunities for drug design, Nature 443
(2006) 45-49.

[12] J. Hu, T. Asbury, S. Achuthan, C. Li, R. Bertram, J.R. Quine, R. Fu, T.A. Cross,
Backbone structure of the amantadine-blocked trans-membrane domain M2
proton channel from influenza A virus, Biophys. ]J. 92 (2007) 4335-
4343,

[9

[13] G.M. Morris, D.S. Goodsell, R.S. Halliday, R. Huey, W.E. Hart, R.K. Belew, AJ.
Olson, Automated docking using a lamarckian genetic algorithm and an
empirical binding free energy function, J. Comp. Chem. 19 (1998) 1639-1662.

[14] T. Rungrotmongkol, T. Udommaneethanakit, M. Malaisree, N. Nunthaboot, P.
Intharathep, P. Sompornpisut, S. Hannongbua, How does each substituent
functional group of oseltamivir lose its activity against virulent H5N1
influenza mutants? (2009), Submitted for publication.

[15] I.D. Wall, AR. Leach, D.W. Salt, M.G. Ford, J.W. Essex, Binding constants of
neuraminidase inhibitors: an investigation of the linear interaction energy
method, J. Med. Chem. 42 (1999) 5142-5152.

[16] P.J. Collins, L.F. Haire, Y.P. Lin, J. Liu, RJ. Russell, P.A. Walker, ].J. Skehel, S.R.
Martin, AJ. Hay, SJ. Gamblin, Crystal structures of oseltamivir-resistant
influenza virus neuraminidase mutants, Nature 453 (2008) 1258-1261.

[17] Y. Abed, B. Nehmé, M. Baz, G. Boivin, Activity of the neuraminidase inhibitor A-
315675 against oseltamivir-resistant influenza neuraminidases of N1 and N2,
Antiviral Res. 77 (2008) 163-166.

[18] G. Boivin, N. Goyette, Susceptibility of recent Canadian influenza A and B virus
isolates to different neuraminidase inhibitors, Antiviral Res. 54 (2002) 143-
147.

[19] V.P. Mishin, F.G. Hayden, L.V. Gubareva, Susceptibilities of antiviral-resistant
influenza viruses to novel neuraminidase inhibitors, Antimicrob. Agents
Chemother. 49 (2005) 4515-4520.

[20] JW. Tang, KLK. Ngai, J.CL. Wong, W.Y. Lam, P.K.S. Chan, Emergence of
adamantane-resistant influenza A (H3N2) viruses in Hong Kong between 1997
and 2006, J. Med. Virol. 80 (2008) 895-901.

[21] R.A. Bright, D.K. Shay, B. Shu, N.J. Cox, A.l. Klimov, Adamantane resistance
among influenza A viruses isolated early during the 2005-2006 influenza
season in the United States, JAMA 295 (2006) 891-894.

[22] L. Simonsen, C. Viboud, B.T. Grenfell, ]. Dushoff, L. Jennings, M. Smit, C. Macken,
M. Hata, J. Gog, M.A. Miller, E.C. Holmes, The genesis and spread of
reassortment human influenza A/H3N2 viruses conferring adamantane
resistance, Mol. Biol. Evol. 24 (2007) 1811-1820.

[23] RM. Pielak, J.R. Schnell, ]J.J. Chou, Mechanism of drug inhibition and drug
resistance of influenza A M2 channel, Proc. Natl. Acad. Sci. USA 106 (2009)
7379-7844.


http://www.who.int/mediacentre/news/statements/2009/h1n1_20090429/en/index.html
http://www.who.int/mediacentre/news/statements/2009/h1n1_20090429/en/index.html
http://www.cdc.gov/h1n1flu/antiviral.htm
http://www.cdc.gov/h1n1flu/antiviral.htm
http://dx.doi.org/10.1007/s00726-008-0201-z

Biophysical Chemistry 145 (2009) 29-36

Contents lists available at ScienceDirect

Biophysical Chemistry

journal homepage: http://www.elsevier.com/locate/biophyschem

How does each substituent functional group of oseltamivir lose its activity against
virulent H5N1 influenza mutants?

Thanyada Rungrotmongkol *°, Thanyarat Udommaneethanakit ¢, Maturos Malaisree ?,
Nadtanet Nunthaboot ¢, Pathumwadee Intharathep ?, Pornthep Sompornpisut ¢, Supot Hannongbua ®¢*

2 Computational Chemistry Unit Cell, Department of Chemistry, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
b Center of Innovative Nanotechnology, Chulalongkorn University, Bangkok 10330, Thailand

€ Nanoscience and Technology Program, Graduate School, Chulalongkorn University, Bangkok 10330, Thailand

4 Department of Chemistry, Faculty of Science, Mahasarakham University, Mahasarakham 44150, Thailand

€ Center of Excellence for Petroleum, Petrochemicals, and Advanced Materials, Chulalongkorn University, Bangkok 10330, Thailand

ARTICLE INFO

ABSTRACT

Article history:

Received 15 June 2009

Received in revised form 13 August 2009
Accepted 16 August 2009

Available online 22 August 2009

Keywords:

Oseltamivir resistance
H274Y

N294S

H5N1

To reveal the source of oseltamivir-resistance in influenza (A/H5N1) mutants, the drug-target interactions at
each functional group were investigated using MD/LIE simulations. Oseltamivir in the H274Y mutation
primarily loses the electrostatic and the vdW interaction energies at the -NH3 and -OCHEt, moieties
corresponding to the weakened hydrogen-bonds and changed distances to N1 residues. Differentially, the
N294S mutation showed small changes of binding energies and intermolecular interactions. Interestingly,
the presence of different conformations of E276 positioned between the ~OCHEt, group and the mutated
residue is likely to play an important role in oseltamivir-resistant identification. In the H274Y mutant, it
moves towards the ~-OCHEt, group leading to a reduction in hydrophobicity and pocket size, whilst in the
N294S mutant it acts as the hydrogen network center bridging with R224 and the mutated residue S294. The
molecular details have answered a question of how the H274Y and N294S mutations confer the high- and

Molecular dynamics simulations

medium-level of oseltamivir-resistance to H5SN1.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Resistance to the current influenza virus neuraminidase (NA)
inhibitors is the major concern in the current treatment of patients
infected with H5NT1 viruses [1,2]. To date, several studies have been
reported on the emergence of oseltamivir resistance, as reduced drug
sensitivity, that have been associated with either the H274Y or the
N294S mutations in NA subtype N1 [3-9]. Here, this study aims to
understand how such mutations confer resistance to oseltamivir and
is focused upon the binding affinity changes of its substituent func-
tional groups relative to those of the wild-type strain.

Oseltamivir is the first orally active NA drug and was designed
upon the transition state analog of the natural sialic acid substrate so
as to inhibit the function of NA [10]. The hydroxyl and polar glycerol
substitutions on the 6-membered ring of sialic acid (Fig. 1A) are
replaced by amino and 3-pentyl ether groups, respectively, where the
cyclohexene ring serves as oseltamivir's scaffold (Fig. 1B) [1,11].

* Corresponding author. Computational Chemistry Unit Cell, Department of
Chemistry, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand.
Tel.: +66 22 187602; fax: +66 22 187603.

E-mail address: supot.h@chula.ac.th (S. Hannongbua).

0301-4622/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.bpc.2009.08.006

Currently, oseltamivir is widely stockpiled in many countries for a
future treatment of any influenza pandemic [2,12]. The crystal struc-
ture of oseltamivir bound to the active site residues of the native N1 is
shown in Fig. 1C (cyan) [13]. Its binding residues are composed of four
zones: (i) the arginine triad (R118, R292 and R371) and Y347, (ii)
R152, (iii) E119 and D151, and (iv) R224 and E276 interacting with
the -COO~, -NHAc, -NH3, and -OCHEt, groups of oseltamivir, re-
spectively. The hydrophobic pocket around the bulky ~-OCHEt, moiety
of oseltamivir is formed by the rotation of the E276's carboxylate
group to bind with the guanidinium group of R224.

Oseltamivir resistances of the H274Y and N294S mutations in
H5N1 were experimentally reported as a 300-1700 [3-9] and 20-80-
fold [2,9] reduction in the sensitivity, respectively, compared to the
wild-type. Locations of these two mutated framework residues are
adjacent to E276, a residue interacting with the most hydrophobic
part (-OCHELt;) of the inhibitor (Fig. 1C). On the basis of the crystal-
lographic structure data, the H274Y and N294S mutations were
proposed to prevent the movement of the side chain of E276 towards
the guanidinium group of R224 [2,9] and so preventing the formation
of the hydrophobic pocket for accommodating oseltamivir's bulky
moiety. In contrast, our results obtained from molecular dynamics
(MD) simulations of oseltamivir-resistant H274Y in H5N1 [14]
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Fig. 1. Chemical structures of (A) sialic acid, and (B) oseltamivir's substituent functional groups: ~-COO ™, -NH3", -NHAc and ~OCHEt5, showing the atomic numbering referred in the
text. (C) The crystal structures of oseltamivir bound to the active site of native N1 (cyan), H274Y (pink) and N294S (yellow) mutants [2,13]. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

suggest this mutation does not prevent the rotation of the E276 side
chain. Instead, the source of the reduction of the hydrophobicity is due
to the displacement of the E276's side chain towards the binding
pocket, a notion which is well supported by the recent crystal struc-
ture of oseltamivir complexed with the H274Y mutant of H5N1 (pink
in Fig. 1C) [2].

The present study has focused upon trying to understand the
binding affinities of the four substituent functional groups (-COO~,
-NH4Z, -NHAc and -OCHELt,) of oseltamivir in the H274Y and N294S
mutants relative to those in the wild-type. The crystallographic
structures of oseltamivir complexed with the two mutants and the
wild-type were examined using MD simulations in conjunction with
the linear interaction energy method (LIE). Drug-target interactions
were also extensively analyzed in terms of intermolecular hydrogen
bonds and other specific protein-ligand distances.

2. Methods
2.1. Initial structure and system preparation

The X-ray structures of the wild-type, and the two mutant strains
(H274Y and N294S), complexed with oseltamivir (OTV-N1) were
obtained from the Protein Data Bank (PDB), entry codes: 2HU4 [13],
3CLO and 3CL2 [2], respectively, and served as the starting coordinates
for the three bound OTV-N1 systems: (1) OTV-WT, (2) OTV-H274Y and
(3) OTV-N294S, respectively. Since crystal water molecules and Ca®*
ion are not present in the OTV-WT and OTV-N294S structures, they are,
then, embedded into the simulated systems by superimposition with
the apo-enzyme (2HTY) [13] where all water molecules which have
their oxygen atoms lying within a 2.4-3.0 A distance from the OTV-N1
heavy atoms were taken into account. Note, that the Ca®* ion situated
~10 A from the binding site is needed for the activity and stability of NA.

All calculations were performed using the Q-program package
[15], version 5. The AMBER force field [16] was applied for proteins
whilst the partial atomic charges and force field parameters of
oseltamivir were taken from our previous calculations [17]. Each
system of the OTV-N1 bound state was capped by a 25 A sphere of
TIP3P [18] water molecules centered on the C2 atom of oseltamivir
(see Fig. 1B for atomic labels), and only water molecules where the
oxygen was not within a 2.4 A distance of any heavy atoms of the
inhibitor and enzyme were retained. Within a 22 A sphere of the

centered C2 atom, the ionization state of each amino acid with an
electrically charged side chain was assigned using the PROPKA pro-
gram [19]. The ionizable residues lying at 22-25 A distances were
neutralized, except for the pairs of charged residues which probably
interact via hydrogen bonds. All ionizable residues positioned further
than a 25 A sphere from the center were treated as a neutral charge.
After solvation, the net charge of the final system of the OTV-N1
bound state was + 2 which was then neutralized by two Cl~ ions. For
the system with oseltamivir in the free state (OTV-SOL), the ligand
was solvated by a 25 A sphere of TIP3P water molecules centered on
its C2 atom and counterions were added.

2.2. Molecular dynamics simulations

Spherical boundary molecular dynamics simulations of the four
systems (OTV-WT, OTV-N274Y, OTV-N294S and OTV-SOL) were
carried out under the surface constrained all atom solvent (SCAAS)
model [20]. Harmonic constraints were treated to restrain all atoms
further than 25 A from the C2 center. Long-range electrostatic inter-
actions were performed by the local reaction field (LRF) approx-
imation, with a cut-off radius of 10 A for the non-bonded interactions.
To prevent the diffusion of ligand and counterions toward the edge of
the simulation sphere, the position of the C2 atom of oseltamivir in the
OTV-SOL system was restrained with a 100 kcal mol~ ! A~2 harmonic
potential, whilst a 75 kcal mol~! A~2 flat-bottom harmonic potential,
scaled from a maximum at 20.5 A to zero at 21.5 A from the center,
was used to treat the counterions.

MD simulations of each system were set up as follows. Firstly, the
positions of the water molecules were simulated, keeping all other
atoms fixed to their initial positions, with the two periods of MD
simulations at 5 K. Then, the whole structure was relaxed by four
periods of MD simulations at 5 K and the system was heated from 5 K
to 298 K in six 50 ps intervals with an increasing temperature of 50 K,
and followed by equilibration phase at 298 K. Finally, four different
starting structures obtained from the equilibration period were
separately performed by 5-ns simulations at 298 K. The NVT ensemble
was employed and the SHAKE algorithm [21] was used to constrain all
bonds involving hydrogen with a simulation time step of 2 fs. Only the
snapshots and energies taken from the production phase were used
for the analysis.
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2.3. Linear interaction energy (LIE) method

The linear interaction energy (LIE) method developed by Aqvist

and co-workers [22,23] was used to calculate the binding free
energies (AGping) Of the oseltamivir bound to the NA wild-type and
to the two mutant strains. This method is a linear response semi-
empirical technique used to evaluate the free energy changes from the
simulations of two states: (i) the solvated ligand (free state), and (ii)
the ligand bound to the solvated protein (bound state). Based on the
LIE method, the total binding free energy was contributed from van
der Waals (U"""W) and electrostatic interaction energies (U®'®°) using
the equation given below:
AGying = 0‘(< U™ >poung — < U™ >frce) + ﬁ(< U™ Spouna — < U™ >free) +v(1)
where v and 3 are empirical scaling coefficients for van der Waals and
electrostatic interaction energies, respectively, and 7y is a constant. LIE
is critically susceptible to « and 3 coefficients not being transferrable
between different systems and therefore the optimized values of
these coefficients derived over the series of inhibitors targeting to the
NA enzyme [24] were used to fit the LIE equation in the present study.
This set of coefficients has previously been found to be the most
predictive model for the NA system amongst the many developed
models, with or without the addition of the hydration term.

3. Results and discussion
3.1. Predicted free energy of oseltamivir binding

The predicted energies of the oseltamivir bound to the H5N1 wild-
type and two mutants, H274Y and N294S, evaluated from the LIE Eq.
(1) with Essex' coefficients [24] are summarized in Table 1. The
experimental determined energies for the N1 inhibitory potencies by
oseltamivir converted from the most recently observed K; and ICsq
values [2,25], are also given for comparison. In Table 1, the H274Y and
N294S mutants were found to reduce the sensitivity to oseltamivir by
1.9 kcal mol ™! (from —11.4 to —9.5 kcal mol~!) and 0.5 kcal mol ™!
(from —11.4 to —10.9 kcal mol™'), respectively. This is in good
agreement with the ordering of the experimental binding energies of
oseltamivir: wild-type (—13.1 or —12.1 kcal mol~ ') >N294S (—10.5
or —9.3 kcal mol~1')>H274Y (—9.8 or —8.5 kcal mol~ ).

3.2. Binding free energy of each moiety of oseltamivir

To clarify how oseltamivir loses its binding affinity to the two
virulent mutants relative to that of the wild-type H5N1 influenza, the

Table 1

The experimental and predicted binding free energies (AGping) Of oseltamivir to the
wild-type (OTV-WT) and to the two mutants, OTV-H274Y and OTV-N294S, calculated
using a MD/LIE approach with the coefficients proposed by Essex et al. [24].

System Resistance AGping [kcal mol~1]
a
ll Experiments” Essex a=0.472,

B=0.122,
v=2.603 [24]

OTV-WT = —13.1 (—12.1) —114+04

OTV-H274Y 300-1700 —9.8 (—8.5) —9.5+06

OTV-N294S 20-100 —10.5 (—9.3) —10.940.7

rms© - - 0.8 (1.1)

The means and standard derivations are derived from four separated 5 ns simulations.

2 Values taken from references [2-9,25].

b Experimental binding energies were calculated from the K; inhibitory constants [2]
and ICsq values [25] (the latter shown in parenthesis).

¢ The rms derivations were evaluated from the calculated AGpinq energies with
respect to the experimental AGy;,q energies derived from the K; and ICsq values (the
latter shown in parenthesis).

binding free energies (AGping) contributed from the substituent func-
tional groups (-COO~, -NH3, -NHAc and -OCHEt,) were computed
using the LIE equation (Eq. (1)) with the two coefficients (= 0.472
and 3=0.122) taken from Essex's model [24]. The free energy
differences (AAGping) between the mutant and wild-type strains are
simply defined by:

AAG;g = AGpinq[mutant] — AGy;,q[wild—type] (2)

where AGping[mutant] and AGping[wild-type] denote the binding free
energies of each moiety against the mutant and the wild-type,
respectively. Therefore, positive and negative values of AAGy,q indicate
that the selected moiety decreases and increases its binding affinity,
respectively, to the mutation, relative to that of the wild-type. In
addition, the changes of the average energy components, electrostatic
and van der Waals interactions, in the bound states according to
Egs. (3a) and (3b) were evaluated, and are summarized in Table 3.

elec

<AAUSC > o= < US>, mutant] — < US>, [wild — type]

(32)

< AAU"Y S g = < U sy g [mutant] — < UV >0 [wild — type).

(3b)

In Table 2, the contributions of individual functional group of
oseltamivir to the absolute binding free energy of the wild-type
complex are in the following order: ~-OCHEt, ~-COO~ >-NH3 ~-NHAc
with corresponding values of —4.5, —4.1, —2.8 and — 2.6 kcal mol~ ",
respectively. The high-level resistance to oseltamivir seen in the
H274Y mutant (OTV-H274Y), is correlated with the decreases in the
electrostatic (9.1 kcal mol~" in Table 3A) and van der Waals (1.6 kcal
mol~ ! in Table 3B) interactions. It is particularly noticeable that the
-NH3 and -OCHEt, moieties provided a much lower contribution to
the intermolecular interactions between oseltamivir and the N1
enzyme, with a reduction of the binding free energies (AAGping in
Table 2) of 1.1 and 0.8 kcal mol~! towards the H274Y mutant. As
expected, the main contribution to the loss of the -NH3 binding is
due to the 5.5 kcal mol™ ! reduced electrostatic interaction energy
(Table 3A), whilst the loss of binding for the ~-OCHEt, moiety is due
to the 1.6 kcal mol™! lowered van der Waals interaction energy
(Table 3B). By contrast, the -COO™ and -NHAc groups of oseltamivir
were shown to have only a small effect on the H274Y mutation, with
slightly changed binding affinities to this strain (AAGp,nq in Table 2).

The oseltamivir-resistant N294S mutation shows a small change in
the binding affinities of all four assayed functional groups of
oseltamivir, 0.1-0.3 kcal mol™! (AAGying in Table 2), relative to
those of wild-type. This is different from what was observed in the
H274Y mutation, where a decrease in the electrostatic contribution of

Table 2

Binding free energies (AGping) of the four substituent functional groups of oseltamivir
(see Fig. 1B for defined partition) based on the LIE equation with Essex' coefficients
(@=0.472 and 3=0.122) [24], where AAGpinq Was defined in Eq. (2).

System AGping [keal mol~1]
-C00~ -NH3 —-NHAc —~OCHEt,
OTV-WT —4.1+03 —28+0.1 —2.6+0.1 —454+04
OTV-H274Y —4.04+0.5 —1.7+£0.2 —2.8+03 —3.7+£0.7
OTV-N294S —4.0+04 —26+03 —27+03 —42+0.7
AAGping [keal mol~1]
OTV-H274Y 0.1+0.8 11403 —02+04 08+1.1
OTV-N294S 0.14+0.7 02404 —0.1+04 034+1.1

Means and standard deviation values were derived from four separated 5 ns simulations.
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Table 3

Electrostatic and van der Waals interaction energy differences for oseltamivir and its
moieties in the bound states of mutant and wild-type strains, as defined in Eqs. (3a) and
(3b).

System <AAU®'> (o una [keal mol™1]

Oseltamivir -CO0— -NH$ -NHAc —OCHEt,
(A) Electrostatic interactions
OTV-H274Y 91+£03 194038 55405 1.0+04 0.7+0.8
OTV-N294S 46+0.7 34404 07+£06 —01+£04 05+0.7
System <AAUYW> 1o ina [keal mol ']

Oseltamivir -C00~ -NH3 -NHAc -OCHEt,
(B) Van der Waals interactions
OTV-H274Y 1.6+04 —03+01 1.0+02 —074+02 1.6+04
OTV-N294S —024+04 —0.8+01 03402 —014+02 04404

Means and standard deviation values were derived from four separated 5 ns simulations.

4.6 kcal mol~"! (Table 3A) was found to potentially play a role in the
loss of oseltamivir binding to the N294S mutation.

3.3. Loss of ligand-protein interactions

3.3.1. Around the hydrophilic side chains of oseltamivir

To monitor electrostatic intermolecular attractions, in terms of
hydrogen bonds between oseltamivir and NA residues, the following
two criteria were applied: (i) the distance between proton donor (D)
and acceptor (A) atoms was less than or equal to 3.5 A and (ii) the D-
H..A angle was greater than or equal to 120°. The distribution plots of
the D..A distance of the three simulated systems, OTV-WT, OTV-
H274Y and OTV-N294S, where hydrogen bonds lay within the above
criteria, are compared and shown in Fig. 2.

The intermolecular distances between the -COO~ group of
oseltamivir (O1A and O1B, Fig. 1B), and the N1 binding residues, are
shown in Fig. 2A-E. The strong hydrogen bonding interactions with
the guanidinium group of the two conserved arginines (R292 and
R371) are detected in all complexes and exhibit a sharp and narrow
peak centered at ~2.8 A (Fig. 2A-D). In addition, a moderate hydrogen
bond with the -OH moiety of Y347, O1A...OH(Y347), was also shown
in the three simulated systems by a lower and broader peak (Fig. 2E)
compared to those in Fig. 2A-D. Interestingly, the peak position for the
OTV-N294S was shifted by ~0.5 A (dashed line in Fig. 2E), indicating a
weakened interaction of O1A...OH(Y347) in the N294S mutation.

These results are well supported by the 3.4 kcal mol~! loss of
electrostatic stabilization at the -COO™ group in OTV-N294S, whilst in
OTV-H274Y a reduced energy of only 1.9 kcal mol~! has been
reported (Table 3A). Similar to our previous studies [14,17] in all N1
strains, the -COO™ group of oseltamivir totally loses its interactions
with the R118 residue of the arginine triad, yet this interaction is
strongly detected in neuraminidase subtypes N2 and N9 [11,26,27].

A plot of the hydrogen bond distances with N4-nitrogen on the -
NH3 group of oseltamivir (defined in Fig. 1B) is shown in Fig. 2F-I. In
the OTV-WT and OTV-N294S, this positively charged group was well
stabilized by the two —-COO~ groups of E119 and D151 via the strong
(a sharp peak at ~3 A in Fig. 2F and G) and moderate (the first peak at
~2.8 A in Fig. 2H and I) hydrogen bonding interactions. This is
different from OTV-H274Y where the N4...0E1(E119) and N4...0D2
(D151) distances (Fig. 2F and I) were significantly changed, i.e., the
former distance was lengthened by 0.7 A while the latter one was split
into two peaks. The weakened hydrogen bonding interactions from
E119 and D151 to the -NH3 moiety of oseltamivir in OTV-H274Y,
with respect to the wild-type strain, contributed a dramatic decrease
in the electrostatic interaction energy of 5.5 kcal mol~! (Table 3A).
The other hydrogen bond detected was between the -NHAc group of
oseltamivir and the guanidinium group of R152, 010...NH2(R152), as
shown in Fig. 2J. Similar to the observation on the -NH3™ group, OTV-
WT and OTV-N294S exhibit a very sharp peak at 2.8 A indicating a
stable and strong hydrogen bond, whilst this bond is slightly
weakened in OTV-H274Y with the presence of another preferential
distance at ~4.9 A. This possibly leads to a 1.0 kcal mol~ ! reduction of
the NHAc electrostatic interaction energy in OTV-H274Y (Table 3A).
With the intermolecular distances between the N1 binding residues
and these two groups of oseltamivir being maintained in the N294S
system, the electrostatic interaction energies were considerably
similar to those obtained from the wild-type.

3.3.2. Around the hydrophobic side chain of oseltamivir

Besides hydrogen bonds, hydrophobic interactions that are likely
to be responsible for accommodating the bulky ~OCHEt, moiety of
oseltamivir (Fig. 1C) were also considered. To investigate how the
mutations at positions 274 (H274Y) and 294 (N294S) positioned next
to E276 may affect the binding of oseltamivir, the interatomic
distances between the ~OCHEt, group and its surrounding residues,
E276 and R224, and the additional residue Y347, were measured and
plotted (Fig. 3), where their structural alignment of the four last
snapshots taken from the 5-ns MD simulations is shown in Fig. 4.

Fig. 2. The probability distributions of hydrogen bond distance between two heavy atoms of oseltamivir and its binding residues (see Fig. 1B and C for labels).
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Fig. 3. The probability distributions of the distance between two specific atoms of the X-
and Y-terminal of oseltamivir and the binding residues at the hydrophobic pocket (see
Fig. 1B and C for labels).

The characteristics of the hydrophobic interactions between the
oseltamivir's bulky group and its surrounding residues, where the
peak maxima appear to be not shorter than 3 A, were clearly displayed
by the distribution plots of intermolecular distances (Fig. 3). All
distance distributions involving E276 and R224 (Fig. 3A-E) in the
wild-type complex show only one preferential peak. Two dramatic
structural changes in the OTV-H274Y mutation complex, compared to
the wild-type, were found as follows. (i) The phenol ring of Y274
repels the -COO™ group of E276 towards one end (X-terminal) of the
diethyl moiety of oseltamivir (see Figs. 1C and 4, and details in the
next section), resulting in a remarkable flexibility of the ~-OCHEt,
group which can be seen by the splitting of the C91-CD(E276)
distance to form another peak at ~6.5 A (Fig. 3A), and the broadening
of the C9-CD(E276) peak to establish a long tail peak (Fig. 3B). (ii) A
rearranged side chain of the E276 residue was observed to be more
proximal to another diethyl moiety, the Y-terminal (see Figs. 1C
and 4), with respect to that seen in the wild-type complex, as
witnessed by the formation of the first peak of the C8-CD(E276) and
C81-CD(E276) distances centered at ~4 A (Fig. 3C and D). Conse-
quently, such close contact possibly induces the rigidity of the
probability plot of the distance between the Y-terminal and R224,
leading to a sharper and narrower peak in the OTV-H274Y than in the
other systems (Fig. 3F). The combined information, (i) and (ii),
implied that the size of the hydrophobic pocket for the bulky group of

oseltamivir was markedly reduced in the OTV-H274Y complex, which
is in good agreement with the 1.6 kcal mol~ ! lowered van der Waal
interaction energy of the ~-OCHEt; group (Table 3B).

For the OTV-N294S complex, the smaller residue substitution on
N294 by serine directly leads to an enlargement of the hydrophobic
pocket around the X-terminal (Fig. 1C), and thus allows the Y347
phenyl ring to move freely and approach closer to the bulky
oseltamivir group. This can be clearly seen by the high flexibility of
the Y347 phenyl ring which moves to partially occupy the enlarged
hydrophobic pocket (Fig. 4B), and by the significant decrease of the
distance between the O7-ester oxygen of the inhibitor and the OH-
hydroxyl oxygen of the Y347 phenyl ring in the OTV-N294S complex
(Fig. 3F), compared to that of wild-type. A slightly reduced hydro-
phobic interaction (van der Waals interaction energy) with the -
OCHEt, group (0.4 kcal mol~! given in Table 3B) is, therefore, a
consequence of the N294S mutation.

In summary, the loss of the ligand-protein binding energies and
intermolecular interactions in the NA subtype N1 H274Y and N294S
mutations, is in good agreement with the observed high- and
moderate-level of resistance to oseltamivir, respectively [2-9,25].

3.4. Conformational changes of the binding pocket due to mutations

To provide detailed information on the conformational changes of
the binding pocket due to the mutations, the distributions of the
torsional angle of the side chains of the two mutated residues (Ty274y
and Tnz94s) and their neighborhoods (7Tg276 and Tra24), as well as the
bulky —~OCHEt, moiety of oseltamivir (T, Tx, Ty and 7, see Fig. 1B for
definition), were plotted (Fig. 5). The torsional angles were defined by
a set of four atoms. To monitor the interaction changes between the
two N1 residues, E276 and R224, as a result of the side chain rotations,
hydrogen bond distances from the carboxylate group of E276 to the
guanidinium group of R224 (which is known to determine the
hydrophobic-pocket formation) and to the side chain of N294S were
measured and the results are thus summarized and shown in Figs. 6
and 7.

In Fig. 5, the H274Y mutation cannot prevent the E276-R224
hydrogen bonding interactions or the hydrophobic-pocket formation, in
contrast to the proposed mechanism of oseltamivir resistance caused by
the H274Y mutation [2,9,28,29]. The primary source of resistance is
more likely to be due to the reduction of the hydrophobicity and size of
the hydrophobic pocket around the -OCHEt, side chain. Detailed
information on the torsional angle changes (Fig. 5), is summarized as
follows. The H274Y mutation confers a significant change in the side-
chain torsional angle of the mutated residue 274, 7374y, from a tilted
peak dominantly found at — 106° in the wild-type to a very sharp peak
at —86° in the mutant (Fig. 5A). This rotation, as well as an increase in

Fig. 4. Structural alignment between the four last snapshots of the 5-ns MD simulations of (A) OTV-WT and OTV-H274Y, and (B) OTV-WT and OTV-N294S. Closed view of oseltamivir,
the two residues, E276 and R224, which mainly form the hydrophobic pocket around the bulky ~OCHEt, group of oseltamivir, the mutated residues (H274Y and N294S) and Y347,

are displayed.
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Fig. 5. Distribution plots of the torsional angle of the bulky ~-OCHEt, group of oseltamivir, and the side chains of two mutated residues (H274Y and N294S) and two neighboring

residues (E276 and R224). See Fig. 1C for definitions.

the bulkiness of the tyrosine's phenol ring, leads to a large conforma-
tional rearrangement of the nearby residue E276 (see Fig. 1C for the
initial structure and Fig. 4A for the last MD snapshots). The Tgy76
observed in the H274Y system was noticeably split and shifted from a
narrow and sharp peak at — 80° for the wild-type, into two peaks at 70°
and 180° (Fig. 5C). This accordingly causes the rearrangement of the
R224 side-chain orientation, where Tgyy4 Was found to consequently
rotate by 90° (Fig. 5D) to maintain its hydrogen bonding interactions
with the E276 carboxylate group, i.e., the two strongly formed hydrogen
bonds indicated by a sharp peak of NE(R224)-OE1(E276) and NH1
(R224)-OE2(E276) at ca. 2.8 A distance in Fig. 6A and D, respectively.
These hydrogen bonds (Fig. 7B) comparable with those found in the

wild-type (Fig. 7A) are in contrast to their crystal structures in which
only one carboxylate oxygen (OE1) of E276 interacts with the
guanidinium group of R224 (see Fig. 1C). As mentioned above, the
rotations of Tgy76 and Tryz4 towards the inhibitor drastically reduce the
hydrophobicity and size of the pocket which accommodates the bulky
group of oseltamivir (see Figs. 3A-E and 4A). This is the main reason
why the oseltamivir's bulky moiety cannot fit well into the hydrophobic
pocket of the H274Y mutant, a notion which is also supported by the
high flexibility of the four torsional angles of the particular moiety (7,
Tx, Ty and 7z Fig. 5E-H). The results are in good agreement with the
previous study on the H274Y N1 mutant [30] where the Y274 phenol
ring was found to push the E276 carboxylate group toward the bulky

Fig. 6. Distribution plot of the hydrogen bond length of R224-E276 and E276-N294S pairs.

Fig. 7. Hydrogen bonds with E276 in the three simulated systems: (A) OTV-WT, (B) OTV-H274Y, and (C) OTV-N294S.
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group of inhibitor; however, the hydrogen bonds between E276 and
R224 were not observed.

The remarkable changes in the OTV-N294S complex were orig-
inated by the side chain rotation of the mutated residue 294 (Tn294s)
shifting from 78° in the wild-type to form the two preferential con-
formations at — 80° and — 180°. This leads accordingly to the primary
source of oseltamivir resistance in the N294S mutated N1 strain, in
contrast to that observed for the oseltamivir-resistant H274Y mutant.
The N294S rotation induces the E276 side chain (7Tg»7¢) to turn around
in the opposite way (—78° and — 152°, Fig. 5C), in comparison to that
of the H274Y mutant (78° and ~180°), forming a strong hydrogen
bond between the OE2-carboxylate oxygen of E276 and the OG-
hydroxyl oxygen of the mutated residue S294, as indicated by the
intensely sharp peak at ~3 A in Fig. 6E, which is not detected in either
the N1 wild-type or the H274Y mutant. Thus, the E276-S294 hydrogen
bond formation largely prevents the side chain rotation of E276 and
the strong interaction with R224 which is normally stabilized by the
presence of two strong hydrogen bonds (Fig. 6A and D). In other
words, only the remaining carboxylate oxygen of E276 (OE1) in the
N294S system is able to form the interactions with the NE- and NH1-
guanidinium nitrogens of R224 (Fig. 6A and C as well as Fig. 7C)
agreeing well with the crystallographic structure (yellow in Fig. 1C).
This is different from the simulations of the N294S N1 mutant [30]
where the two hydrogen bonds formed between E276 and R224 were
not changed (from wild-type) by the N294S mutation. Although the
H274 side chain seemed to be able to rotate freely leading to the three
preferential conformations at — 104°, 32° and 110° (Fig. 5A), it did not
interfere with the hydrophobic pocket which was constantly
constructed by the hydrogen bond network around the center residue
E276. Instead, the Y347 phenyl ring sometimes partially occupied the
pocket (discussed above) and was also found in the crystal structure
(Fig. 1C). Again, in contradiction with that observed for the high-level
oseltamivir-resistant H274Y strain, the N294S mutation does not
influence the conformations of the R224 side chain and -OCHEt,
group. This statement was supported by the insignificant changes in
their torsional angles (Tr224, Tw, Tx, Ty and 7z in Fig. 5C and E-H), in
comparison to those of wild-type. These results lead us to conclude
that the hydrophobicity and size of the hydrophobic pocket were not
disturbed by the N294S mutation.

4. Conclusion

In the present study, multiple MD simulations in combination with
the LIE method were applied on the wild-type and the oseltamivir-
resistant, H274Y and N294S, strains of avian influenza neuraminidase
subtype N1. Based on the LIE model derived with Essex coefficients,
the predicted inhibitory potencies of oseltamivir against all N1 strains
are in good agreement with the experimental observed values. With
respect to the OTV-WT complex, the -NH5™ and ~OCHEt, moieties of
oseltamivir dominantly lose their interactions with the H274Y
mutated strain by a significantly decreased contribution of the
electrostatic and the van der Waals interaction energies, respectively,
attributed to the absolute binding energy of OTV-H274Y complex.
Loss of interactions at these two moieties accordingly corresponded to
the weakened hydrogen bond interactions and changed intermolec-
ular distances with their neighboring residues. In contrast, the N294S
mutation showed a slight change in the binding affinities of all of the
functional groups of oseltamivir, and most intermolecular interactions
with the N1 binding residues were likely to be maintained, except for
the -COO™ group with a slightly reduced hydrogen bond interaction
to Y347.

The likely source of oseltamivir resistance resulting from the single
mutation at the two residues positioned close to its bulky group
primarily comes from different reasons. Decreases in hydrophobicity
and pocket size due to the E276 rotation towards this group, where
two hydrogen bonds between E276 and R224 were strongly

maintained, were found in the high-level resistance to oseltamivir
in the H274Y mutation. In contrast, the N294S mutation caused the
E276 rotation in the opposite direction, to become the centre of the
hydrogen network interacting with R224 and the mutated residue
$294 which has no direct effect to the oseltamivir bulky group. The
above results suggested us to propose that the potent inhibitors
against the oseltamivir-resistant strains could contain the hydrophilic
group, instead of the oseltamivir bulky moiety, in order to maintain
the hydrogen bond interactions with the shifted E276 carboxylate
sidechain in H274Y. This hydrophilic group with a longer sidechain is
needed to occupy the newly formed space due to the N294S mutation.
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Abstract To predict the susceptibility of the probable 2009
influenza A (H1N1-2009) mutant strains to oseltamivir, MD/LIE
approach was applied to oseltamivir complexed with the
most frequent drug-resistant strains of neuraminidase sub-
types N1 and N2: two mutations on the framework residues
(N294S and H274Y) and the two others on the direct-binding
residues (E119V and R292K) of oseltamivir. Relative to
those of the wild type (WT), loss of drug—target interaction
energies, especially in terms of electrostatic contributions
and hydrogen bonds were dominantly established in the
E119V and R292K mutated systems. The inhibitory poten-
cies of oseltamivir towards the WT and mutants were pre-
dicted according to the ordering of binding-free energies:
WT (—12.3 keal mol™') > N294S (—10.4 kcal mol™') >
H274Y (—9.8 kcal mol™") > E119 V (—9.3 kcal mol™') >
R292K (—7.7 kcal mol™"), suggesting that the HIN1-2009
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influenza with R292K substitution, perhaps, conferred a high
level of oseltamivir resistance, while the other mutants
revealed moderate resistance levels. This result calls for an
urgent need to develop new potent anti-influenza agents
against the next pandemic of potentially higher oseltamivir-
resistant HIN1-2009 influenza.

Keywords 2009-HIN1 influenza A neuraminidase -
Oseltamivir resistance - Mutations -
Molecular dynamics simulations

Introduction

The 2009 influenza A (HINI1) virus has rapidly spread
across the world with an evidence of human to human
transmission. The probable mutation in the neuraminidase
(NA) genes could cause resistance to the available drugs,
especially oseltamivir. A new drug-resistant strain proba-
bly leads to a large scale outbreak of novel pandemic flu
and an increase the national and global public health
concerns. Common mutations in N1 (a subtype in NA
group 1) are detected at N294S and H274Y, while the
E119V and R292K mutations are mostly found in the N2
and N9 subtypes (in NA group 2), with oseltamivir resis-
tance levels relative to the wild type (WT) of 20-80, 700—
1,700, 20-1,000 and 1,500-10,000-fold higher, respec-
tively (Abed et al. 2008; Collins et al. 2008; Yen et al.
2005, 2007). To date, oseltamivir has been found to
effectively inhibit this new virus [2009 A (HIN1)] due to
the following reasons: the N1 of the new HINI influenza
and N9 share an identical active site (Rungrotmongkol
et al. 2009a, b), and oseltamivir was designed to fit well to
the active site of the NA group 2. With an increase in
medical use and stockpile of oseltamivir for the recent
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outbreak, the question arises, and is the main goal of this
study, can we predict the inhibitory activity of oseltamivir
with respect to those frequent mutations that take place in
the influenza A (HIN1-2009) strain, and thus the potential
evolution and spread of resistant strains. The oseltamivir-
resistant influenza NA mutants would perhaps serve as the
emergence of a potential pandemic strain of the 2009-
HINT virus.

Oseltamivir is an antiviral drug against NA that func-
tions by preventing viral replication in the last step of the
viral life cycle. It was found to directly interact with the
catalytic residues of the NA active site, while the frame-
work residues stabilized the enzyme structure (Fig. 1)
(Ferraris and Lina 2008). Mutations at the conserved resi-
dues of NA appear to associate with oseltamivir resistance
in a subtype specific manner. Thus, the mutated framework
residues H274Y and N294S are regularly indentified in N1,
while in the N2 and N9 sub-types, mutations on the binding
residues (E119V and R292K) of oseltamivir were detected
after treatment in infected patients with high oseltamivir
resistance (Abed et al. 2008; Boivin and Goyette 2002;
Collins et al. 2008; Mishin et al. 2005; Ziircher et al. 2006).

To provide information at the molecular level to aid the
control and prevention of emerging potential pandemic
strains of the 2009-HIN1 influenza, multi-molecular
dynamics (MD) simulations in conjunction with the linear
interaction energy (LIE) method have been performed on
complexes of oseltamivir bound to each of the four most
likely 2009-H1N1-mutated strains; that is, with the H274Y,
N294S, E119V and R292K substitutions. The structural
property, drug—target interaction and the binding affinity of
oseltamivir against the mutated models are extensively
discussed and compared with those recently published for
the wild-type strain of the 2009-HIN1 influenza A virus
(Rungrotmongkol et al. 2009a, b).

Fig. 1 Modeled structure of oseltamivir bound to the wild-type strain
of 2009-HIN1 influenza neuraminidase. Among the labeled residues,
four residues colored in red are singly mutated for investigation in
this work: there are N294S, H274Y, E119V and R292K mutations.
The selected atoms of oseltamivir are numbered for simplicity in the
discussion

@ Springer

Materials and methods

The homology model of oseltamivir bound to the wild-type
NA (OTV-WT) of the 2009-HIN1 virus (Rungrotmongkol
et al. 2009a, b) was used as the initial structure for the
modeling of the four single mutations: N294S, H274Y,
E119V and R292K. To prepare each mutant, the specific
residue was changed using the LEaP module of the
AMBER 10 program package (Case et al. 2008), keeping
the backbone and identical side chain atoms. All mutated
NA strains with oseltamivir bound were then set-up and
treated in accordance with the 20-ns MD simulations for
the wild-type novel HINI influenza (Rungrotmongkol
et al. 2009a, b), as follows.

Each simulated system was performed by MD simula-
tions with spherical boundary condition under the surface
constrained all atom solvent model (King and Warshel
1989) using the Q-program (Marelius et al. 1998), version
5. The atomic charges of oseltamivir were taken from our
previous study (Malaisree et al. 2008). The AMBER force
field (Case et al. 2008) was applied to the amino acid and
inhibitor atoms. To set-up the environment for oseltamivir
to be the most similar in all simulated systems and to take
the conformational change of the oseltamivir into consid-
eration, the C1 atom of oseltamivir was then chosen to be
the center of simulation and the whole oseltamivir structure
was thus considered as ligand. In the simulations, the sys-
tem was capped by a 25 A sphere of TIP3P water molecules
centered on the Cl atom of oseltamivir (see Fig. 1 for
atomic label). Atoms positioned further than 25 A from the
Cl center were taken into consideration as structural
restrains. All acidic and basic side chains of residues lying
within a 22 A sphere were fully charged. In contrast, these
ionizable residues positioning between 22 A and 25 A
distances were neutralized, except for the pairs of charged
residues with a probable formation of hydrogen-bonding
interactions. The rest ionizable residues located outside a
25 A sphere were considered as uncharged entities. Local
reaction field approximation was employed for calculating
the long-range electrostatic (ES) interactions, with a 10-A
cut-off radius for the non-bonded interactions. The SHAKE
algorithm (Ryckaert et al. 1977) was applied to fix all bonds
involving hydrogen atom. The NVT ensemble was per-
formed, and a 2-fs time step was used. Initially, locations of
the water molecules were simulated by MD simulations at
5 K, keeping all other atoms fixed to their initial positions,
and the whole structure was then relaxed by four steps of
simulations. Afterwards, the system was heated to 298 K
over 300 ps, followed by equilibration phase. At last, the
four equilibrated structures were randomly chosen for
employing a production phase of 5-ns simulation.

To predict the binding-free energies (AGping) of osel-
tamivir towards the NA mutants, the LIE method (Aqvist
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Table 1 Changes in the electrostatic and van der Waals interactions
for the four substituent functional groups of oseltamivir in the bound
states of the modeled HIN1 mutant relative to those of wild type

Functional group (AAUES)bcund (kcal mol™")

N294S H274Y El119V R292K
(a) Electrostatic interactions
-CO0™ 83+£02 11.3+£01 54+£0.1 141402
—NH;" —27+£04 -28+05 11.1£06 2312
—-NHAc 30+£01 20+£01 60£01 42402
—OCHEt, 13£06 06+£06 15+09 43+12
Oseltamivir 100+ 0.6 11.1 £0.6 239 4+09 249+ 1.2

Functional group (AAU**W)youna (kcal mol ™)

N294S H274Y E119V R292K
(b) Van der Waals interactions
-CO0O™ 03+00 03£+£00 03+£00 08403
-NH;* 0.6 0.1 06+00 —03=+0.1 0.8 + 0.1
-NHAc 02+£01 1.0+£0.1 1.1 £0.0 —-0.7 £0.1
—OCHEt, 14+01 154+£00 0.1+00 324+0.2
Oseltamivir 254+00 34+£00 124+00 42402

Means and standard deviations are derived from four separate 5-ns
simulations

et al. 1994; Hansson et al. 1998) was used. The total
binding-free energy, which includes the van der Waals
(vdW) (Ude) and the ES interaction energies (UES), of the
two simulated states: (1) the solvated ligand (free state),
and (2) the ligand bound to the solvated protein (bound
state) were evaluated using the equation:

AGping = “(<UVdW>bound - <Ude>free)
+ ﬁ(<UES>bound - <UES>free) + Y (1)

where o and f§ are the empirical scaling coefficients for the
vdW and ES interaction energies, respectively, and y is a
constant. Here, Wall’s coefficients (¢« = 0.472, f = 0.122
and y = 2.603), which were efficiently derived from a
statistical analysis of the inhibitor sets binding to the rel-
evant NA enzyme (Wall et al. 1999) were chosen to fit the
LIE equation due to the three following reasons. (1)
Because the outbreak of the novel HIN1 pandemic flu was
just arisen in April 2009, the experimental inhibitory
activities required for the construction and validation the
LIE model for the training set are not available. (2) This set
of coefficients was successfully applied on the avian
influenza A (HS5NI1) virus in prediction, the inhibitory
activity of oseltamivir against both WT and mutant strains
(Rungrotmongkol et al. 2009a, b). (3) The four single
mutated strains of 2009-HIN1 neuraminidase virus in
the present study were built by a specific mutation on the
wild-type strain modeled from the crystal structure of the
H5NI1 neuraminidase with the sequence identity of 91%
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Fig. 2 Percentage occupation of H-bonds between the functional
groups of oseltamivir and the NA residues (see Fig. 1 for residue
positions) in the mutant models with the single substitution at two
district regions: the framework residues closed to the hydrophobic
pocket (N294S and H274Y), and the direct-binding residues (E119V
and R292K)

(Rungrotmongkol et al. 2009a, b). Therefore, both WT and
mutant NA strains of 2009-HINT1 are relatively similar to
the HSN1 NA enzyme.

Results and discussion

Reduced oseltamivir binding to probable HIN1-2009
mutants

To examine oseltamivir susceptibility within the neur-
aminidase pocket of the 2009-HIN1 mutant models,
intermolecular hydrogen-bond (H-bond), ES and vdW
interactions between the oseltamivir’s side chains and the
NA residues were evaluated and compared with those of
the WT (Rungrotmongkol et al. 2009a, b). The ES and
vdW energetic differences were evaluated using Egs. 2a
and 2b, and are summarized in Table 1:
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<AA UES >bound = < UES >bound [mutant]
- < UES > bound [Wlld type] . (2&)

<AA UVdW > bound — < UVdW > bound [mutant]
- <UVdW>bound [Wlld type] . (2b)

The positive and negative values of the energy
components indicate that the selected moiety of
oseltamivir in the mutants decreases and increases its
binding potency, relative to that of the WT, respectively.
The H-bonds were calculated according to the two criteria
that (1) the proton donor (D) and acceptor (A) distance is
<3.5 A and (2) the D-H..A angle is >120°. The results are
shown in Fig. 2, whereas the descriptions are given in
Table S1 of the supplementary materials. The schematic
views of hydrogen bonds formed between oseltamivir and

Fig. 3 Electrostatic potential of
five different NA strains
complexed with oseltamivir
where negative regions are in
red and positive regions are in
blue: a wild type, b N294S,

¢ H274Y, d E119V and

e R292K. Closeup of
oseltamivir, hydrogen bonds to
its binding residues are
represented by red dashed line

@ Springer

its binding residues extracted from the simulations were
given in Fig. 3.

Lower oseltamivir binding-free energies to the probable
HIN1-2009 mutants were observed in terms of the
H-bonds, AUES and AUYYY energies relative to the WT,
depending on where the mutation is located. As expected,
the ES effect of single mutation at the framework residues
(H274Y and N294S) is drastically less than that at the
direct-binding residues (E119V and R292K), which leads
to the AU™ reduction being in the range of c.a. 10-11 and
24-25 kcal mol ™', respectively (Table 1a).

For the HIN1 WT, the strong oseltamivir—-NA interac-
tions were found via five, three and one H-bonds (>75%)
with the —-COO~, -NH;" and -NHAc moieties, respec-
tively (Figs. 2a, 3a). In the two framework region muta-
tions, it can be seen that the -COO™ group of oseltamivir
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Table 2 MD/LIE binding-free energies (AGyiq) of oseltamivir towards the 2009-HINI influenza neuraminidases [A/California/04/
2009(HIN1)] for the wild type (WT) and the probable single mutations: N294S, H274Y, E119V and R292K

NA strain AGhing (kcal mol™")
WT N294S H274Y E119V R292K
Predictive
A/California/04/2009(HIN1) —12.8 £ 0.9 —10.4 £+ 0.9 —-98 £ 1.0 -93+08 —7.7+0.7
Experimental®
A/WSN/33 (HIN1)® —12.1 -93 -85 - -
A/Puerto Rico/8/34 (HIN1)® —11.4 —8.8 —8.1 - -
A/Vietnam/1203/04 (HIN1)° —13.0 —11.2 -8.6 - -
A/Vietnam/1203/04 (H5N1)? —13.1 —10.5 -9.8 - -
A/Sydney/5/97 (H3N2)" —12.8 -8.3 - —-8.6 -7.3
A/Wuhan/359/95 (H3N2)® -124 - - -9.1 -6.2

Means and standard deviations are derived from four separate 5-ns simulations

The experimental AGy;,q for different strains of N1 and N2, converted from the Kj inhibitory and ICs, values, are also given for comparison

a AG xperiment Was calculated from the experimental data using the following references: (b) Abed et al. 2008, (c) Yen et al. 2007, (d) Collins

et al. 2008 and (e) Yen et al. 2005

has almost lost the H-bonds with R118 (see Figs. 2b, 3b for
N294S; Figs. 2¢, 3¢ for H274Y) in correspondence with
the AUFS(-COO™) reduction of 11.3 kcal mol~! in H274Y
and 8.3 kcal mol™! in N294S (Table 1a). As expected
(Table 1b), the decreased AU'YY  (oseltamivir) of
2.5 kcal mol ™' by N294S and of 3.4 kcal mol~' by H274Y
were mainly contributed from the loss of vdW interactions
at the bulky OCHEt, group (~ 1.5 kcal mol™"). Previous
theoretical studies on the influenza NA mutants have
already explained how the H274Y mutation confers osel-
tamivir resistance by a meaningful change of E276’s
sidechain conformation with a consequent effect upon the
shape and size of the hydrophobic pocket for the -OCHEt,
moiety (Malaisree et al. 2009; Rungrotmongkol et al.
2009a, b; Wang and Zheng 2009) while E276 in the N294S
mutant acted as the center of H-bond network between
R224 and S294 (Rungrotmongkol et al. 2009a, b) similar to
that found in the crystal structure of the oseltamivir-resis-
tant HSN1 N294S variant (Collins et al. 2008).

With a relatively high reduction in the ES contribution
to oseltamivir in the mutations at the binding residues
(E119V and R292K, Table 1a), the mutated residues V119
and K292 showed a complete loss of H-bond interactions
with the -NH;t and —COO~ moieties of oseltamivir
(Figs. 2d, 3d for E119V; Figs. 2e, 3e for R292K), sup-
ported by an increase in the AU™S(-NH3™) by 11.1 kcal -
mol™! and in the AU*S(-COO™) by 14.1 kcal mol™". In
addition, only one H-bond with D151 in the E119V mutant
was maintained, while lower H-bond strengths in the
R292K mutant were observed at R118, E119 and D151.
Moreover, a reduced vdW interaction of 3.2 kcal mol ™!
was found at the —OCHELt, group in the R292K mutant

because the side chain of K292 (Fig. 3e) is smaller and
shorter than that of R292 (Fig. 3a). The results of the
R292K mutation were somewhat comparable to the com-
putational study of the sialic acid analogs binding to the
R292K mutated NA subtype N9 (Chachra and Rizzo 2008).

Prediction of inhibitory activity against the HIN1
mutated strains

Based on the MD/LIE approach, the binding affinities of
oseltamivir towards different mutant models of the 2009-
HINT influenza [A/California/04/2009(H1N1)], according
to Eq. 1, were predicted and are summarized in Table 2.
As expected, oseltamivir’s binding-free energy against
the WT is the most favorable one at —12.8 kcal mol™".
Only moderate binding-free energy values were found for
the N294S, H274Y and E119V mutated strains, in
which the corresponding AGy,q of —10.4, —9.8 and
—9.3 kcal mol ™', respectively. The lowest favorable
binding of oseltamivir is found in the R292K mutant with
a predicted AGyng of —7.7 kcal mol™'. All the calculated
binding-free energies were found to fall within the ranges
of those experimentally determined for various WT and
mutant strains of the other influenza N1 and N2 subtypes
(Table 2) (Abed et al. 2008; Boivin and Goyette 2002;
Collins et al. 2008; Mishin et al. 2005; Ziircher et al.
2006).

Taking all the above data into consideration, it seems
likely that oseltamivir will be significantly less potent an
inhibitor for all the modeled mutants of the 2009-HIN1
strains, with the ranked order of: R292K < E119V <
H274Y < N2948S.
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Conclusions

In the present study, multi-MD simulations in conjunction
with the LIE method was performed on oseltamivir—NA-
bound complexes for the four probable NA mutants of
influenza A (H1IN1-2009): two mutations on the framework
residues (N294S and H274Y) and the two others on the
direct-binding residues (E119V and R292K) of oseltamivir.
Reduction in the oseltamivir—enzyme interaction energies,
particularly in the ES term, and in the hydrogen bonding
were both observed in the two mutated systems with sub-
stitution on the direct-binding residues, E119V and R292K.

Based on the MD/LIE approach, the inhibitory poten-
cies of oseltamivir towards the WT and mutants were
predicted in accordance with their derived binding-free
energies (AGping) with: WT (—12.3 kcal mol_l) > N294S
(—10.4 keal mol™") > H274Y (—9.8 keal mol™") > E119 V
(—9.3 kcal mol™') > R292 K (—7.7 kecal mol™"). This
means that oseltamivir (which, to date, effectively inhibits
the current HIN1-2009 wild-type strain) is less effective
in protection and/or treatment of patients with these prob-
able mutants, and especially with the R292K variant.
Therefore, surveillance of any mutations in the influenza A
(HIN1-2009) needs to be closely watched, and prompt
action taken for preparation for the next pandemic of
potentially higher oseltamivir-resistant HIN1 influenza
strains. This calls for the urgent development of new potent
anti-influenza agents against both native and mutants forms
of HIN1-2009.
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Abstract: While the seasonal influenza viruses spreading around the world cause the annual epidemics, the recent outbreaks of influenza
A virus subtype H5N1 and pandemic H1N1 have raised global human health concerns. In this review, the applicabilities of computa-
tional techniques focused on three important targets in the viral life cycle: hemagglutinin, neuraminidase and M2 proton channel are
summarized. Protein mechanism of action, substrate binding specificity and drug resistance, ligand-target interactions of sub-
strate/inhibitor binding to these three proteins either wild-type or mutant strains are discussed and compared. Advances on the novel anti-
influenza agents designed specifically to combat the avian HSN1 and pandemic H1N1 viruses are introduced. A better understanding of
molecular inhibition and source of drug resistance as well as a set of newly designed compounds is greatly useful as a rotational guide for
synthetic and medicinal chemists to develop a new generation of anti-influenza drugs.

Keywords: Avian influenza H5N1 virus, pandemic influenza HIN1 virus, hemagglutinin, neuraminidase, M2 channel, theoretical calcula-

tions, computer-aided drug design.

1. INTRODUCTION

The pandemic of influenza virus has caused global public
health concern and occasionally leads to millions of death around
the world. Among the three different types A, B and C of influenza
viruses which can infect humans, only class A is frequently ob-
served to cause pandemics and severe disease [1-3]. The most dev-
astating influenza A pandemic of 1918 Spanish flu killed around 40
million people worldwide [2, 3]. Since late 2003, the appearance of
a high virulent avian H5N1 influenza virus or a commonly known
“bird flu” and its direct transmission from avian to human species
caused a severe disease in human with a high fatality rate of over
50% [4, 5]. The ability of this high pathogenic strain of avian flu to
spread among humans could result in a disastrous pandemic influ-
enza [6, 7]. Moreover, the recent outbreak of a novel strain of
swine-origin H1IN1 influenza virus and its sustained human to hu-
man transmission leads to the fear of morbidity and mortality be-
cause this new virus strain may lead to a high potential influenza
virus pandemic.

Influenza A viruses in the family of Orthomyxoviridae are com-
posed of eight segments of single-stranded negative sense RNA
molecule encoding eleven known proteins (PB2, PB1, PB1-F2, PA,
HA, NP, NA, M1 and M2, and NS1A and NS2, Fig. 1) [8]. A lipid
envelop of the viral particle contains two spike glycoproteins, he-
magglutinin (HA) and neuraminidase (NA), and the transmembrane
protein M2. HA is responsible for the viral entry into target cells
while NA plays a critical role in the release of newly synthesized
viral particles. The integral membrane protein M2 has a multi-
function including proton selective and ion channel. There are 16
antigenically distinct HA (H1-H16) and 9 NA (N1-N9) subtypes. A
combination of these HA and NA subtypes is used to identify dif-
ferent strains of influenza virus such as HIN1, H2N2, and H5N1.

This review aims to provide an overview of the recent applica-
tions of computational approaches employed to the HA, NA, and
M2 protein of the influenza A virus subtypes H5N1 and pandemic
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Fig. (1). Schematic representation of influenza A virus particle (Reprinted
with permission from Krug and Aramini [8], copyright 2009 Elsevier)

HIN1 in particular the mechanism of protein functions and drug
inhibition, source of drug resistance and inhibitor development.

2. HEMAGGLUTININ (HA)
2.1. Roles of HA

The initial step of virus infection involves HA binding to host
cell receptor containing glycans linkage with the terminal sialic acid
(SA). The efficiency of HA-receptor binding is specific and de-
pends on the nature of the unique linkage between SA and carbohy-
drates of host target. Avian and human viruses preferentially recog-
nize SA with o-2,3- and o-2,6- linkages to galactose (Gal), respec-
tively, while swine virus can bind to both linkages. The alternation
in host specificity of SA linked to Gal from «a-2,3- (SA-o-2,3-Gal)
to a-2,6- (SA-0-2,6-Gal) linkage is supposed to be a major barrier
for influenza viruses to cross species barriers and adapt to new
hosts [3, 9-11]. Despite the role of host cell receptor attachment,

© 2011 Bentham Science Publishers Ltd.
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HA proteolytic activation is necessary for viral infectivity and
spreading of the influenza virus through host’s organ. Without pro-
teolysis, the fusion peptide cannot be generated and hence the virus
is non-infectious. Computational studies in HA-receptor binding
specificity and the cleavage mechanism of action are discussed in
the next sections.

2.2. HA and Influenza Pathogenicity

HA, a homotrimer glycoprotein embedded in viral surface, is
synthesized as precursor polypeptide (HAO) and cleaved into two
disulfide-linked subunits (HA1 and HA2). HAL is responsible for
viral budding to host cell while HA2 promotes the release of viral
RNA genome complexed with polymerase through membrane fu-
sion. The pathogenicity of the influenza virus is associated with the
cleavage ability of an inactive HA precursor protein [3, 9-11]. In
low pathogenic influenza virus (LPIV), the HA cleavage site is
cleaved by tripsin-like protease enzymes which are principally
found in the respiratory system, thus causing the relatively mind
respiratory illness. On the other hand, this particular site of high
pathogenic influenza virus (HPIV) is specifically cleaved by pro-
protein-processing endoproteases PC6 and furin which are found in
every part of host organs, thereby leading to a widespread system-
atic and virulent infection. Structure analyses suggested that the HA
cleavage site of LPIV contains a single basic amino acid residue
(Q/E-X-R) while the insertion of polybasic amino acids (R-X-R/K-
R) leads to the HPIV (Fig. 2). Among all HA subtypes, only H5 and
H7 are observed to cause the HPIV [1, 7].

Fig. (2). Modeled structures of LPIV and HPIV HA strains. Amino acid
residues near the cleavage site are divided into two regions, Region | and
Region I1. The insertion of polybasic amino acids in Region | is in circle.

2.3. HA Catalytic Reaction Mechanism

Similar to other members of serine proteases, one of the impor-
tant catalytic function domains for furin is the catalytic triad includ-
ing amino acids D153, H194 and S368 or the so-called D/H/S
(H/D/S; D102, H57 and S195 for trypsin and chymotrypsin pepti-
dases). Although the order of the active site residues is different, the
proteolytic mechanism of furin protease is similar to that of trypsin
and chymotrypsin [12], where serine is the nucleophile, histidine
functions as the general base or acid and aspartate involves in the
stabilization of the positive imidazolium ion of histidine during the
transition process. Typically, the reaction mechanism takes place
via acylation and deacylation processes (Fig. 3). In the acylation
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step, the catalytic H194 acts as a general base to accept a proton
from S368 (Fig. 3A) and the deprotonated S368 then becomes a
nucleophile to directly attack the scissile carbonyl carbon of the
substrate with the formation of the first tetrahedral intermediate
(INT-1, Fig. 3B). This resulting tetrahedral intermediate is stabi-
lized through hydrogen bonding interactions with the carboxamide
and backbone nitrogen atoms of oxyanion hole formed by residues
N295 and S368, respectively. Then, the protonated side chain of
H194 acts as a general acid to donate a proton to the backbone ni-
trogen of the substrate to break down the tetrahedral intermediate.
This follows with the elimination of amine product and the forma-
tion of acyl-enzyme intermediate (EA, Fig. 3C). The deacylation
reaction takes place through the reverse reaction pathway of acyla-
tion process by using an activated water molecule as a nucleophile
instead of the catalytic serine residue via the formation of the sec-
ond tetrahedral intermediate (INT-2, Fig. 3D). The produced second
tetrahedral intermediate then collapses to release the newly gener-
ated carboxyl group and to restore the S195 to its initial form [13,
14].

Although the enzymatic reaction mechanisms carried out by
serine protease have been extensively studied [13-15], the detailed
mechanism of proteolytic activation of HPIV and LPIV HAs by the
specific host proteases is still not well understood. A lack of ex-
perimental structures of HA-substrate complex is one of the major
problems leading to an unclear insight of HA catalytic mechanism.
Recently, molecular dynamics (MD) simulations of the three differ-
ent HA-furin complexes were carried out with the aim of investiga-
tion why HPIV H5 was better recognized and cleaved by ubiqui-
tious subtilisin-like protease than LPIV [16]. The modeled struc-
tures of furin complexed with non- and high-virulent HA strain of
influenza viruses were constructed using a manual docking of dif-
ferent HA insertion loops within the furin active site (Fig. 4). The
cleavage loop of the HPIV HA was hypothesized to bind firmly
with the furin active region. The presence of the basic residues in
particular at positions S2 (lysine), S4 (arginine) and S6é (arginine) of
the high pathogenic avian influenza virus subtype H5 (H5-HPIV)
was found to enhance more and strong hydrogen bonding interac-
tions with the furin residues including D154, D264, Y308, E236,
V231, D233 and E236. On the other hand, less and non-stable hy-
drogen bonding interactions with furin were detected in the other
two low pathogenic influenza viruses (H5-LPIV and H3-LPIV). In
addition, the observation from this work suggested that the shorter
bond-making distance between S386 and S1-R of H5-HPIV (3.05
A) provided a suitable conformation for the nucleophilic attack of
the catalytic serine residue in comparison to that of the H5-LPIV
(3.45 A) and H3-LPIV (3.75 A).

Another study of HA enzymatic reaction mechanism was con-
ducted using the hybrid quantum mechanics/molecular mechanics
(QM/MM) [17]. This particular approach was employed to investi-
gate the first step of the acylation process in furin where its sub-
strate was the cleavage site of the HPIV subtype H5N1. In this
work, the QM region contains the fragments of H194 and S368 of
furin and S1-R (capped by S2-K) and S1’-G of HPIV HA while the
rest of system was treated by molecular mechanics. This study
showed the reaction pathway of a concerted reaction composing of
a two stepwise mechanisms: (i) the proton transfer from S368 to
H194 and (ii) neucleophilic attack on the carbonyl carbon of the
susceptible bond of the HPIV HA S1-R. The proposed tetrahedral
intermediate structure is depicted in Fig. 5. Strong hydrogen bonds
were observed between oxygen atom of S1-R and the N295’s car-
boxamide moiety as well as the S368’s backbone nitrogen. D153
was observed to significantly stabilize the protonated H194 through
electrostatic and hydrogen bonding interactions. The energy profile
of the concerted reaction with the activation energy barrier of 16.2
kcalemol? was estimated at the B3LYP/6-31+G*//PM3-
CHARMM22 level of theory.
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(INT-1), (C) acyl-enzyme intermediate (EA) to (D) tetrahedral intermediate 2 (INT-2), adapted from ref. 14.
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Fig. (4). Schematic representation of the proposed mechanism of three different strains of HAs by furin. Residues of furin and HA cleavage loops are shown in

grey and black, respectively, adapted from ref. 16.

2.4. HA-receptor Binding Specificity

Receptor binding preference of HA is a critical factor determin-
ing the host range specificity. Li and Wang [18] applied molecular
docking and MD simulations to identify the binding characteristics
of influenza H5N1 HA with either avian or human receptors. They
found that the SA-0-2,3-Gal and SA-o-2,6-Gal bound with HA
active residues via trans and cis conformations, respectively. The
HA residues interacted with SA-a-2,3-Gal stronger than that ob-
served in SA-o-2,6-Gal which showed a relatively weak hydro-
phobic and hydrogen bonds interactions. In the study by Iwata and

colleagues [19], ab initio fragment molecular orbital method (FMO)
at MP2/6-31G level was applied to examine the binding specificity
of different HAs of human H1, swine H1, avian H3 and avian H5 to
avian and human receptor analogues. Binding energies and interac-
tion patterns showed that the swine and human H1 HAs were pre-
dicted to strongly bind with human receptor compared to the avian
one. In contrast, the avian H3 and H5 HAs exhibited more preferen-
tially favorable to avian receptor than the human analogue.

The glycan topology has been hypothesized to be involved in
the switching of receptor binding preference. Xu et al. [20, 21]
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Fig. (5). Tetrahedral intermediate structure of HSN1-furin complex where the QM and MM atoms are represented by thick and thin stick models, respectively

[17], copyright 2009 Wiley-Liss, Inc., A Wiley Company)

performed MD simulations of trimeric forms of avian H3, avian H5
and swine H9 complexed with avian and human receptors by taking
into consideration the pentasaccharides SA-o-2,3-Gal and SA-o-
2,6—Gal receptor analogues (Fig. 6). By analyzing the angle be-
tween the first trisaccharides (SA1, Gal2 and Nag3), the authors
indicated that a long SA-a-2,3-Gal linkage with the cone-like to-
pology was favorable in avian influenza virus while a long o-2,6
glycan linkage with a unique umbrella-like topology was preferred
in human influenza virus. Analysis of binding free energies based
molecular mechanics generalized Born surface area (MM-GBSA)
implied that the avian H3 and H5 HAs preferentially bound to avian
receptors. However, the swine H9 was able to bind both avian and
human receptors equally, thereby possibly acting as intermediate
hosts for introduction of influenza reassortment acquiring to human.
Electrostatic interaction played a major role in stabilizing the HA-
glycan bound. In all complexes, the HA binding area is composed
of residues member of 190-helix and 130- and 220-loops. Relative
to avian H3 and H5 subtypes, the large receptor binding domain of
swine H9 HA effectively provided optimal contacts with both types
of receptor analogues. Among five glycan units, SA strongly inter-
acted with HA receptor binding residues, thereby exhibiting the
highest contribution to stabilize protein-glycan affinity.

Mutations of HA key residues were reported to be associated
with the change of receptor recognition. For H2, H3, and H5 sub-
types, mutations of the two critical amino acids Q226 and G228 in
avian influenza virus to L226 and S228 (Q226L and G228S) were
found to greatly enhance the human receptor specificity. A different
route was detected in H1 subtype which the mutations of E190 and
G225 in avian strain to D190 and D225 caused a switch from avian
to human specificity [5, 7, 22, 23].

Binding energy and interactions between a single mutation
Q226L of avian H3 and SA-a-2,3-Gal or SA-o-2,6-Gal were stud-
ied by Sawada and coworkers [24-26]. By comparing the binding
energy based ab initio FMO method, the avian Q226 H3 bound to
avian-type receptor stronger than that observed in human-type ana-
logue (by 8.2 kcalemol™ at FMO-HF/STO-3G or ~15-16 kcalemol™
at FMO-MP2/6-31G). Residue Q226 was found to strongly interact
with the avian receptor through many hydrogen bond interactions,
relatively weak in the case of human receptor. The authors also
tried to compare the binding specificity of avian L226 complexed
with either avian or human receptors. The binding affinity of L226
avian H3 and SA-o-2,6-Gal was stabilized through hydrophobic
interaction between this particular residue and the Gal unit of hu-
man receptor. However, introduction of L226 led to steric clash in

the case of H3-avian receptor bound, thus reducing the receptor
binding capability. The same research group continued their study
on the role of these key HA mutations by employing a high accu-
racy QM/MM approach [27]. The results agreed well with what was
already observed in the previous work, i.e., the avian H3 bound to
SA-u-2,3-Gal stronger than SA-o-2,6-Gal does. The Q226 played a
critical role by forming hydrogen bonding interaction with one of
hydroxyl moieties of Gal. In the mutant avian H3, the presence of
L226 led to small entropic penalty and a dispersion interaction be-
tween L226 and SA-o-2,6-Gal, hence improving the binding affin-
ity to human type receptor.

Besides the mutation of residues 226 and 228, another double
mutation L129V and A134V of avian HSN1 HA was reported to be
a potential route for H5 to adapt the human receptor specificity
[28]. Furthermore, Das et al. [29] used free energy perturbation
simulation to examine the other mutations that possibly lead to
receptor specificity switch of avian HSN1 HA. This study consid-
ered either single or double mutations of many HA key residues at
positions 135, 137, 138, 143, 186, 190, 192, 197, 225, 226, 227, and
228. A novel combination of V135S and A138S was predicted to
significantly increase the human receptor binding preference due to
its high contribution of electrostatic interaction. Substitutions of
serine at both positions 135 and 138 resulted in a conformational
rearrangement in the HA-glycan binding area, therefore accommo-
dating the stable hydrogen bonds between HA and SA-o-2,6-Gal
receptor.

Recently, the outbreak of a novel 2009 H1N1 influenza virus
leads to a global concern because it could potentially introduce a
more dangerous influenza flu pandemic. In the early work,
Nunthaboot et al. [30] constructed a three dimensional structure of
the 2009 HIN1 HA-human receptor bound and investigated its
structural property. Similar to other HAs, SA showed the most con-
tacts with HA residues and the key interactions between the human
sialopentasaccharide receptor and HA binding residues member of
190-helix and 130- and 220-loops were conserved. In their contin-
ued work, structures and binding behavior of a novel 2009 H1IN1
complex were further compared to those of three different HAs of
Spanish 1918, swine 1930, and seasonal 2005 [31]. The HA recep-
tor binding domain of a novel 2009 virus was found to exhibit
higher hydrophilicity than that of the other three HAs. Introduction
of a positively charged K145 residue in a novel 2009 HA was ob-
served to form a unique and potential lysine fence with residues
K133, K156, and K222. Residue K145 improved the protein-
receptor binding efficiency by making a strong hydrogen bond with
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Fig. (6). Structure of pentasaccharides (A) SA-a-2,3-Gal and (B) SA-0.-2,6—Gal receptor analogues.

the terminal SA. At the receptor binding QXG site, the presence of
a negatively charged E227 residue leads to a formation of QEG
sequences in the 2009 HIN1 HA while the QAG pattern was no-
ticed in the other previous HIN1 HAs. Relative to the non-charged
A227, the enhanced negative electrostatic isosurface of E227 sig-
nificantly stabilized K222 conformation to establish a strong hy-
drogen bond interaction with Gal unit, thereby increasing the bind-
ing affinity of HA to human receptor analogue. Substitution of
A227E was likely being an evolution of the new HIN1 HA from
the previous strains. Furthermore, the replacement of D225 in the
two pandemic strains of 1918 and 2009 H1N1 HAs resulted in their
larger and stronger hydrogen boding interactions with Gal of human
receptor than that detected in the 1930 swine and 2005 seasonal
viruses where residue G225 exists instead. The binding efficiency
of a novel 2009 HIN1 HA to human receptor was predicted to
greater than the other three previous HA strains of HIN1 subtype.
In the study by de Vries et al. [32], substitutions of T200A and
E227A into the crystal structure of the new pandemic human HIN1
HA were detected to disturb hydrogen bond formation with the
190-helix residue Q191 and the second galactose unit, respectively,
thereby reducing the human receptor specificity.

The behavior of a human receptor bound to HA of the 1918 and
a novel 2009 H1N1 influenza viruses was also studied by Lee and
coworker [33]. Both 1918 and 2009 complexes were predicted to
have a similar binding free energy (-7.30 and -8.04 kcalsmol™ for
1918 and 2009, respectively). Therefore, the authors concluded that
the human receptor exhibited no binding preference between the
1918 and 2009 H1IN1 HAs. This conclusion is apparently different
from those of the previous work [31], possibly due to the use of
different starting protein structures.

2.5. Progress on HA Inhibitor Development

Currently, anti-influenza drugs targeting on NA (oseltamivir
(OTV), zanamivir (ZNV), peramivir (PRV) and laninamivir (LNV))
and the membrane M2 channel (amantadine (AMT) and riman-
tadine (RMT)) are clinically available; however, their efficiency is
limited owing to the emergence of drug resistance [34-41]. Due to a
critical role of HA in the influenza life cycle, it has become an at-
tractive target for drug design and development of anti-influenza
drugs and vaccines. Up to now, no drug active against HA has been

approved by FDA, and this fact leads to great efforts in research in
this field aimed to discover high selective and effective HA inhibi-
tors. One of the factors to hamper the development of HA inhibitors
is the HA-subtype dependent activity. The HA inhibitors could
possibly divided into three different groups; (i) fusion inhibitor, (ii)
receptor binding inhibitor, (iii) peptide and non-peptide fusion/entry
inhibitor. Among these, the fusion inhibitors showed the most ad-
vance progress [1, 3]. Compounds such as benzoquinones and hy-
droquinones were reported to prevent the low-pH induced confor-
mational change of HA [42, 43]. The tert-butyl hydroquinone
(TBHQ, Fig. 7A) showed potent activity with 1Cs, values of 5 to 10
UM against the conformational rearrangement of H3N2. The ex-
perimentally resolved structures of TBHQ bound to H3 and H14
HAs demonstrated that the inhibitor bound in a hydrophobic area at
the interface between HA monomers [43]. This study highlighted
an understanding of the protein-ligand interaction and drug mecha-
nism of action.

Using a ligand-based similarity approach, 1-phenyl-cyclopen-
tanecarboxylic acid (4-cyano-phenyl)-methyl-amide (4t) (Fig. 7B)
with the 1Cso value of 98 nM against HIN1 was identified [44]. A
novel class of influenza A virus fusion inhibitor was identified by
Vanderlinden and colleagues [45]. The most active compound, 4c
(Fig. 7C) exhibited 50% antiviral effective concentration (ECsp)
value of 3-23 uM. This type of compound showed activity against
H3 but not the H1, H5 and H7 subtypes. However, either single or a
combination of three substitutions D112N (in HA2), R220S (in
HA1) and E57K (in HA2) could induce drug resistance mutation of
this particular compound.

In addition to the aforementioned three main classes of anti HA
viral compounds, a novel group of post-translational inhibitors was
suggested. In the study by Rossignol et al. [46], thiazolides inhib-
ited the replication of HIN1 virus by blocking the maturation of
viral HA at the post-translation level. Compound RM5014 (Fig.
7D) was the most potent inhibitor with the ECs, value of 0.1 pg/ml,
10 times more active than the parent nitazoxanide compound (Fig.
7E).

As demonstrated above, much progress in the discovery and
development of inhibitors against the HA viral could bring to the
hope of a successful finding new anti- influenza drugs.
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Fig. (7). Chemical structures of HA fusion inhibitors.

3. NEURAMINIDASE (NA)
3.1. Roles of NA

Neuraminidase (NA), one of two glycoproteins on the surface
of influenza virus, is responsible for cleaving the terminal sialic
acid from the host receptors in the viral replication cycle. By block-
ing the NA activity, the new infectious virions cannot be released
from the host cell, therefore, NA is an important target for anti-
influenza agents in the treatment and prophylaxis of influenza in-
fections. NA predominantly existed as a tetramer of high molecular
weight, 240 kDa, as shown in Fig. 8. Based on its phylogenetic tree,
the nine subtypes of NA, named N1-N9, are classified into two
groups, group-1 (N1, N4, N5 and N8) and group-2 (N2, N3, N6, N7
and N9). The main discrepancy in the structural feature between the
two NA groups was revealed by Russell et al. in 2006 [47]. The
150-cavity, formed by open conformation of the 150-loop (residues
147-152), was found adjacent to the sialic acid binding pocket in
the group-1 NA (Fig. 8). However, the viral influenza pandemic
HIN1 NA recently crystallized lacks this cavity [48]. The highly
conserved active site in all subtypes consists of the catalytic resi-
dues (R118, D151, D152, R224, E276, R292, R371 and Y406) and
the framework residues (E119, R156, W178, S179, D198, 1222,
E227, H274, E277, N294, and E425).

Up to date, the four anti-influenza drugs (zanamivir, oseltamvir,
peramivir and laninamivir in Fig. 9) targeting NA are available to
combat the influenza virus. Zanamivir (trade name Relenza® mar-
keted by GlaxoSmithKline) used by oral inhalation is the first NA
agent developed through rotational drug design. Oseltamivir (Tami-
flu® tablet from Roche) is the most common used for influenza
treatment. Peramivir (Rapiacta, brand name in Japan) developed by
BioCryst Pharmaceuticals was issued by the Food and Drug Ad-
ministration as emergency use to treat patients infected by pan-
demic HLIN1 in October 2009. Laninamivir (Inavir made by Daiichi
Sankyo Co. Ltd.) recently approved and released in Japan in Sep-
tember 2010 shows the long-acting inhibitory activity against the
influenza virus.
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Fig. (8). Tetrameric neuraminidase with drug bound. Close up of osel-
tamivir and its surrounding residues in NA subtype N1 of the influenza
H5N1 and pH1N1 viruses. The active site cavity of NA subtypes N1 and
N2.

3.2. Substrate Binding Specificity in Neuraminidase

While the HA specific binding to sialylated glycan on the target
cell-surface receptor is widely known, the NA substrate specificity
has been rarely reported. Recently, Raab and Tvaroska [49] had
revealed the NA substrate specificity for HSN1 virus using SA and
two trisacchrides, SA-a2,3-Gal-Glc (3SL) and SA-a2,6-Gal-Glc
(6SL). The results shown that the transition from the B, s to the 2c,
conformation was found in SA while the distorted boat conforma-
tion was adopted for both trisaccharide. With comparable ligand-
protein binding in the three complexes via the E276, R292, Y347,
R371 and Y406 residues (Fig. 10), the SAL unit of the two trisac-
charides were proposed to stronger interact with the binding pocket
than the sialic acid alone. The Gal2 unit of 3SL was stabilized by
the N247 and Y347 residues and its sialic acid, whereas the last
unit, Glc, of 6SL had partial interactions with the 150-loop residues,
D151 and R152 as well as its SA. Therefore the 02,3 linkage was
more likely stable than a2,6 linkage. The strength of the substrate
binding is in the following order: 3SL > 6SL >> sialic acid. This
might be a reason that an avian N1 was experimentally found to
cleave the SA-a2,3-Gal glycoconjugates better than the SA-02,6-
Gal [50-52].

3.3. Oseltamivir Efficiency Toward the Group-1 and Group-2
NA Strains

To understand why the most widely used NA inhibitor, osel-
tamivir (OTV), has lower effectiveness for the inhibition of N1
subtype (NA group-1) than N2 and N9 (NA group-2), OTV binding
to these three NA subtypes in aqueous solution was studied using
MD simulations [53]. Although the hydrophobic pocket was formed
for the three complexes via the hydrogen bond between N1 R224
and E276 residues to accommodate the —OCHELt, group of OTV,
lower drug-target interactions at the N1 active site was found rela-
tive to those of the N2 and N9 complexes. This is due to the dra-
matic changes in drug conformation at the -NHAc and —OCHEt,
moieties, i.e., their conformations in the N1 binding pocket were
rotated by 40-60 degree from those of N2 and N9. These changes
had induced an adjustment in the position and orientation of
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Fig. (10). Schematic representation of three substrates, sialic acid (SA), SA-a2,3-Gal-Glc (3SL) and SA-a2,6-Gal-Glc (6SL) interacting with the binding resi-
dues of H5N1 NA shown with the most preferential intermolecular distances (A) approximated from the last 2.5 ns of simulations [49].

the surrounding amino acids. In addition, the calculated binding
free energy based on molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) reveals the lower susceptibility of OTV
to influenza NA subtype N1 than those of in N2 and N9. This is
may be due to the rotational design of commercial NA inhibitors is
primarily based on the NA group-2. Therefore, designs of novel
antiviral agents according to the N1 crystal structure are needed and
reviewed hereafter.

3.4. Key Binding Interactions at the Sialic Acid Site in N1
3.4.1. Avian Influenza A H5N1 Virus

Identification of key inhibitor-binding residues is a key factor
for understanding the enzyme function as well as for developing the
new potent inhibitors. The MD simulation approach was exten-
sively used of a powerful tool for this purpose.

Malaisree et al. [54] had conducted MD simulations for the
three commercially available NA drugs (OTV, ZNV and PRV as
shown in Fig. 9) in the closed conformation of HSN1 NA protein.

The —COQ" group of inhibitor generally interacted with the three
conserved arginines, R118, R292 and R371, as well as Y347
through hydrogen bond formations. Long range interaction with
R118 was found instead of hydrogen bond in OTV system. In con-
trast, hydrogen bonds with the three conserved arginines were to-
tally disappeared in the PRV-N1 simulation using the GROMOS
force field and SPC water model [55]. Lawrenz et al. [56] demons-
trated that, without Ca®* binding near the NA active site, Y347
flipped out of the pocket and unable to interact with the —-COO"
group of inhibitor leading to a reduced affinity of drug binding by
3-5 kcalemol™. At the positively charged side chain of inhibitors,
the E119, D151 and W178 residues stabilize the ammonium group
of OTV and the guanidinium group of ZNV and PRV. Although the
longer guanidinium group also formed hydrogen bonds with E227,
only that of PRV with different orientation (Fig. 8) had two more
binding residues, E277 and Y406. The R152 and E277 provide
hydrogen bond interactions to the -NHAc group of all three drugs.
The E276 and R224 form hydrophobic pocket to accomodate the —
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OCHEt, of OTV and PRV, while the R224, E276 and E277 stabi-
lize the hydrophilic group of ZNV via hydrogen bonds. In agree-
ment with those proposed by Malaisree et al. [54], the —OH sub-
stituent on the 5-membered ring of PRV firmly forms a hydrogen
bond with D151 closely resemble to the natural NA substrate, sialic
acid [57].

The tamiphosphor, the phosphonate congener of OTV, and its
analogs showed more inhibitory potency than OTV against the
native NA strains of the HIN1 and H5N1 influenza viruses [58].
Udommaneethanakit et al. [59] had adopted this idea and utilized
MD technique to study the three known NA drugs and their phos-
phonate analogues (OTP, ZNP and PRP in Fig. 9) in both closed
and open forms of NA of the H5N1 virus. The replacement of the —
COO" group by the -PO3? group led to more effective interactions
with the surrounding residues, R118, Y347 and Y406, resulting in a
stronger binding affinity with N1 enzyme. However, the negative
net charge of the phosphonate compounds could repel the nega-
tively charged D151 residue of the flexible 150-loop away from the
active site causing the more likely open N1 form. The 13b com-
pound, tamiphosphor with the large basis group (Fig. 9), showed
more preferential binding potential to this residue of the 150-loop
[60]. The OTV-2 compound with ~CH,NH5;" substitution on the C3
position of OTV (Fig. 9) was suggested to be a drug candidate since
it showed highly predicted binding affinity through an additional
interaction with E119 as well as good bioavailability [61].

3.4.2. Pandemic Influenza A HIN1 Virus

In February 2009, the pandemic influenza A HIN1 virus
(pHIN1) emerged from swines in Maxico and rapidly spread
worldwide had raised a global human health concern. This new
influenza virus already contains the adamantine-resistant mutation
in M2 protein. After a couple months of outbreak, Rungrotmongkol
et al. [35] had modeled the complex structure of the A/California/
04/2009 (H1N1) NA strain with the most important anti-influenza
drug, OTV, using homology modeling and multiple MD simula-
tions. Among the active site and framework N1 residues (Fig. 8),
the main difference between the H5N1 and pH1IN1 NAs is the im-
portant residue Y347 in the HSN1 NA replaced by asparagine in the
pHIN1 NA. Although the hydrogen bond interaction with N347
cannot be formed, the -COQO™ moiety could strongly interact by the
argentine triad including R118. This finding together with the other
drug-target interactions conserved could explain the OTV ability
for treatment of infected pH1N1 patients. The comparative study of
OTV and ZNV in the N1 cavity of Spanish H1N1, H5N1 and
pHIN1 viruses presented a relatively conserved and unique drug
binding pattern among all different N1 strains [62]. More intermo-
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lecular interaction through hydrogen bonds with ZNV than OTV
was detected.

3.5. Source of Oseltamivir Resistance

The NA inhibitors are effective for treatment of the current non-
seasonal influenza viruses, H5N1 and pH1N1, however, the emer-
gence and spread of drug-resistant strain remains a major concern
on the national and global public health. Beside the single amino
acid replacements, E119V/I and R292K, in N2 and N9 conferring
OTV resistance [37, 64-66], the H274Y and N294S (H275Y and
N295S in N1 numbering) single substitutions on the framework
residues are the most frequent OTV-resistant mutations in N1 sub-
type [38, 40, 67, 68]. The reduction in the inhibitory potency of
OTV was found in treatment of patients infected with the H274Y
and N294S H5N1 and the H274Y pH1N1 variants [69-71]. To de-
velop new potent antiviral agents to be used for treatment of both
native and drug-resistant influenza H5N1 and pH1N1 virus infec-
tions, a clear understanding of OTV resistance due to these known
mutations in molecular level is required.

Using MD technique, Malaisree et al. [34] simulated the 3D-
structural model of avian HSN1 NA with H274Y mutation in com-
plex with OTV. The simulated results indicated that replacement on
the framework residue 274 from histidine to tyrosine pushed the
E276 side chain much closer to the —-OCHEt, group of OTV (Fig.
11A). This phenomenon led to a formation of significantly reduced
pocket size and hydrophilicity in the area around the drug bulky
moiety which was unsuitable to accommodate the OTV molecule.
In addition, the rotated E276 firmly formed hydrogen bonds with
R224 better than those in wild type. With the stability of E276-
R224 hydrogen bond pair, Park and Jo [72] suggested that water
penetration to the region between the —OCHELt, group and E276
may cause the resistance of H274Y mutant to OTV. Rungrotmong-
kol et al. [63] reported the reduction of the electrostatic and the van
der Waals interaction energies at the -NH; and ~OCHEt, groups of
OTV, respectively, in correspondence with the decreased hydrogen
bond strengths and increased distances with their surrounding resi-
dues in the H274Y mutant of H5N1 NA. This differs for N294S
mutation, i.e., diminutive changes of functional group contribution
in binding energies and intermolecular interactions with N1 resi-
dues. Moreover, the E276 conformation in N294S was dissimilar to
that of H274Y, since it served as the hydrogen network center in-
teracting with R224 and S294, the mutated residue (Fig. 11B). Al-
most all results were consistent with Wang and Zheng’s study [39]
except the absence of the salt bridge between E276 and R224
formed at the end of H274Y simulation while this interaction was
maintained in N294S. Altogether, the information revealed from

Fig. (11). Structural alignment between the MD snapshots of the wild-type and mutant strains, H274Y and N294S [63] (copyright 2009 Elsevier).
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MD simulations considerably is in contrast to the hypothesis of
reduction in OTV susceptibility over the single NA mutants
R292K, H274Y and N294S [73-75].

3.6. Prediction of Drug Efficiency to Probable pHIN1 NA Mu-
tants

After the pHIN1 outbreak, the strains of influenza resistance to
the current anti-influenza drugs were not unexpected. Prediction of
drug inhibitory potency against the probable pHIN1 NA mutants
could provide the useful data in drug design and preparation for the
next epidemic and pandemic of potential drug-resistant pH1N1
strains. Rungrotmongkol et al. [36] had modeled and evaluated the
OTV efficiency over the four single substitutions H274Y, N294S,
E119V and R292K in pH1N1 NA. In Fig. 12, the mutations at the
binding site of OTV, E119V and R292K, had noticeably caused a
loss of drug-target interactions energies particularly in terms of
electrostatic interactions at the -NH;" and -COO" groups of OTV,
respectively, corresponding to the disappearance of hydrogen bonds
with the mutated residue. In contrast, the other two mutations oc-
curring at the framework site, H274Y and N294S, had decreased
the van der Waals interaction at the —OCHEt, side chain of OTV
and the weakened hydrogen bond with R118 and E119. Based on
linear interaction energy (LIE) method, the OTV-resistant level was
predicted according to the reduced binding free energy relative the
wild type strain: R292K > E119V =~ H274Y > N294S. It is notewor-
thy that, WHO received the first report of OTV-resistant (H274Y)
pHIN1 virus in July 2009. Later on, the predictive ZNV affinity
towards the series of the possible pHIN1 NA mutants R292K,
R152K, E119A/D, and H274Y was studied by Pan et al. [76]. In
contrast to OTV, the pHIN1 H274Y variant does not confer the
resistance to ZNV. ZNV will lose its inhibitory activity over the
four single substitutions on the drug binding residues in pHIN1 NA
(R292K, R152K and E119A/D) due to the loss of polar interactions
with the mutated residue. This is similar to what found in E119V
and R292K OTV-resistant models [36]. Furthermore, the order of
reduced ZNV activity predicted against the mutated models is
R292K >> R152K = E119D > E119A.

3.7. Progress on Development of New NA Inhibitors

The discovery of the open N1 conformation with the 150-cavity
and 430-cavity adjacent the sialic acid binding site has provided the
new opportunity for drug design of anti-influenza inhibitors [47,
77]. Using the open N1 as receptor for docking, Du et al. [78] had
suggested that the modified OTV analogs with different numbers of
hydroxyl group substitutions on the hydrophobic side chain and —
NHC(=NH,")NH, replacement on —NH5* group showed increased
binding affinity and favorable conformation in the active cavity.
Cheng et al. [79] had performed the ensemble based virtual screen-
ing of the National Center Institute diversity set on either crystal
structure or the apo and holo MD snapshots of influenza A subtype
N1 [77]. It is interesting that, among the 27 top hits, 14 of them
cannot be found by docking to the crystal structure alone, since
their favorable binding site was in the 150-cavity and/or 430-cavity.
Rungrotmongkol et al. had applied the computer-assisted combina-
torial techniques to design, focus and in silico screen a virtual li-
brary of OTV analogs [80] and the pyrrolidine analogs [81]. From
the large diversity combinatorial library, the small highly focused
combinatorial subset of both designed analogs was proposed to
contain NA inhibitors with considerably higher potencies toward
the N1 enzyme than their parent inhibitors, OTV and A-315675
(Fig. 9). The R-groups of the designed analogs (Fig. 13) are useful
as a guideline for developing a next generation of antiviral agents.

4. M2 PROTEIN CHANNEL

The structures and functions of the M2-channel were initially
studied since the early 1900s using different techniques such as

Rungrotmongkol et al.

Fig. (12). Hydrogen bonds formed with OTV, represented by red dashed
line, in (a) wild-type and (B-E) four possible mutants of pandemic H1IN1
virus (adapted from ref. 36).
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functional mutagenesis [82-84], site-directed infrared dichroism
[85], solution NMR (soINMR) [86], solid-state NMR (ssNMR) [87-
93], X-ray crystallography [90, 94] and computational modeling
[95-99]. Several aspects including the M2 function in viral life cy-
cle, structural characteristics, proton transport mechanism, drug
inhibition and drug resistance were identified.

4.1. Roles of M2 Channel

The influenza A virus M2 protein, a tetrameric type Il integral
transmembrane (TM) protein, is known to play an essential role in
viral replication by mediating the acidification and uncoating of
endosomally entrapped virus. The tetrameric M2 in the viral mem-
brane functions as pH-dependent proton channels [83, 100, 101] to
equilibrate pH across the viral membrane during entry and across
the trans-Golgi membrane of infected cells during viral maturation
[102-104]. After endocytosis and before HA mediated fusion be-
tween viral and endosomal membrane, the M2 channels are acti-
vated by the low pH of the endosome to conduct protons to acidify
the viral interior. The acidification was suggested to weaken elec-
trostatic interaction between ribonucleoprotein (RNP) complexes
and matrix proteins. Consequently, membrane fusion can release
the uncoated RNPs into the cytosol for transporting into the nucleus
[105]. However, this proposed mechanism is not yet validated by
further experimental evidence. At a later stage, the following proc-
esses take place during viral assembly, (i) the newly synthesized
viral proteins are transported to the cell surface by trans-Golgi net-
work (TGN), (ii) the viral membrane proteins are topologically
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inverted in the TGN membrane, and (iii) the functional domain of
HA is exposed to the low pH of the Golgi lumen and it is suscepti-
ble to premature rearrangement to the fusion-active conformation.
To preserve the high pH form of nascent HA, protons were trans-
ferred out of the TGN through the M2 channels [102]. Note that
proton specific conductance of M2 is activated by low pH, evi-
denced by the channel recordings [104, 106, 107].

4.2. Structures of the M2 Channel

The M2 protein channel consists of 97 residues: (i) an ectodo-
main (residues 1-24); (ii) the pore-forming TM helix (residues 25-
43); (iii) an amphiphilic C-terminal helix (residues 47-60); and (iv)
a cytoplasmic tail (residues 61-97). Both experimental and compu-
tational approaches were used to determine the structures of M2
channel, discussed below.

4.2.1. Experimental Structure of the M2 Channel

A number of experimental studies were carried out and revealed
dramatically different structures of the M2 transmembrane domain
with/without C-terminal at different pH conditions where H37 can
be non-protonated (OH), one-protonated (1H) and two-protonated
(2H) for high pH (pH ~ 6.5-8) as well as three-protonated (3H) and
fully-protonated (4H) for low pH (pH ~ 5-6). Even now, the recent
high faithful techniques have provided a similar topology of ele-
mentary M2/TM structure as previous, in which the TM helices
gather into a left-handed twist in four-helix bundle protein. Its resi-
dues exhibit a repeating helical periodicity of 3.6 amino acids per
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Fig. (13). List of the most favorable R-groups obtained from the final combinatorial subset [80, 81].
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Fig. (14). Comparisons of the recent experimental structures: X-ray (3BKD, 3C9J and 3LBW), ssSNMR (2KQT and 2L0J) and soINMR (2RLF).

turn. The M2 pore is lined by polar residues S31, G34, H37 and
W41 and a non-polar residue V27 of the TM sequence. The imida-
zole ring of H37 acted as pH sensors [108]. The pore constriction is
found at two places, V27 positioned near the N-terminal end and
H37/W41 closed to the C-terminal end. In other words, the
H37/W41 gating residue plays an important role in M2 channel
[109], while the secondary gate was formed by V27 at the channel
entrance [110]. The cavity formed between these two important
residue regions is the drug binding site [91, 108, 110]. Among ex-
perimentally resolved 3D-structures of M2/TM (Fig. 14), they are
considerably different in details for describing the mechanism of
proton conduction, drug inhibiting and drug resistance.

The first M2/TM (residues 22-46) crystal structures (3BKD and
3C9J) were explicated by Stouffer et al. [90], in which the two
forms in the absence and presence of the AMT channel-blocking
were crystallized in S-octylglucoside (OG) detergent environment
at resolutions of 2.05 A and 3.5 A, respectively. The free channel at
pH 7.3 (3BKD) was suggested as a mixed protonation state of H37
tetrad on the basis of the known pKa value. Their isolated models
called as A4- and D4-models represent open and closed channel
conformations that pull in the C-terminal gating region diverse and
converse of four-helix bundle, while they are tightly packed at the
N-terminal end. The closed D4-model exhibited the R45-D44 salt
bridge, while this was not detected in the spray out of the open A4-
model. The M2-bound form (3C9J) was crystallized at a lower pH
of 5.3 supporting the open channel structure with a presence of
AMT. The crystal structures of the AMT-bound at low pH (3C9J)
and the drug-free at high pH M2/TM (3BKD) showed a nearly
identical drug-binding site in consistent with AMT inhibitory abil-
ity at pH 5-8 [111-113].

In 2008, Schnell et al. [86] determined the soINMR structure of
the closed conformation of M2 residues 18-60 in complex with
four RMTs located in the lipid-facing pocket at pH of 7.5 in dihex-
anoyl-phosphatidyl-choline (DHPC) detergent micelles (2RLF).
Each subunit has N-terminus (residues 18-23), TM helix (residues
25-46), short flexible loop (residues 47-50) and C-terminal amphi-
pathic helix (residues 51— 59). The TM helix has a twist angle of
23° leading to the extremely narrow channel that cannot accommo-
date an inhibitor. At high pH, TM helices were tightly locked by
intermolecular interactions between W41 and D44. This TM pack-
ing is destabilized by pH reduction leading to an unlocked gate
conformation, and the proton conduction through waters is conse-
quently occurred. The extended loop (residues 47-50) at C-terminal
end is connected with amphipathic helix lying almost perpendicular
(~82°) to the TM helices using a packing mode right-handed to
form the channel base (Fig. 14, 2RLF). This segment could adopt a
more stable conformation in the viral membrane when C50 is mu-
tated to S to avoid the disulphide formation.

In 2010, Cady et al. [108] had proposed the sSNMR structure
(2KQT) of AMT binding to M2/TM (residues 22-46) at pH condi-
tion of 7.5 in dimyristoylphosphatidylcholine (DMPC) which is
expected to better mimic a biological membrane than micelle. The
four helices of this M2/TM structure are kinked at G34, with the
helical axis tilted by 30° for the N-terminal segment and 19° for the
C-terminal segment, in consistent with N ssNMR orientational
constraints [92]. The narrowest points of the pore lie at the N-
terminal V27 and C-terminal H37/W41, which are involved in pH
sensing and proton-conducting activity of M2 channel [109].

Furthermore, Acharya and coworkers [94] presented a high-
resolution (1.65 A) crystallographic structure of the M2/TM protein
(residues 25-46) in apo form at pH 6.5 (3LBW). This corresponds
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[115].

to an intermediate protonation state (with diprotonated histidines,
2H) of the channel [114], providing a pathway for proton conduc-
tion. A network of hydrogen bonds from water molecules favorably
contributed to the M2 channel from below the pore lying residues
27 to almost interior of the virus, excepting for the W41 region.

Recently, Sharma et al. [115] reported the apo M2 structure
with spanning residues from 22 to 62 (2L0J) in 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine:  1,2-dioleoyl-sn-glycero-3  phos-

phoethanolamine (DOPC: DOPE) bilayers solved by ssNMR at pH
of 7.5. This structure is spectacularly different from the earlier
soINMR M2 structure (residues 18-60) in detergent micelles
(2RLF) [86]. Within residues 26-46, the kinked TM helix at G34 is
comparatively similar to the kinked TM domain with AMT bound
[92], where the N-terminal and C-terminal ends showed tilt angles
of ~32° and ~22° relative to the bilayer normal, respectively. The
C-terminal of the amphipathic helices is situated with allowance to
form the tetrameric M1 binding domain.
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4.2.2. Dynamical View of the M2 Channel Structures

As mentioned earlier, different techniques used such as sSNMR,
soINMR and X-ray led to different M2 structures. In the MD stud-
ies using the ssNMR structure, H37/W41 gate was almost found in
closed form at low protonation state and open form at high protona-
tion state [96, 97, 99], in which the V27 is always opened. It was
also proposed by Arkin group that proton transfer is appreciably
taken place only in the system with two or more charged histidines
in which the gate can be opened because of the electrostatic repul-
sion between the charged histidines [96]. Intharathep et al. [116]
have shown that the channel is closed at low protonation state while
at high protonation state, the electrostatic repulsion of the charged
histidine leads to the pore opening and thus enhancing the accessi-
bility of water into the pore. Chen et al. [97] and Hu et al. [114]
reported that the highest proton permeability is the triply protona-
tion state of H37. In addition, the secondary gate was found at V27,
in which the water wire was alternatively broken by the primary
(H37/W41) or secondary (V27) gates, i.e., the two gates were bro-
ken one by one. This fact was supposed to be a reason supporting
the evidence of very low proton conductance in M2 channel.
Leonov et al. [99] performed MD simulations using the X-ray
(3BKD), ssNMR (INYJ) and soINMR (2RLF) structures. They
found that the X-ray one is the most stable, however, the water
conductance was not correlate to the protonation state of the chan-
nel since it always closes at V27 in the OH and 2H states and even
at low pH in the 3H state. Khurana et al. [98] have conducted MD
simulation using D4-model in which the tetrameric M2 channel was
duplicated from D4-bundle of the X-ray structure (3BKD). They
found that at high pH the channel is opened at the V27 and closed
at H37 gates, and in vice versa at the low pH.

4.3. The M2 Gating-Like Mechanism

From the 97 amino acids of M2, the C-terminal amphipathic
helices is found to stabilize the tetramer by intermolecular contacts.
The two intermonomer disulfide bonds between residues C17 and
C19 of the ectodomain of M2 are thought to stabilize oligomeric
assembly, helping in incorporation into budding virus particles [83,
100]. In addition, a cytoplasmic tail was found to facilitate virus
assembly by binding to the M1 protein [117, 118].

As known the H37 tetrad of the M2 channel has been indicated
important in its gating mechanism. Mutants of the M2 channel at
this residue replaced H by G, S, or T residues lead to the loss of
their proton selectivity [119]. This function can be restored upon
addition of imidazole group indicating its important role in proton
selectivity. Regarding the pH controlled gating mechanism, it was
suggested that the H37 was found to act as a pH sensor switch to
turn the gate “on” and “off”, in which only protons are allowed to
penetrate through this highly selective filter [114]. The pKa’s of the
four histidines at the gating region are different from one another,
in which the triply and quadruply protonated histidines are deter-
mined for the open forms of the M2. In addition, when W41 is re-
placed by the smaller size residues such as A, C, or F, the higher
proton conductivity was observed compared to that of wild type.
With Raman spectroscopy, a cation-z interaction between the pro-
tonated imidazole of H37 and the indole of W41 was found to play
an important role to turn the gate “on” and “off”. Recently, V27
was proposed to form a secondary gate [110], however, the data
from the mutagenesis are not conclusive. Pinto and coworkers re-
ported an increase of proton transport when V27 was replaced by A
or D while the reductivity was found for the replacement by resi-
dues S, T, G, K, R, F or W [120]. In contrast, Holsinger et al.
showed that the mutation of V27 to A, S, or T does not change the
current of protons [121].

The unknown function of the C-terminal which might plays a
critical role in membrane assembly was also studied by cystein
mutagenesis. Previously, Tobler et al. [122] demonstrated that the
C-terminal could be deleted without effecting proton conductivity,
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although it was found that shorter fragments had poor surface ex-
pression in oocytes. Recently, the fragment residues 21-61, 21-51
and 22-46 in Xenopus oocytes were studied and compared. The
results showed that the assembly, drug binding and proton translo-
cation in both micelles and bilayer can be studied with confidence
by using the short fragment M2/TM only.

4.4, The Proton Transport Mechanism

As known, the M2 channels are very selective for protons [106,
122-124]. The rate of transportation of wild-type M2 channel of c.a.
105 protons per tetramer per second at pH 5.7 was found in en-
dosomes [106, 122]. The mechanism of proton transport through
the aqueous pore of the channel is actually not known yet. The two
acceptable mechanisms are the shuttling and gating (or shutter).
The first mechanism requires at least one non-protonated H37 that
orients its two nitrogen atoms toward the channel pore surface
[125]. A proton is proposed to transfer to the imidazole ring of H37
which is, then, releases to a neighboring water molecule. In the
final state, the imidazole ring was flipped (or tautomerization) to
the initial configuration to accept the next proton. Based on three-
dimensional reference interaction site model (3D-RISM) method,
Hirata group [126] suggested that this model seems to be uncertain
because two nitrogen atoms of the same histidine exposed to water
inside the pore were not found. The MD simulation studies from
Intharathep el al. [116] also did not found any histidine residue in
such conformation. The second mechanism, “gating” or “shutter”,
claimed that water can form a proton wire through the channel in
the open state [97, 127]. A proton transport from the hydronium ion
to an adjacent water molecule is possible via the hydrogen bond
formation between them, so-called Grotthuss (GT) mechanism
[128]. The likelihood of the GT mechanism with a low proton con-
ductance was suggested by the MD simulated results from Voth
group [97].

Hirata group [126] proposed the new proton transport mecha-
nism describing the low proton conductance of the M2 channel
through two histidines, one protonated and another non-protonated
(Fig. 15A). A hydronium ion and a water molecule attach the nitro-
gen atom of the non-protonated and protonated imidazole, respec-
tively (step I in Fig. 15A). The proton transportation from a hy-
dronium ion to the N, atom of H37 imidazole ring, and the other
protonated H37 releases the proton to a nearby water molecule.
Consequently, these two H37 residues switch their protonation
states from protonated to non-protonated and in vice versa (step Il
in Fig. 15A). Afterward, the two H37 residues move to the appro-
priate positions due to conformational fluctuations of protein (step
Il in Fig. 15A) to organize the next process of proton transfer (step
IV in Fig. 15A). They also suggested that this mechanism is
achievable only in the 3H state owing to the two reasons. Firstly, at
least one non-protonated H37 is needed to bond respectively with a
water and with a hydronium ion; therefore the possibility of the 4H
state is excluded. Secondly, W41 tetrad in the closed 1H and 2H
channels completely prevent water accessible from the gating area.
This is thus no water molecules available in making a hydrogen
bond with the imidazole ring of H37 inside the pore.

Recently, the crystallographers [115] proposed the M2 proton
transport mechanism involving 2H state with two diagonal histidi-
nes protonated corresponding to closed conformation at pH ~ 7.0
[114]. This model clarifies the process of shuttling mechanism us-
ing the three states for the proton conducting: (i) histidine-locked-
state, (ii) activated state, and (iii) conducting state. In histidine-
locked-state (1), each dimer of adjacent H37 has shared proton via
strong hydrogen bond between the Ng; and N, atoms on the imida-
zolering (step | in Fig. 15B) with an energetically favorable situa-
tion [129]. The other two Ng; and two N, sites are pointed to the C-
terminal end (step | and Il in Fig. 15B). These protons on N, atoms
make the hydrogen bond interactions with the indole rings of the
W41 gating residues (step | in Fig. 15B), while hydrogen bonds
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Fig. (16). The drug binding sites proposed based on structural, functional, and computational simulation data at high and low pH. The protein structure shown
here is the structure from X-ray (3C9J) for blocking-model and soINMR (2RLF) for two sites, pore and allosteric-model.

were formed between the two protons on Ny; atoms and the back-
bone carbonyl oxygens themselves (step Il in Fig. 15B). In acti-
vated state (I1), a proton transfer process is taken place between the
hydronium ion and the Ng;-N¢, hydrogen bond site with resulting in
of the rotation of two imidazolium rings. This allows the protonated
Ng; forming a hydrogen bond with water in the N-terminal pore
while the protonated N, moving downward to form an ion-z inter-
action with the W41 indole ring, thereby blocking water accessible
from the C-terminal pore (step Il in Fig. 15B). The conducting state
(1) is obtained when the indole moves away and exposes the Ne2
proton to a water molecule in the C-terminal pore. Once the Ne2
proton is released to C-terminal water, the HxxxW quartet then
returns to the (1) state [115].

4.5, Inhibition of the M2 lon Channel

As known, the proton conductivity can be inhibited by aman-
tadine (AMT) and rimantadine (RMT), the first effective drugs
licensed for influenza virus [130]. However, the main and urgent
issue for the treatment of the M2 channel is the drug resistance [35,
41]. To study new and more potent inhibitors, mechanisms of ac-
tion of known drug are essential. Fig. 16 shows the current issue of
sciencetific research focusing to the location of drug binding to the
M2 protein. AMT was found to inhibit the M2 with a 1: 1
stoichiometry [111]. The drug binding sites are often predicted by
the location of drug-resistance to the mutant viruses L26, V27, A30,
S31 and G34 (Fig. 16A-B) [102, 104, 121, 123, 131].

It was suggested by Hay group that interaction between AMT
polar group and S31 is the key feature of action of this inhibitor
[83, 102]. However, the neutron diffraction studied by Duff et al.
[132] indicated that AMT behaves as a ‘blocker’ in which its ada-
mantyl group interacts with V27 via van der Waals interactions,
while the charged amine group forms hydrogen bonds with S31.

This is supported by the molecular modeling results by Sansom et
al. [127] and Yi etal. [110]. Alternatively, based on Pinto et al.
[82] and Gandhi et al. [84], AMT was proposed to bind at a loca-
tion deeper in the channel where its ammonium group was found to
interact with the nonprotonated nitrogen atoms on the H37 side
chain via hydrogen bond. In addition, Hu et al. [92] suggested that
the amino group of AMT was involved equally to interact with S31
and H37 side chains at high pH. The suggested binding site describ-
ing above is shown in Fig. 16A.

Based on the MD simulations studied by Voth group, the 3H
triply protonated H37 was found to be the most likely open state in
which the AMT primarily bound at A29, therefore reducing the
proton conductance by 99.8% [97]. MD studies of the entirely six
protonation states of M2 complexed with AMT and RMT by In-
tharathep et al. [116] suggested that the preferential position of the
two drugs depends on number of charged His37. At low protonation
states, polar group of inhibitor was found to point to the neutral
H37 imidazole ring (Fig. 16A), while increasing the number of
charged H37, the inhibitor was shifted up to the mount of the pore
drawing the hydrogen bond between inhibitor’s NH;* and S31 hy-
droxyl group. In addition, the two orientations of drug molecule can
be inward and outward for high and low pH at the S31 of the M2
pore, that facilitate a large apolar group of the drugs to fit-well in-
side the hydrophobic pockets formed by V27- and G34-tetrad of
the M2, respectively (Fig. 16B). In agreement with the experimen-
tal I1Csq value, it was also found in this simulation study that water
density in the open channel was inhibited more effective by RMT
than AMT.

Based on crystallographic study, Stouffer et al. [86] have dem-
onstrated that a single molecule of AMT was located in the N-
terminal pore lumen. The drug was found to locate on the axis of
the pore adjacent to S31. Two orientations of the drug, the amine
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Fig. (17). The current M2 drugs, amantadine (AMT) and rimantadine (RMT), and the newly designed M2 inhibitors.

group either pointing inward or outward the agqueous pore was also
observed depending on where the water is more hydrated. However,
the inward orientation is recognizable as the preferential one. Here,
a large apolar group snugly fits into the N-terminal end of the aque-
ous cavity, while its polar end projects toward, but does not directly
contact with H37 (Fig. 16B). This is consistent with that observed
experimentally where inhibitory activity is increased when the
amino group of AMT is substituted by a more bulky alkylamines.
Although Wang et al. [111] suggested that determining the struc-
ture of the drug complexed M2 protein at neutral pH is more impor-
tant than the low pH state because the protein is only temporary
populated in acidifying endosomes, while the drug firstly binds
with high affinity to the protein near neutral pH. However, the ex-
isting of complexed structures at both low and high pH is important
to provide much informative for understanding its mechanism of
inhibition [108].

Beside the pore binding site mechanism described above, the
drug molecules were also proposed to inhibit the activity of the M2
channel by locating outside the M2 pore (Fig. 16C). This mecha-
nism is firstly proposed by Schnell et al. [86] and known as the
allosteric mechanism where all drug molecules were observed to
contact with the lipid membrane. They showed a soINMR structure
at high pH of residues 18 to 60 (TM plus C-terminal) with four
RMTs bound to the C-terminal lipid-facing pocket of the helices.
Drug binding includes interactions with residues 40-45 from one
TM (TM') and the adjuscent TM (TM™). A RMT polar group
forms important hydrogen bond to D44' that further interact with
W41™" to lock the gate, while an andamantane bul_k%/ group lies
within the hydrophobic pocket composed of 142!, L40'** and L43"**.
Drug inhibition at the lipid binding pocket assists to stabilize the
close conformation of the pore at high pH. This packing of TM
helices was destabilized and unlocked the W41 gate when pH de-
creases. Based on this proposed drug binding approach, Intharathep
et al.[133] have used MD simulations to study this allosteric
mechanism at three pHs, i.e., RMT-M2 complexes at OH, 1H and
3H protonation states. They found that at a neutral protonation
state, a narrow channel with the RMT-D44-W41 hydrogen bond
network was formed. This network is weaken at the 1H state and
vanished when the number of charged H37 residue increases, i.e.,
the hydrogen bond network is less stable, allowing the W41 gate to
easily open. Thus, the M2 channel at allosteric site can be effec-
tively blocked at high pH only.

Recently, Cady et al. [108] have demonstrated based on ssSNMR
structure (2KQT) that two AMT-binding sites exist, one inside and
another one outside the M2 pore. The high affinity site locates in

the N-terminal channel lumen. This site can be occupied by a single
AMT in which its bulky apolar group is most likely oriented against
the hydrophobic V27 side chains and the polar amine points toward
the cavity near S31 residues. The second one is the external binding
site, observed on the C-terminal protein. It has a low-affinity, taken
place only when the drug in the bilayer reaches high concentrations.

The complex of AMT-M2 (residues 18-62) solved by Sharma et
al. (Fig. 14, 2L0J) [115] showed drug binding inside the pore in a
related way to the classical binding of drug. This is in contrast to
the RMT binding site found at the hydrophobic pocket closed to
D44 on the external surface at C-terminal end (Fig. 14, 2RLF) [86].
With larger tilt of 13° to the previous 2RLF structure, the relatively
wider lipid-facing hydrophobic pocket filled by the 151 and F54
side chains in the amphipathic helix prevents the drug binding at
D44 outside the channel (Fig. 14, 2L0J). This suggested that RMT
bound at the protein exterior may be an artifact of the detergent
environment used. The D44A and R45A mutations were shown to
disturb the binding of RMT and confer a RMT-insensitive channel,
but the single mutant, D44A, is still sensitive to AMT. This infor-
mation led them to conclude that the drug binding site on the exter-
nal surface of channel is not primary binding site in consistent with
the pharmacological inhibition of M2 [120], but differs from the
functional and structural experiments studied by Pielak et al. [107].

4.6. M2 Drug Resistance

The first class of anti-influenza A virus targeting the M2 protein
channel, AMT, was introduced to the market since 1967. Twenty-
six year later, the second M2 blocker, RMT, was consequently re-
leased. Although, clinical studies have demonstrated that either
AMT or RMT effectively reduced the total number of influenza A
cases by 60-70 %, their serious problems are corresponding to
many neuropsychiatric side effects and the widespread of drug re-
sistance [134]. A frequency of a global adamantane-resistant
H3N2 influenza A virus was increased; 1% — 2% before 2002,
15% during the 2004-2005 influenza season, and 90.5% during
the 2005-2006 season [135]. However, the HIN1 (25 % during
the 2005-2006 seasons) virus displayed a lower degree of AMT
resistance compared with H3N2 [41].

Single amino acid substitution at positions 26, 27, 30, 31 or 34
in the transmembrane region of the M2 proton channel predomi-
nately reduced drug inhibitory efficiency [95, 108, 111, 123]. The
AMT-resistant H3N2 viruses were frequently detected at position
31 (70-80%) and a relatively low percentages were observed at the
other sites; 10 % at either position 27 or 30 and 1-2% at position 26
[136]. The specific AMT-resistant mutations are likely to depend
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upon viral subtypes. The S31N mutant was predominated in H3N2
and H5N1strains while V27A was often found in HIN1 virus [137].

The recent outbreak of 2009 H1NZlinfluenza A virus appears a
combination of double V27A/S31N mutation, fully resistant to
both AMT and RMT [138, 139]. Abed et al. [140] used reverse
genetics to create and to characterize the recombination influenza A
H1N1 mutations of L26F, V27A, A30T, S31N, and G34E in M2
gene. These mutant strains exhibited the ICsq values of 154- to
3300-fold higher than those of the wild type. The A30T mutant
showed the very high-level resistance to AMT with a 3300-fold,
while introductions of S31N, V27A and double V27A/S31N muta-
tions were reported to be 267-, 1829-, and 154-fold, respectively.
Furthermore, the high mortality percentage values of 87.5% and
68.75% in V27A/S31N and S31N mutants, respectively, were re-
ported. The efficiency of AMT against the M2 mutants such as
A30T and S31N was consequently investigated by means of
MD simulation [141]. The A30T showed a water density higher
than that of S31N. Furthermore, with the wider pore diameter,
the important hydrogen bonding interactions between AMT and
pore lining residues of A30T were eliminated, causing to AMT
run out of the pore while the AMT in S31N mutant was observed
to locate at the pore opening region and bond with V27 instead of
S31 [141]. The results supported a high-level resistance of AMT
to A30T in comparison with S31N.

Recently, Rungrotmongkol et al. [35] have suggested that the
early 2009 H1N1 isolated from infected patients in southern Cali-
fornia, A/California/04/2009 (H1N1), harboring mainly with
V28I, S31IN and L43T had strong resistance to AMT, which com-
pletely lost hydrogen bonding with the M2 residues. Substitutions
of bigger amino acids, weaken and widen of the pore channel,
were apparently associated with the reduced drug potency. Their
results are corresponding to the proposed pore blocking resistance
mechanism by increasing the channel diameter of the M2 mutation:
(i) the channel is no longer binding to the inhibitor, (ii) channel is
remain binding with the inhibitor but may not able to block the pore
[95]. In addition, Pielak and co-workers [107] revealed that intro-
ductions of bulkier S31N and smaller V27A significantly reduce the
helix-helix packing and hydrophobic interactions at the N-terminal
ends of the membrane, respectively. In the models of allosteric drug
resistance and pore blocking mechanisms, the M2 channel was
proposed to destabilize the drug binding site at D44 and to decrease
the hydrophobic interaction between inhibitor and the pore region,
respectively.

4.7. Progress of Development of New M2 Inhibitors

On the urgent need to development of new anti-influenza, the
discovery of new types of M2 inhibitor for replacement of the AMT
and RMT becomes a crucial issue. This is due to the fact that the
usage of these two current drugs was limited by central nervous
system side effects and the rapid emergence of drug-resistant vi-
ruses. Over the past decade, nearly all reported M2 inhibitors were
AMT derivatives, such as compounds 3-5 (Fig. 17) [142-144].
Compound 6 is one of the very few examples of nonadamantane-
based M2 inhibitors designed [39, 84, 120].

Recently, Hu et al. [145] have reported the identification of
several new hits as M2 inhibitors through the focused screening of a
small primaryamine library [146]. The hits were as active as AMT
against wild-type influenza A virus as determined by three kinds of
assays, including cell-based, viral inhibition and patch clamp as-
says. Among them, compound 7 is the most potent inhibitor and is
three times more active than AMT for viral inhibition (ICso = 1.363
mM vs. 5.960 mM). Encouraged by these results, Zhao et al. de-
cided [147] to modify the hit to further increase its potency. By
keeping the scaffold constant and modifying the amino functional-
ity, 14 analogs were made and evaluated for viral inhibition, as
assessed by A/WS/33 (HIN1, AMT resistant) and A/Hong
Kong/8/68 (H3N2, AMT sensitive) viruses [148, 149]. Most of the
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compounds in this study exhibited antiviral inhibition as good as
AMT, and compound 8 was identified to be the most potent; it was
nearly 240-fold more potent than AMT.

Based on nonadamantane compound 6, Wang et al. [150] have
been searching for new classes of M2 inhibitors. With a structure-
activity relation, the spiro-piperidine 9 was found as the most active
with low 1Cso of 0.9240.11 pM. They also suggest based on that
this spiro-piperidine 9 binds more extensive with M2 channel, thus
leading to stronger inhibitory potentcy.

As reviewed above, a better understanding of the protein
mechanism of action as well as drug-target interaction is expected
to help the design of new and more effective drug; especially ones
enable to fight the drug resistant variants.
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LIST OF ABBREVIATIONS

AMT =  Amantadine

3D =  Three-dimension

3D-RISM =  Three-dimensional reference interaction site
model

DHPC =  Dihexanoyl-phosphatidyl-choline

DMPC =  Dimyristoylphosphatidylcholine

DOPC =  1,2-dioleoyl-sn-glycero-3-phosphatidylcholine

DOPE = 1,2-dioleoyl-sn-glycero-3 phosphoethanolamine

ES =  Enzyme-substrate

FDA =  (U.S)) food and drug administration

FMO =  Fragment molecular orbital method

Gal =  Galactose

Glc =  Glucose

GT =  Grotthus

HA = Hemagglutinin

H-bond =  Hydrogen bond

HPIV = High pathogenic influenza virus

INT = Intermediate

LIE = linear interaction energy

LPIV =  Low pathogenic influenza virus

LNV = Laninamivir

MD = Molecular dynamics

MM-GBSA = Molecular mechanics generalized Born surface
area

MM-PBSA = Molecular mechanics Poisson-Boltzmann sur-
face area

NA = Neuraminidase

NMR = Nuclear magnetic resonance
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0G =  B-octylglucoside

OTP =  Oseltamivir phosphonate

oTVv = Oseltamivir

pH1IN1 =  Pandemic influenza HLN1 virus

PRP = Peramivir phosphonate

PRV = Peramivir

QM/MM = Quantum mechanics/molecular mechanics

TBHQ = tert-butyl hydroquinone

TGN =  Trans-Golgi network

™ =  Transmembrane

RMT =  Rimantadine

RNP = Ribonucleoprotein

SA =  Sialic acid

3SL = SA-a2,3-Gal-Glc

6SL = SA-a2,6-Gal-Glc

soINMR = Solution nuclear magnetic resonance

ssSNMR =  Solid-state nuclear magnetic resonance

X-ray = crystallographic spectroscopy

ZNP = Zanamivir phosphonate

ZNV = Zanamivir

REFERENCES

[1] Gong J, Fang H, Li M, et al. Potential targets and their relevant
inhibitors in anti-influenza fields. Curr Med Chem 2009; 16: 3716-
39.

[2] Prakash S. Swine flu diagnosis and treatment edn First. Delhi:
Biotech Books; 2009.

[3] Jiang S, Li R, Du L, Liu S. Roles of the hemagglutinin of influenza
A virus in viral entry and development of antiviral therapeutics and
vaccines. Protein Cell 2010; 4: 342-54.

[4] Bewley CA. llluminating the switch in influenza viruses. Nat Bio-
technol 2008; 26: 60-2.

[5] Taubenberger JK. Influenza hemagglutinin attachment to target
cells: *birds do it, we do it’. Future Virol 2006; 1: 415-8.

[6] Fouchier R, Kuiken T, Rimmelzwaan G, Osterhaus A. Global task
force for influenza. Nature 2005; 435: 419-20.

[7] Stevens J, Blixt O, Tumpey TM, Taubenberger JK, Paulson JC,
Wilson 1A. Structure and receptor specificity of the hemagglutinin
from an H5N1 Influenza virus. Science 2006; 312: 404-10.

[8] Krug RM, Aramini JM. Emerging antiviral targets for influenza A
virus. Trends Pharmacol Sci 2009; 30: 269-77.

[9] Skehel JJ, Wiley DC. Receptor binding and membrane fusion in
virus entry: the influenza hemagglutinin. Annu Rev Biochem 2000;
69: 531-69.

[10] Neumann G, Noda T, Kawaoka Y. Emergence and pandemic po-
tential of swine-origin HIN1 influenza virus. Nature 2009; 459:
931-9.

[11] Gamblin SJ, Skehel JJ. Influenza hemagglutinin and neuraminidase
membrane glycoproteins. J Biol Chem 2010; 285: 28403-9.

[12] Ekici OD, Paetzel M, Dalbey RE. Unconventional serine proteases:
variations on the catalytic Ser/His/Asp triad configuration. Protein
Sci 2008; 17: 2023-37.

[13] Hedstrom L. Serine protease mechanism and specificity. Chem Rev
2002; 102: 4501-24.

[14] Ishida T, Kato S. Theoretical perspectives on the reaction mecha-
nism of serine proteases: the reaction free energy profiles of the
acylation process. J Am Chem Soc 2003; 125: 12035-48.

[15] Ishida T, Kato S. Role of Asp102 in the catalytic relay system of
serine proteases: a theoretical study. J Am Chem Soc 2004; 126:
7111-8.

[16] Decha P, Rungrotmongkol T, Intharathep P, et al. Source of high
pathogenicity of an avian influenza virus H5SN1: why H5 is better
cleaved by furin. Biophys J 2008; 95: 128-34.

[17] Rungrotmongkol T, Decha P, Sompornpisut P, et al. Combined

QM/MM mechanistic study of the acylation process in furin com-
plexed with the H5N1 avian influenza virus hemagglutininfs clea-
vage site. Proteins 2009; 76: 62-71.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Rungrotmongkol et al.

Li M, Wang B. Computational studies of H5N1 hemagglutinin
binding with SA-alpha-2,3-Gal and SA-alpha-2, 6-Gal. Biochem
Biophys Res Commun 2006; 347: 662-8.

lwata T, Fukuzawa K, Nakajima K, et al. Theoretical analysis of
binding specificity of influenza viral hemagglutinin to avian and
human receptors based on the fragment molecular orbital method.
Comput Biol Chem 2008; 32: 198-211.

Xu D, Newhouse El, Amaro RE, et al. Distinct glycan topology for
avian and human sialopentasaccharide receptor analogues upon
binding different hemagglutinins: a molecular dynamics perspec-
tive. J Mol Biol 2009; 387: 465-91.

Newhouse El, Xu D, Markwick PRL, et al. Mechanism of glycan
receptor recognition and specificity switch for avian, swine, and
human adapted influenza virus hemagglutinins: a molecular dyna-
mics perspective. J Am Chem Soc 2009; 131: 17430-42.
Matrosovich M, Tuzikov A, Bovin N, et al. Early alterations of the
receptor-binding properties of H1, H2, and H3 avian influenza vi-
rus hemagglutinins after their introduction into mammals. J Virol
2000; 74: 8502-12.

Glaser L, Stevens J, Zamarin D, et al. A single amino acid substitu-
tion in 1918 influenza virus hemagglutinin changes receptor bin-
ding specificity. J Virol 2005; 79: 11533-6.

Sawada T, Hashimoto T, Nakano H, Suzuki T, Ishida H, Kiso M.
Why does avian influenza A virus hemagglutinin bind to avian re-
ceptor stronger than to human receptor? Ab initio fragment mole-
cular orbital studies. Biochem Biophys Res Commun 2006; 351:
40-3.

Sawada T, Hashimoto T, Tokiwa H, et al. Ab initio fragment mole-
cular orbital studies of influenza virus hemagglutinin—
sialosaccharide complexes toward chemical clarification about the
virus host range determination. Glycoconj J 2008; 25: 805-15.
Sawada T, Hashimoto T, Tokiwa H, et al. Ab initio base fragment
molecular orbital studies of influenza viral hemagglutinin HA1
full-domains in complex with sialoside receptors. J Mol Genet Med
2008; 3: 133-42.

Sawada T, Fedorov DG, Kitaura K. Role of the key mutation in the
selective binding of avian and human influenza hemagglutinin to
sialosides revealed by quantum-mechanical calculations. J Am
Chem Soc 2010; 132: 16862-72.

Auewarakul P, Suptawiwat O, Kongchanagul A, et al. An avian
influenza H5N1 virus that binds to a human-type receptor. J Virol
2007; 81: 9950-5.

Das P, Li J, Royyuru AK, Zhou R. Free energy simulations reveal a
double mutant avian H5N1 virus hemagglutinin with altered recep-
tor binding specificity. J Comput Chem 2009; 30: 1654-63.
Nunthaboot N, Rungrotmongkol T, Malaisree M, et al. Molecular
insights into human receptor binding to 2009 H1NZlinfluenza A
hemagglutinin. Monatsh Chem 2010; 141: 801-7.

Nunthaboot N, Rungrotmongkol T, Malaisree M, et al. Evolution
of human receptor binding affinity of HLN1 hemagglutinins from
1918 to 2009 pandemic influenza A virus. J Chem Inf Model 2010;
50: 1410-7.

de Vries RP, de Vries E, Moore KS, Rigter A, Rottier PIM, de
Haan CAM. Only two residues are responsible for the dramatic dif-
ference in receptor binding between swine and new pandemic H1
hemagglutinin. J Biol Chem 2011; 286: 5868-75.

Lee AN, Hartono YD, Sun T, et al. Molecular dynamics studies of
human receptor molecule in hemagglutinin of 1918 and 2009
H1N1 influenza viruses. J Mol Model 2010. DOI: 10.1007/s00894-
010-0867-5.

Malaisree M, Rungrotmongkol T, Nunthaboot N, et al. Source of
oseltamivir resistance in avian influenza H5N1 virus with the
H274Y mutation. Amino Acids 2009; 37: 725-32.

Rungrotmongkol T, Intharathep P, Malaisree M, et al. Susceptibili-
ty of antiviral drugs against 2009 influenza A (H1N1) virus. Bio-
chem Biophys Res Commun 2009; 385: 390-4.

Rungrotmongkol T, Malaisree M, Nunthaboot N, Sompornpisut P,
Hannongbua S. Molecular prediction of oseltamivir efficiency
against probable influenza A (H1N1-2009) mutants: molecular
modeling approach. Amino Acids 2010; 39: 393-8.
Okomo-Adhiambo M, Demmler-Harrison GJ, Deyde VM, et al.
Detection of E119V and E1191 mutations in influenza A (H3N2)
viruses isolated from an immunocompromised patient: challenges
in diagnosis of oseltamivir resistance. Antimicrob Agents Che-
mother 2010; 54: 1834-41.



Computational Studies of Influenza A Virus at Three Important Targets

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Wang B, Dwyer DE, Blyth CC, et al. Detection of the rapid emer-
gence of the H275Y mutation associated with oseltamivir resis-
tance in severe pandemic influenza virus A/H1IN1 09 infections.
Antiviral Res 2010; 87: 16-21.

Wang NX, Zheng JJ. Computational studies of H5N1 influenza
virus resistance to oseltamivir. Protein Sci 2009; 18: 707-15.

Yen HL, llyushina NA, Salomon R, Hoffmann E, Webster RG,
Govorkova EA. Neuraminidase inhibitor-resistant recombinant
A/Vietnam/1203/04 (H5N1) influenza viruses retain their replica-
tion efficiency and pathogenicity in vitro and in vivo. J Virol 2007;
81:12418-26.

Bright RA, Shay DK, Shu B, Cox NJ, Klimov Al. Adamantane
resistance among influenza A viruses isolated early during the
2005-2006 influenza season in the United States JAMA 2006; 295:
891-4.

Bodian DL, Yamasaki RB, Buswell RL, Stearns JF, White JM,
Kuntz ID. Inhibition of the fusion-inducing conformational change
of influenza hemagglutinin by benzoquinones and hydroquinones.
Biochemistry 1993; 32: 2967-78.

Russell RJ, Kerry PS, Stevens DJ, et al. Structure of influenza
hemagglutinin in complex with an inhibitor of membrane fusion.
Proc Natl Acad Sci USA 2008; 105: 17736-41.

Tang G, Qiu Z, Lin X, et al. Discovery of novel 1-phenyl-
cycloalkane carbamides as potent and selective influenza fusion in-
hibitors. Bioorg Med Chem 2010; 20: 3507-10.

Vanderlinden E, Goktas F, Cesur Z, et al. Novel inhibitors of in-
fluenza virus fusion: structure-activity relationship and interaction
with the viral hemagglutinin. J Virol 2010; 84: 4277-88.

Rossignol JF, Frazia SL, Chiappa L, Ciucci A, Santoro MG. Thia-
zolides, a new class of anti-influenza molecules targeting viral he-
magglutinin at the post-translational level. J Biol Chem 2009; 284:
29798-808.

Russell RJ, Haire LF, Stevens DJ, et al. The structure of H5N1
avian influenza neuraminidase suggests new opportunities for drug
design. Nature 2006; 443: 45-9.

Li Q, Qi J, Zhang W, et al. The 2009 pandemic HIN1 neuramini-
dase N1 lacks the 150-cavity in its active site. Nat Struct Mol Biol
2010; 17: 1266-8.

Raab M, Tvaroska I. The binding properties of the H5N1 influenza
virus neuraminidase as inferred from molecular modeling. J Mol
Model 2010; DOI: 10.1007/s00894-010-0852-z.

Kobasa D, Kodihalli S, Luo M, et al. Amino acid residues contri-
buting to the substrate specificity of the influenza A virus neurami-
nidase. J Virol 1999; 73: 6743-51.

Fran de Barros Jr J, Sales Alviano D, da Silva MH, et al. Characte-
rization of sialidase from an influenza A (H3N2) virus strain: kine-
tic parameters and substrate specificity. Intervirology 2003; 46:
199-206.

Mochalova LV, Korchagina EY, Kurova VS, Shtyria JA, Gamba-
ryan AS, Bovin NV. Fluorescent assay for studying the substrate
specificity of neuraminidase. Anal Biochem 2005; 341: 190-3.
Aruksakunwong O, Malaisree M, Decha P, et al. On the lower
susceptibility of oseltamivir to influenza neuraminidase subtype N1
than those in N2 and N9. Biophys J 2007; 92: 798-807.

Malaisree M, Rungrotmongkol T, Decha P, Intharathep P, Aruksa-
kunwong O, Hannongbua S. Understanding of known drug-target
interactions in the catalytic pocket of neuraminidase subtype N1.
Proteins 2008; 71: 1908-18.

Lawrenz M, Baron R, McCammon JA. Independent-trajectories
thermodynamic-integration free-energy changes for biomolecular
systems: determinants of HSN1 avian influenza virus neuramini-
dase inhibition by peramivir. J Chem Theory Comput 2009; 5:
1106-16.

Lawrenz M, Wereszczynski J, Amaro R, Walker R, Roitberg A,
McCammon JA. Impact of calcium on N1 influenza neuraminidase
dynamics and binding free energy. Proteins 2010; 78: 2523-32.
Varghese JN, McKimm-Breschkin JL, Caldwell JB, Kortt AA,
Colman PM. The structure of the complex between influenza virus
neuraminidase and sialic acid, the viral receptor. Proteins 1992; 14:
327-32.

Shie JJ, Fang JM, Wang SY, et al. Synthesis of Tamiflu and its
phosphonate congeners possessing potent anti-influenza activity. J
Am Chem Soc 2007; 129: 11892-3.

Udommaneethanakit T, Rungrotmongkol T, Bren U, Frecer V,
Stanislav M. Dynamic behavior of avian influenza a virus neurami-
nidase subtype H5N1 in complex with oseltamivir, zanamivir, pe-

[60]

[61]

[62]

[63]

[64]

(65]

(66]

[67]

(68]

[69]

[70]

[71]

[72]

[73]

[74]
[75]

[76]

[77]

[78]

[79]

[80]

[81]

Current Pharmaceutical Design, 2011, Vol. 17, No. 17 1737

ramivir, and their phosphonate analogues. J Chem Inf Model 2009;
49: 2323-32.

Wang P, Zhang JZH. Selective binding of antiinfluenza drugs and
their analogues to 'open’ and ‘closed’ conformations of H5N1 neu-
raminidase. J Phys Chem B 2010; 114: 12958-64.

Park JW, Jo WH. Computational design of novel, high-affinity
neuraminidase inhibitors for H5N1 avian influenza virus. Eur J
Med Chem 2010; 45: 536-41.

Le L, Lee E, Schulten K, Truong TN. Molecular modeling of swine
influenza A/H1N1, Spanish HIN1, and avian H5N1 flu N1 neura-
minidases bound to Tamiflu and Relenza. PLoS curr 2009; doi:
10.1371/currents.RRN1015.

Rungrotmongkol T, Udommaneethanakit T, Malaisree M, et al.
How does each substituent functional group of oseltamivir lose its
activity against virulent H5N1 influenza mutants? Biophys Chem
2009; 145: 29-36.

Carr J, lves J, Kelly L, et al. Influenza virus carrying neuramini-
dase with reduced sensitivity to oseltamivir carboxylate has altered
properties in vitro and is compromised for infectivity and replica-
tive ability in vivo. Antiviral Res 2002; 54: 79-88.

Yen HL, Herlocher LM, Hoffmann E, et al. Neuraminidase inhibi-
tor-resistant influenza viruses may differ substantially in fitness and
transmissibility. Antimicrob Agents Chemother 2005; 49: 4075-84.
Abed Y, Nehme B, Baz M, Boivin G. Activity of the neuramini-
dase inhibitor A-315675 against oseltamivir-resistant influenza
neuraminidases of N1 and N2 subtypes. Antiviral Res 2008; 77:
163-6.

Ives JAL, Carr JA, Mendel DB, et al. The H274Y mutation in the
influenza A/H1N1 neuraminidase active site following oseltamivir
phosphate treatment leave virus severely compromised both in vitro
and in vivo. Antiviral Res 2002; 55: 307-17.

de Jong MD, Thanh TT, Khanh TH, et al. Oseltamivir resistance
during treatment of influenza A (H5N1) infection. N Engl J Med
200; , 353: 2667-72.

Earhart KC, Elsayed NM, Saad MD, et al. Oseltamivir resistance
mutation N294S in human influenza A(H5N1) virus in Egypt. J In-
fect Public Heath 2009; 2: 74-80.

Hurt AC, Holien JK, Parker MW, Barr IG. Oseltamivir resistance
and the H274Y neuraminidase mutation in seasonal, pandemic and
highly pathogenic influenza viruses. Drugs 2009; 69: 2523-31
Kawai N, lkematsu H, Tanaka O, et al. Comparison of the clinical
symptoms and the effectiveness of neuraminidase inhibitors for pa-
tients with pandemic influenza HIN1 2009 or seasonal HIN1 in-
fluenza in the 2007-2008 and 2008-2009 seasons. J Infect Chemo-
ther 2010; DOI: 10.1007/s10156-010-0179-9.

Park JW, Jo WH. Infiltration of water molecules into the oseltami-
vir-binding site of H274Y neuraminidase mutant causes resistance
to oseltamivir. J Chem Inf Model 2009; 49: 2735-41.
McKimm-Breschkin J, Sahasrabudhe A, Blick T, McDonald M.
Mechanisms of resistance of influenza virus to neuraminidase inhi-
bitors. International Congress Series 2001; 1219: 855-61.

Moscona A: Oseltamivir resistance--disabling Our Influenza De-
fenses. N Engl J Med. 2005; 353: 2633-6.

von ltzstein M. The war against influenza: discovery and develop-
ment of sialidase inhibitors. Nat Rev Drug Discov 2007; 6: 967-74.
Pan D, Sun H, Bai C, Shen Y, Jin N, Liu H, Yao X. Prediction of
zanamivir efficiency over the possible 2009 influenza A (H1N1)
mutants by multiple molecular dynamics simulations and free ener-
gy calculations. J Mol Model 2010; DOI: 10.1007/s00894-010-
0929-8

Amaro RE, Minh DDL, Cheng LS, et al. Remarkable loop flexibili-
ty in avian influenza N1 and its implications for antiviral drug de-
sign. J Am Chem Soc 2007; 129: 7764-5

Du QS, Wang SQ, Chou KC. Analogue inhibitors by modifying
oseltamivir based on the crystal neuraminidase structure for trea-
ting drug-resistant H5N1 virus. Biochem Biophys Res Commun
2007; 362: 525-31.

Cheng LS, Amaro RE, Xu D, Li WW, Arzberger PW, McCammon
JA. Ensemble-based virtual screening reveals potential novel anti-
viral compounds for avian influenza neuraminidase. J Med Chem
2008; 51: 3878-94.

Rungrotmongkol T, Frecer V, De-Eknamkul W, Hannongbua S,
Miertus S. Design of oseltamivir analogs inhibiting neuraminidase
of avian influenza virus H5N1. Antiviral Res 2009; 82: 51-8.
Rungrotmongkol T, Udommaneethanakit T, Frecer V, Miertus S.
Combinatorial design of avian influenza neuraminidase inhibitors



1738 Current Pharmaceutical Design, 2011, Vol. 17, No. 17

[82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

containing pyrrolidine core with a reduced susceptibility to viral
drug resistance. Comb Chem High Throughput Screen. 2010; 13:
268-77.

Pinto LH, Dieckmann GR, Gandhi CS, et al. A functionally defined
model for the M2 proton channel of influenza A virus suggests a
mechanism for its ion selectivity. Proc Natl Acad Sci USA 1997,
94:11301-6.

Sugrue RJ, Hay AJ. Structural characteristics of the M2 protein of
influenza A viruses: evidence that it forms a tetrameric channel.
Virology 1991; 180: 617-24.

Gandhi CS, Shuck K, Lear JD, et al. Cu(ll) inhibition of the proton
translocation machinery of the influenza A virus M2 protein. J Biol
Chem 1999; 274: 5474-82.

Kukol A, Adams PD, Rice LM, Brunger AT, Arkin IT. Experimen-
tally based orientational refinement of membrane protein models: a
structure for the influenza A M2 H+ channel. J Mol Biol 1999;
286: 951-62.

Schnell JR, Chou JJ. Structure and mechanism of the M2 proton
channel of influenza A virus. Nature 2008; 451: 591-U512.

Kovacs FA, Denny JK, Song Z, Quine JR, Cross TA. Helix tilt of
the M2 transmembrane peptide from influenza A virus: an intrinsic
property. J Mol Biol 2000; 295: 117-25.

Wang JF, Kim S, Kovacs F, Cross TA. Structure of the transmem-
brane region of the M2 protein H+ channel. Protein Sci 2001; 10:
2241-50.

Tian CL, Gao PF, Pinto LH, Lamb RA, Cross TA. Initial structural
and dynamic characterization of the M2 protein transmembrane and
amphipathic helices in lipid bilayers. Protein Sci 2003; 12: 2597-
605.

Stouffer AL, Acharya R, Salom D, et al. Structural basis for the
function and inhibition of an influenza virus proton channel. Nature
2008; 451: 596-U513.

Nishimura K, Kim SG, Zhang L, Cross TA. The closed state of a
H+ channel helical bundle combining precise orientational and dis-
tance restraints from solid state NMR-1. Biochemistry 2002; 41:
13170-7.

Hu J, Asbury T, Achuthan S, et al. Backbone structure of the aman-
tadine-blocked trans-membrane domain M2 proton channel from
influenza A virus. Biophys. J. 2007; 92: 4335-43.

Tobler K, Kelly ML, Pinto LH, Lamb RA. Effect of cytoplasmic
tail truncations on the activity of the M2 ion channel of influenza A
virus. J Virol 1999; 73: 9695-701.

Acharya R, Carnevale V, Fiorin G, et al. Structure and mechanism
of proton transport through the transmembrane tetrameric M2 pro-
tein bundle of the influenza A virus. Proc Natl Acad Sci USA
2010; 107: 15075-80.

Astrahan P, Kass |, Cooper MA, Arkin IT. A novel method of
resistance for influenza against a channel-blocking antiviral drug.
Proteins 2004; 55: 251-7.

Kass I, Arkin IT. How pH opens a H+ channel: The gating mecha-
nism of influenza a M2. Structure 2005; 13: 1789-98.

Chen HN, Wu YJ, Voth GA. Proton transport behavior through the
influenza a M2 channel: insights from molecular simulation. Bio-
phys J 2007; 93: 3470-9.

Khurana E, Dal Peraro M, DeVane R, Vemparala S, DeGrado WF,
Klein ML. Molecular dynamics calculations suggest a conduction
mechanism for the M2 proton channel from influenza A virus. Proc
Natl Acad Sci USA 2009; 106: 1069-74.

Leonov H, Arkin IT. Structure and dynamics of the influenza A M2
channel: a comparison of three structures. J Mol Model 2009; 15:
1317-28.

Holsinger LJ, Alams R. Influenza virus M2 integral membrane
protein is a homotetramer Stabilized by formation of disulfide
bonds. Virology 1991; 183: 32-43.

Paterson RG, Takeda M, Ohigashi Y, Pinto LH, Lamb RA. In-
fluenza B virus BM2 protein is an oligomeric integral membrane
protein expressed at the cell surface. Virology 2003; 306: 7-17.

Hay AJ, Wolstenholme AJ, Skehel JJ, Smith MH. The molecular
basis of the specific anti-influenza action of amantadine. EMBO J
1985; 4: 3021-4.

Helenius A. Unpacking the incoming influenza virus Cell. Cell.
1992; 69: 577-8.

Pinto LH, Holsinger LJ, Lamb RA. Influenza virus M2 protein has
ion channel activity. Cell 1992; 69: 517-28.

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Rungrotmongkol et al.

Martin K, Helenius A. Nuclear transport of influenza virus ribonu-
cleoproteins: the viral matrix protein (M1) promotes export and in-
hibits import. Cell 1991; 67: 117-30.

Lin T-1, Schroeder C. Definitive assignment of proton selectivity
and attoampere unitary current to the M2 ion channel protein of in-
fluenza A virus. J Virol 2001; 75: 3647-56.

Pielak RM, Schnell JR, Chou JJ. Mechanism of drug inhibition and
drug resistance of influenza A M2 channel. Proc Natl Acad Sci
USA 2009; 106: 7379-84.

Cady SD, Schmidt-Rohr K, Wang J, Soto CS, Degrado WF, Hong
M. Structure of the amantadine binding site of influenza M2 proton
channels in lipid bilayers. Nature 2010; 463: 689-U127.

Tang YJ, Zaitseva F, Lamb RA, Pinto LH. The gate of the influen-
za virus M-2 proton channel is formed by a single tryptophan resi-
due. J Biol Chem 2002; 277: 39880-6.

Yi M, Cross TA, Zhou HX. A secondary gate as a mechanism for
inhibition of the M2 proton channel by amantadine. J Phys Chem B
2008; 112: 7977-9.

Wang C, Takeuchi K, Pinto LH, Lamb RA. lon channel activity of
influenza A virus M2 protein: characterization of the amantadine
block. J Virol 1993; 67: 5585-94.

Czabotar PE, Martin SR, Hay AJ. Studies of structural changes in
the M2 proton channel of influenza A virus by tryptophan fluores-
cence. Virus Res 2004; 99: 57-61.

Hu J, Fu RQ, Cross TA. The chemical and dynamical influence of
the anti-viral drug amantadine on the M2 proton channel trans-
membrane domain. Biophys J 2007; 93: 276-83.

Hu J, Fu R, Nishimura K, et al. Histidines, heart of the hydrogen
ion channel from influenza A virus: toward an understanding of
conductance and proton selectivity. Proc Natl Acad Sci USA 2006;
103: 6865-70.

Sharma M, Yi MG, Dong H, et al. Insight into the mechanism of
the influenza a proton channel from a structure in a lipid bilayer.
Science 2010; 330: 509-12.

Intharathep P, Laohpongspaisan C, Rungrotmongkol T, et al. How
amantadine and rimantadine inhibit proton transport in the M2 pro-
tein channel. J Mol Graph Model 2008; 27: 342-8.

McCown MF, Pekosz A. Distinct domains of the influenza A virus
M2 protein cytoplasmic tail mediate binding to the M1 protein and
facilitate infectious virus production. J Virol 2006, 80: 8178-89.
Chen BJ, Leser GP, Jackson D, Lamb RA. The influenza virus M2
protein cytoplasmic tail interacts with the M1 protein and influen-
ces virus assembly at the site of virus budding. J Virol 2008; 82:
10059-70.

Venkataraman P, Lamb RA, Pinto LH. Chemical rescue of histi-
dine selectivity filter mutants of the M2 ion channel of influenza A
virus. J Biol Chem 2005; 280: 21463-72.

Balannik V, Carnevale V, Fiorin G, et al. Functional studies and
modeling of pore-lining residue mutants of the influenza A virus
M2 ion channel. Biochemistry 2010; 49: 696-708.

Holsinger LJ, Nichani D, Pinto LH, Lamb RA. Influenza A virus
M2 ion channel protein: a structure-function analysis. J Virol 1994;
68: 1551-63.

Mould JA, Drury JE, Frings SM, et al. Permeation and activation
of the M-2 ion channel of influenza A virus. J Biol Chem 2000;
275: 31038-50.

Chizhmakov 1V, Geraghty FM, Ogden DC, Hayhurst A, Antoniou
M, Hay AJ. Selective proton permeability and pH regulation of the
influenza virus M2 channel expressed in mouse erythroleukaemia
cells. J Physiol 1996; 494: 329-36.

Shimbo K, Brassard DL, Lamb RA, Pinto LH. lon selectivity and
activation of the M2 ion channel of influenza virus. Biophys J
1996; 70: 1335-46.

Duff KC, Ashley RH. The transmembrane domain of influenza A
M2 protein forms amantadine-sensitive proton channels in planar
lipid bilayers. Virology 1992; 190: 485-489.

Phongphanphanee S, Rungrotmongkol T, Yoshida N, Hannongbua
S, Hirata F. Proton transport through the influenza A M2 channel:
three-dimensional reference interaction site model study. J Am
Chem Soc 2010; 132: 9782-8.

Sansom MSP, Kerr ID, Smith GR, Son HS. The influenza A virus
M2 channel: A molecular modeling and simulation study. Virology
1997; 233: 163-73.

Agmon N. The Grotthuss mechanism. Chem Phys Lett 1995; 244:
456-62.



Computational Studies of Influenza A Virus at Three Important Targets

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Krause J. Proline conformations in linear peptides. Structure de-
termination of the methyl ester of N-benzyloxycarbonyl-L-prolyl-
D-alanine (N-Z-L-Pro-D-Ala-OMe). Acta Crystallogr C 1991, 47:
1508-12.

Davies WL, Grunert RR, Haff RF, et al. Antiviral activity of 1-
adamantanamine (Amantadine). Science 1964; 144: 862-3.

Wang C, Lamb RA, Pinto LH. Direct measurement of the influenza
A virus M2 protein ion channel activity in mammalian cells. Viro-
logy 1994; 205: 133-40.

Duff KC, Gilchrist PJ, Saxena AM, Bradshaw JP. Neutron diffrac-
tion reveals the site of amantadine blockade in the influenza A M2
ion channel. Virology 1994; 202: 287-93.

Intharathep P, Rungrotmongkol T, Decha P, et al. Evaluating how
rimantadines control the proton gating of the influenza A M2-
proton port via allosteric binding outside of the M2-channel: MD
simulations. J Enzyme Inhib Med Chem 2011; 26: 162-8.

Jefferson T, Demicheli V, Pietrantonj CD, Rivetti D. Amantadine
and rimantadine for influenza A in adults. Cochrane Database Syst
Rev 2006; 19: CD001169.

Deyde VM, Xu XY, Bright RA, et al. Surveillance of resistance to
adamantanes among influenza A(H3N2) and A(H1N1) viruses iso-
lated worldwide. J Infect Dis 2007; 196: 249-57.

Suzuki H, Saito R, Masuda H, Oshitani H, Sato M, Sato |. Emer-
gence of amantadine-resistant influenza A viruses: epidemiological
study J Infect Chemother 2003; 9: 195-200.

Saito R, Sakai T, Sato I, Sano Y, Oshitani H, Sato M, Suzuki H.
Frequency of amantadine-resistant influenza A viruses during two
seasons featuring cocirculation of HIN1 and H3N2. J Clin Micro-
biol 2003; 41: 2164-5.

Dawood FS, Jain S, Finelli L, et al. Emergence of a novel swine-
origin influenza A (H1N1) virus in humans. N Engl J Med 2009;
360: 2605-15.

Shinde V, Bridges CB, Uyeki TM, et al. Triple-reassortant swine
influenza A (H1) in humans in the United States, 2005-2009. N
Engl J Med 2009; 360: 2616-25.

Received: March 3, 2011

Accepted: May 5, 2011

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Current Pharmaceutical Design, 2011, Vol. 17, No. 17 1739

Abed Y, Goyette N, Boivin G. Generation and characterization of
recombinant influenza A (H1N1) viruses harboring amantadine re-
sistance mutations. Antimicrob Agents Chemother 2005; 49: 556-9.
Laohpongspaisan C, Rungrotmongkol T, Intharathep P, et al. Why
amantadine loses its function in influenza M2 mutants: MD simula-
tions. J Chem Inf Model 2009; 49: 847-52.

Aldrich PE, Hermann EC, Meier WE, et al. Antiviral agents. 2.
Structure-activity relationships of compounds related to 1 adaman-
tanamine. J Med Chem 1971; 14: 535-43.

Kolocouris A, Tataridis D, Fytas G, et al. Synthesis of 2-(2-
adamantyl)piperidines and structure anti-influenza virus A activity
relationship study using a combination of NMR spectroscopy and
molecular modeling. Bioorg Med Chem Lett 1999; 9: 3465-70.
Zoidis G, Fytas C, Papanastasiou L, et al. Heterocyclic rimantadine
analogues with antiviral activity. Bioorg Med Chem 2006; 14:
3341-8.

Hu WH, Zeng SG, Li CF, Jie YL, Li ZY, Chen L. Identification of
Hits as matrix-2 protein inhibitors through the focused screening of
a small primary amine library. J Med Chem 2010; 53: 3831-4.
Zoidis G, Kolocouris N, Naesens L, De Clercq E. Design and syn-
thesis of 1,2-annulated adamantane piperidines with anti-influenza
virus activity. Bioorg Med Chem 2009; 17: 1534-41.

Zhao X, Li CF, Zeng SG, Hu WH. Discovery of highly potent
agents against influenza A virus. Eur J Med Chem 2011; 46: 52-7.
Judd AK, Sanchez A, Bucher DJ, Huffman JH, Bailey K, Sidwell
RW. In vivo anti-influenza virus activity of a zinc finger peptide.
Antimicrob Agents Chemother 1997; 41: 687-92.

Sidwell RW, Smee DF. In vitro and in vivo assay systems for study
of influenza virus inhibitors. Antiviral Res 2000; 48: 1-16.

Wang J, Cady SD, Balannik V, Pinto LH, DeGrado WF, Hong M.
Discovery of spiro-piperidine inhibitors and their modulation of the
dynamics of the M2 proton channel from influenza A virus. J Am
Chem Soc 2009; 131: 8066-76.



Journal of Molecular Graphics and Modelling 29 (2010) 347-353

Contents lists available at ScienceDirect

Journal of Molecular Graphics and Modelling

journal homepage: www.elsevier.com/locate/JMGM

Molecular insight into the specific binding of ADP-ribose to the nsP3 macro
domains of chikungunya and venezuelan equine encephalitis viruses:
Molecular dynamics simulations and free energy calculations

Thanyada Rungrotmongkol®P-*, Nadtanet Nunthaboot¢, Maturos Malaisree?, Nopporn Kaiyawet?,
Pathumwadee Yotmanee?, Arthitaya Meeprasert?, Supot Hannongbua?

a Computational Chemistry Unit Cell, Department of Chemistry, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
b Center of Innovative Nanotechnology, Chulalongkorn University, Bangkok 10330, Thailand
¢ Department of Chemistry, Faculty of Science, Mahasarakham University, Mahasarakham 44150 Thailand

ARTICLE INFO

Article history:

Received 16 July 2010

Received in revised form

19 September 2010

Accepted 23 September 2010
Available online 29 October 2010

Keywords:

Chikungunya

Venezuelan equine encephalitis
ADP-ribose

Molecular dynamics simulations

ABSTRACT

The outbreaks of chikungunya (CHIKV) and venezuelan equine encephalitis (VEEV) viral infections in
humans have emerged or re-emerged in various countries of “Africa and southeast Asia”, and “central
and south America”, respectively. At present, no drug or vaccine is available for the treatment and ther-
apy of both viral infections, but the non-structural protein, nsP3, is a potential target for the design of
potent inhibitors that fit at the adenosine-binding site of its macro domain. Here, so as to understand the
fundamental basis of the particular interactions between the ADP-ribose bound to the nsP3 amino acid
residues at the binding site, molecular dynamics simulations were applied. The results show that these
two nsP3 domains share a similar binding pattern for accommodating the ADP-ribose. The ADP-ribose
phosphate unit showed the highest degree of stabilization through hydrogen bond interactions with the
nsP3 V33 residue and the consequent amino acid residues 110-114. The adenine base of ADP-ribose
was specifically recognized by the conserved nsP3 residue D10. Additionally, the ribose and the diphos-
phate units were found to play more important roles in the CHIKV nsP3-ADP-ribose complex, while the
ter-ribose was more important in the VEEV complex. The slightly higher binding affinity of ADP-ribose
toward the nsP3 macro domain of VEEV, as predicted by the simulation results, is in good agreement
with previous experimental data. These simulation results provide useful information to further assist in

drug design and development for these two important viruses.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Chikungunya (CHIKV) and Venezuelan equine encephalitis
(VEEV) viruses are pathogens that are primarily transmitted to
humans and/or animals through the bite of infected mosquitoes.
With respect to, a diverse array of mosquito vectors exist, but
species within the genus Aedes are the main vectors for both viruses,
and in particular A. aegypti. The outbreaks of CHIKV in humans have
been distributed in several countries of Africa and southeast Asia
[1], while the VEEV outbreaks have occurred in the U.S.A., Mex-
ico, Colombia and Venezuela [2]. Among the four non-structural
(nsP1-4) and the main structural (capsids, E1 and E2) proteins
encoded in their genomic RNA, the functions and the major role of

* Corresponding author at: Computational Chemistry Unit Cell, Department of
Chemistry, Faculty of Science, Chulalongkorn University, Bangkok, 10330, Thailand.
Tel.: +66 22 187602; fax: +66 22 187603.

E-mail address: t.rungrotmongkol@gmail.com (T. Rungrotmongkol).

1093-3263/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j,jmgm.2010.09.010

the nsP3 protein are not yet clear, although the infection is required
atan early stage in the transcription process for viral replication [3].
Here, an understanding at the atomic level of the molecular recog-
nition and interaction between the ADP-ribose molecule and the
nsP3 macro domain of CHIKV and VEEV, as model alphaviruses, is
the main goal of this study. The simulated results constitute new
important data to further assist in the design of inhibitors accom-
modating at the adenosine-binding site for the inhibition of these
two alphaviruses.

CHIKV and VEEV viruses belong to the genus Alphavirus in
the Togaviridae family. As with most other alphaviruses, they are
enveloped, single stranded and positive sense RNA viruses. Their
genomic RNA encodes for four non-structural proteins (nsP1-4) in
the 5’ region and three main structural proteins (capsids, E1 and E2)
in the 3’ region. The non-structural proteins have distinct important
functions in the early stages of RNA replication, the negative strand
synthesis [3-5]. In the latter stage of infection, the negative strand
serves as a template for the synthesis of progeny-positive strands,
and subgenomic mRNAs coding for the virus structural proteins.
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Fig. 1. (a) Structural alignment between the crystal structures of the CHIKV (violet)
and VEEV (green) nsP3 macro domains complexed with ADP-ribose. (b) Schematic
chemical structure of ADP-ribose containing adenine, ribose, diphosphate and ter-
ribose moieties. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

The enzymatic machinery of three of the four non-structural
proteins has been evaluated. The nsP1 protein is responsible for
methylation and capping of viral mRNAs [6,7], directing the repli-
cation complex to the membrane [8], and association with the
cytoplasmic surface of endosomes and lysosomes [9]. The nsP2
protein is a RNA triphosphatase [10], RNA helicase [11], NTPase
[12] and protease [13]. The nsP4 protein is an RNA-dependent RNA
polymerase involved in genome replication and transcription [14].
However, in some contrast, all that is known for the nsP3 protein is
that it is proposed to be essential as a part of the minus strand repli-
case and mutations in it can reduce the rate of the minus strand and
subgenomic RNA synthesis [15,16]. The nsP3 protein sequence is
composed of three domains: (i) the C-terminal region with a poorly
conserved sequence [17], (ii) the relatively well conserved ser-
ine/threonine rich sequence, and (iii) the N-terminal macro domain
sequence. This macrodomain is ancient and is widely distributed
throughout all eukaryotic organisms, bacteria and archaea [18].
Moreover, macro domains are also found in many types of positive
strand RNA viruses, including hepatitis E, rubella, and those mem-
bers of the corona- and alpha-viruses. The macro domain contains
the binding domain for the ADP-ribose containing molecules: ADP-
ribose, poly ADP-ribose and o-acetyl-ADP-ribose [19-22]. Recently,
the crystal structures of the nsP3 macro domain for the VEEV and
CHIKV have been reported (Fig. 1a) [23]. Each domain contains
the six-stranded 3 sheet with three « helices. The intermolecu-
lar interactions between the residues in the binding pocket of the
two enzymes and the ADP-ribose, as analyzed from their crystal
structures, are drawn in Fig. 2.

To gain the fundamental knowledge on the structure and bind-
ing modes of ADP-ribose in the nsP3 macro domains of CHIKV and

Fig. 2. Schematic representations on intermolecular interactions between ADP-
ribose and the residues at the binding pocket of the nsP3 macro domains of (a)
CHIKV and (b) VEEV, based on the crystal structures [23].

VEEV in aqueous solution, molecular dynamics (MD) simulations of
the ADP-ribose bound with both CHIKV and VEEV macro domains
were conducted. The results were extensively analyzed in terms of
intermolecular hydrogen bonds, decomposition free energy and its
components, and the binding free energy of the complex focused
on the ADP-ribose binding pocket.

2. Materials and methods
2.1. System preparation

The recently reported X-ray crystallographic structures of the
CHIKV and VEEV nsP3 macro domains complexed with the ADP-
ribose [23] (Fig. 1a), taken from the Protein Data Bank (PDB) (entry
codes 3GPO and 3GQO, respectively), were used as the starting
coordinates for the MD simulations. Initial structure preparations
and calculation processes were carried out using the AMBER pack-
age suit of programs [24]. The AMBER ff03 force field [25] was
applied for amino acid residues while the ADP parameters [26]
were used to create the parameters for ADP-ribose. Likewise the
protonation states for the five ionizable amino acids (Asp, Glu, Lys,
Arg and His) were assigned using the PROPKA program [27].
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All missing hydrogen atoms of the proteins and ADP-ribose were
added with standard bond lengths and angles by the LEaP module of
AMBER. To relieve bad steric interactions, the hydrogen atoms were
firstly minimized with 1500 steps of steepest descents (SD) fol-
lowed by 1500 steps of conjugated gradient (CG). Afterwards, each
complex was immersed in a cubic box of TIP3P water molecules
[28] and, in the case of CHIKV, a sodium counterion was randomly
added to neutralize the electrical charge of the CHIKV. The number
of total atoms and the water box size of the CHIKV system were
25,893 atoms and 66 x 67 x 74 A3, while those for the VEEV com-
plex were 24,588 atoms and 65 x 68 x 69 A3, respectively. Based
on a cutoff distance of 12 A, the added water molecules were con-
sequently energy minimized using 1500 steps each of SD and CG,
while the protein and ligand were restrained with a force constant
of 500 kcal/molAZ. Finally, the entire structure was fully minimized
with 3000 steps each for SD and CG, to search for the optimum
conformation.

2.2. Molecular dynamics simulations

All simulations were carried out under the periodic boundary
condition with the NPT ensemble. The SHAKE algorithm [29] was
applied to constrain all covalent bonds involving hydrogen atoms. A
time step of 2 fs with residue-based non-bonded interactions trun-
cated at 12 A was used. The long-range electrostatic interactions
[30] were calculated according to the particle mesh Ewald method.
A Berendsen coupling time of 0.2 ps was employed to maintain the
temperature and standard pressure of the system [31]. Firstly, both
complexes were heated up to 298K for 60 ps. Then, the MD sim-
ulations were performed for 10 ns, consisting of the first 4ns of
equilibration and another 6 ns of the production phase. The trajec-
tories, collected every 0.2 ps in the production phase, were used for
analysis.

The convergences of energy, temperature, pressure and the
global root mean-square displacement (RMSD) were used to verify
the system stability. The MD trajectories extracted from the pro-
duction phase were analyzed in terms of hydrogen bond (H-bond),
decomposition of free energies on a per-residue basis (Acggfjg“e),
binding free energies (AGpinq) and their energy components.

2.3. Molecular mechanics/Poisson-Boltzmann Surface Area
(MM/PBSA) calculations

The Molecular Mechanics/Poisson-Boltzmann Surface Area
(MM/PBSA) approach is a well-accepted method to estimate the
binding free energy between a protein and its given ligand [32-34].
This method, as implemented in the AMBER program, was applied
to compute the binding free energies for the CHIKV and VEEV nsP3
macro domain complexed with ADP-ribose. Here, changes in the
binding free energy in the protein (nsP3 macro domain)-ligand
(ADP-ribose) binding is computed as the difference between the
free energies of the complex (AGeomplex), Protein (AGigang) and
ligand (AGiiggnq), as outlined in Eq. (1):

AGbind = AGcomplex - [AGprotein + AGlig] (1)

In general, the total free energy of each species contains the
enthalpy and entropy contributions, as shown in Eq. (2):

AG=AH -TAS (2)

where AH of the system is composed of the enthalpy changes in
the gas phase upon complex formation (AEy) and the solvated
free energy contribution (AG,,), while —TAS refers to the entropy
contribution to the binding. Eq. (2) can be then approximated as
shown in Eq. (3):

AG = AEyy + AGSOI —TAS 3)

where AEyy is the summation of the van der Waals (AE,4y/) and
the electrostatic (AE,) interaction energies, and was evaluated by
the SANDER module of AMBER using Eq. (4):

AEMM = AEvch + AEele (4)

In addition, AGs,, which denotes the solvation free energy, can
be computed as the summation of an electrostatic component
(AGepeso1) and a nonpolar component (AGponpolar,sot)> as Shown in
Eq. (5):

AGsol = AGele,sol + AGnonpolar,sol (5)

The electrostatic component was computed by the Possion-
Boltzmann (PB) method [35,36] in the AMBER suite. The dielectric
constants for the solute and the surrounding solvent were set to
1 and 80, respectively. The same set of atomic charges on each
complex applied in the MD simulations was again used in the PB
computation. The nonpolar term in the solvation free energy was
computed, as shown in Eq. (6):

AGnonpolar,sol = ySASA + BB (6)

where SASA is the solvent accessible surface area of each given
molecule and is determined using a solvent probe radius of 1.4 A.
For the PB model, the values of the surface tension constants y and 8
were set to 0.0072 kcal/mol A2 and 0.00 kcal/mol, respectively. The
entropy term TAS is required to account for the conformational
entropy change of the two binding partners upon complexation.
In this study, we performed a normal-mode analysis [37], using
the NMODE module, to compute the vibrational, rotational and
translational entropies.

2.4. Binding free energy decomposition

The contribution of each residue to the total binding free energy
of the protein-ligand complex, according to Eq. (1), was evaluated
through the free energy decomposition based on the MM/PBSA
method [38,39]. For this purpose, the contribution of atom i to the
total electrostatic interaction energy between the two components
is given by one half of a pairwise electrostatic interaction energy
between the two atoms, each belonging to the protein and ligand
complex. This is expressed in Eq. (7) as:

i 1 qiq;
Eele ) i+ l?

(7)

where j are the atoms of the part that i does not belong to, whereas
r;j is the distance between the two atoms with atomic partial
charges of g; and g;. Similarly, one half of the pairwise intercompo-
nent van der Waals interaction energies (ELdW) between the nsP3
protein and the ADP-ribose ligand was attributed to avoid double
counting. The calculation of the internal energy, AE;,, is equal to
zero under the assumption of a single trajectory approach since the
internal energies of the complex and the separated parts are cal-
culated from the same trajectory. The SASA of each atom i to the
nonpolar solvation term is given by Eq. (8):

AG SASAi,complex _ (SASAi.protein + SASAi,ligand))

;lonpolar,sol =y x(
(8)

where SASAbProtein o SASAbligand js equal to zero depending on which
component the atom belongs to. The GB approach was used to
calculate electrostatic free energy term by Eq. (9):

—f
1 ecs quq
AG — __ _ _GB J 9
ele,sol 2 < o ) - fGB ( )

where ¢, is the dielectric constant of solvent, k is the Debye-Hiickel
screening parameter and the double sum runs over all pairs of
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atoms. In this study, ¢, and k were assigned to 80 and 0, respec-
tively, and fgg was defined by Eq. (10):

2\ 712
I - i
fop = lrij + ajatj exp <4aiaj>] (10)

where «; and «; are the effective Born radius of atoms i and j, respec-
tively. The contribution of atom i to the electrostatic free energy is
obtained by Eq. (11):

- 1 e~ qiq; 1x—4ij
1 —_ _ _ — —
Aueso =32 (1 fo )fcgij(ryﬁzz, /Ty o
J Jj#i

Finally, the contribution to the total binding free energy for a
per-residue basis, Acgglgue , can be obtained by summation of the

: P i i i i
atomic contributions l.:'e,e, EvdW' AGele’sol and AGnonpolar’sol over the
atoms of a given residue without consideration of the entropy

terms. The separated contribution of its backbone, AGbackbone or

the side chain, AGechain can be constructed from the related
atoms.

3. Results and discussion

To determine the system stability of the CHIKV and VEEV
nsP3-ADP-ribose complexes, RMSDs of the heavy atoms over 10-
ns MD simulation with respect to their starting structures were
plotted versus simulation time and given in Fig. S1 (see supple-
mentary data). It can be seen that the two complexes were found to
reach equilibrium at 4-ns and thus the MD trajectories taken from
the subsequent 6-ns simulations were properly used for analysis.

3.1. Key binding motif of ADP-ribose

To obtain detailed information and insight into the intermolec-
ular interactions of the ADP-ribose and the nsP3 protein, the
percentage and the number of hydrogen bond (H-bond) occupa-
tions between the ADP-ribose and the binding residues of the
CHIKV and the VEEV nsP3 macro domains were identified 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 summarized in Fig. 3, where the strong and medium
hydrogen bond interactions are determined by H-bond occupations
of higher than 75% and 50%, respectively (dashed lines in Fig. 3). We
assume that the strongly detected H-bonds at the binding site of
the nsP3 macro domain could provide the important interactions
between the binding pocket residues and the ADP-ribose molecule.

The stabilization at the adenine base of ADP-ribose in both viral
nsP3-ADP-ribose complexes was mostly contributed from the nsP3
residues D10 and I11. The backbone nitrogen of 111 stabilized the
ribose through a very strong hydrogen bond with the N!-nitrogen
(see atomic label in Fig. 1b), which is in good agreement with the
schematic view of the protein-ligand interactions determined from
the X-ray structures (Fig. 2). Its N6-nitrogen established two moder-
ate strength hydrogen bond interactions with the two carboxylate
oxygens of D10, while in the crystal structures [23] only the hydro-
gen bond with the OP’-oxygen of D10 (3.0A in CHIKV and 2.7A
in VEEV) was formed. In addition, it was proposed that the high
specificity of the adenine moiety of ADP-ribose in the binding to
the alphavirus CHIKV and VEEV nsP3 macro domains was mainly
achieved through the conserved residue D10 [23]. A significant
decrease in the protein thermal stability for the GDP binding to the
CHIKV nsP3 macro domain, compared to that of the ADP-protein
complex [23], is most likely caused by a lack of any particular inter-
action between the nsP3 D10 residue and the GDP guanine base.

By considering the interaction of the connecting ribose (Fig. 3),
although the two simulated models exhibited a similar strong
hydrogen bond between their 0% -hydroxyl oxygen of the ribose
and the hydroxyl moiety of the nsP3 T111 residue, the interaction
to the R144 residue was significantly different. In the case of CHIKV,
the ribose 02 -hydroxyl oxygen was intensely stabilized by the nsP3
R144 residue through the presence of two strong hydrogen bonds
with the gaunidinium group at the NE- and NH2-nitrogens. In con-
trast, these interactions had almost disappeared in the case of the
VEEV nsP3-ADP-ribose complex where only a very weak hydrogen
bond with one of the gaunidinium nitrogen’s of the R144 residue
was observed.

Both the CHIKV and the VEEV nsP3-ADP-ribose complexes
shared relatively similar patterns of hydrogen bond interactions
at the diphosphate unit (Fig. 3). There was a strong hydrogen bond
between the O’A-phosphate oxygen and the backbone nitrogen of
the nsP3 V33 residue. The O’8- and 0?B-phosphate oxygens estab-
lished strong and rather weak hydrogen bonds, respectively, to the
backbone nitrogen of S110. Furthermore, the 0?8 atom formed two
strong hydrogen bonds, one each with residues G112 and either
Y114 (CHIKV) or F114 (VEEV). However, a clear difference between
the two viral nsP3-ADP-ribose complexes was found in terms of
the interaction with residue 133. In CHIKV, two strong hydrogen
bonds were formed between the two phosphate oxygens (0?4 and
02B) of the ADP-ribose and the backbone of the nsP3 residue V113,
whereas one of these interactions was weaker at the 1113 residue
in the VEEV nsP3-ADP-ribose complex.

Moreover, interactions between the ADP-ribose and the two
viral nsP3 macro domains are remarkably different at the ter-ribose
unit. Only one strong hydrogen bond was found between the 0% -
phosphate connecting oxygen and the backbone nitrogen of the
nsP3 Y114 residue in CHIKV (Fig. 3a), while three strong hydro-
gen bonds to nsP3 residues G31, G32 and F114 were detected in
the VEEV nsP3-ADP-ribose complex (Fig. 3b). Conversion of the
D31 residue to G31 in the VEEV nsP3 protein leads to the for-
mation of a strong hydrogen bond between the G31 residue and
the ter-ribose unit, instead of the two moderate hydrogen bonds
seen with the D31 residue through its backbone oxygen and nitro-
gen atoms as observed in CHIKV. This was subsequently found to
affect the adjacent residue where the interaction with G32 in the
case of the VEEV nsP3-ADP-ribose complex is markedly stronger
than that in the CHIKV case. The 05 atom of the ter-ribose moiety
made a stronger hydrogen bond to the nsP3 1113 residue in VEEV
than with the V113 residue in CHIKV. Furthermore, the H-bond
between the nitrogen backbone of the nsP3 residue Y114 (CHIKV)
or F114 (VEEV) and the 0% atom of the ADP-ribose unit was well
conserved.

Taking into account all of the above information, the hydro-
gen bond patterns between the ADP-ribose and the nsP3 macro
domains for both CHIKV and VEEV are almost the same. The nsP3
amino acid residues D10, 111, N24, D/G31-C34, S110-Y/F114 and
R144 were found to be the key residues for the enzyme-ligand bind-
ing. In addition, the ribose and diphosphate units of the ADP-ribose
were found to play more important roles in the CHIKV nsP3-ADP-
ribose complex, while the strongly stabilized ter-ribose played the
main part in the VEEV nsP3-ADP-ribose complex.

3.2. Per residue nsP3 enzyme-ADP-ribose interactions

To provide the basic information on the intermolecular inter-
actions contributed from the individual residues in the CHIKV and
VEEV nsP3 macro domains to the ADP-ribose, the pair interaction
decomposition of free energy (AG{)‘?;Z’“‘? , the per residue total bind-
ing free energy) was evaluated using the decomposition energy
module in AMBER. The calculation was performed over the 100 MD
snapshots taken from the last 6-ns simulation. The summations
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Fig. 3. Left: Percentage occupation of H-bonds between each ADP-ribose moiety (see Fig. 1b for definition) and the key residues in the binding pocket of the (a) CHIKV and
(b) VEEV nsP3 macro domains. Right: The schematic view of the ADP-ribose (ligand)-nsP3 protein interaction, taken from the last MD snapshot is also depicted for both
viruses, where the nsP3 residues that are different between the two macro domains are shown in red.

of per residue interaction free energies were separated into the
residue backbone (AGbackbone) and the side chain (AG3ide chain) The
energy contributions from the selected residues are summarized in
Fig. 4.

As shown, the plots for both viral nsP3-ADP-ribose systems
show similar trends and almost the same patterns of decompo-
sition energies (Fig. 4). The major contribution to the binding mode
of the ADP-ribose, with a AGE‘;;?“‘? of <—4 kcal/mol (black column),
was obviously gained from the many key nsP3 amino acid residues
located in the ADP-ribose binding pocket of the CHIKV and VEEV
macro domains. These residues are G32, V33, L109 (VEEV), S110,
T111, G112, V133 (CHIKV) or 1113 (VEEV), Y114 (CHIKV) or F114
(VEEV), and R144 (CHIKV), which directly face to the diphosphate

moiety of ADP-ribose (see schematic view in Fig. 3). Based on this
major contribution, with a AGE?;?”E of <—4kcal/mol, the energy
contribution to the ADP-ribose molecule in VEEV (Fig. 4b) is slightly
larger than that for CHIKV (Fig. 4a). In both systems, the interactions
of these key residues were mainly achieved from their backbone
atoms (light grey column, Fig. 4), which are in good agreement
with the formation of many H-bonds with the backbone nitrogen
and oxygen atoms, as previously mentioned above. Additionally,
an essential contribution to the binding energy in the range of
-4 < AG{;’;?”E < —2kcal/mol was provided by the four nsP3 amino
acid residues (I11,A22,N24 and L109) in CHIKV, and the six residues
(111, A22, N24, G30, G31 and C34) in VEEV.

Fig. 4. Decomposition of the free energy on a per-residue basis (AG;‘I?;":"‘?) into the contributions from the atom groups of the backbone (AGZ?:[;‘D”"‘?) and the side chain

(AG?ide chainy jn the (a) CHIKV and (b) VEEV nsP3 macro domains bound to ADP-ribose.

bind
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Fig. 5. Energy contribution of electrostatic and van der Waals terms for the key
residues of the two nsP3 protein macro domains, CHIKV and VEEV.

To reveal the source of the interaction contribution from each
particular residue, the electrostatic (E,je + Gpolqr) and van der Waals
(Evaw + Gnonpolar) €nergy terms of the nine key residues in both
alphaviruses were plotted and compared (Fig. 5). Except for the
residues Y114 (CHIKV) or F114 (VEEV) and R144, the majority of the
decomposed energy interaction originated from the electrostatic
contribution apparently through H-bonding interactions, while the
van der Waals contribution appeared as a minor influence to those
key residues in the ADP-ribose binding process.

3.3. Binding affinity of ADP-ribose

The total binding free energy for the ADP-ribose molecule,
AGping, and its detailed energy contributions calculated accord-
ing to the MM/PBSA approach, are summarized in Table 1. Note
that the 100 MD snapshots used in the MM/PBSA calculations
were the same set as those used to evaluate the pair interaction
decomposition of free energy. The AGy;,4 can be divided into polar
(EvdW + Gnonpolar) and nonpolar (AGnonpolar.sol + AEvdW) energies,
whereupon the free energy of the ADP-ribose binding is revealed to
be primarily contributed from the AGyonpoiar,sot + AEyaw at —72.6
and —71.8 kcal/mol for the CHIKV and VEEV, respectively, while the
AGeeso1 + AE,e shows a likely unfavorable contribution at 36.8 and
32.5 kcal/mol for the CHIKV and VEEV, respectively. In the latter
case, this is due to the intermolecular electrostatic energy, which is
mainly achieved from the many hydrogen bond formations with
the ADP-ribose binding residues of the nsP3 macro domain (as
discussed above), and is lower than the desolvation energy. This

Table 1

Calculated energy components, binding free energy (kcal/mol) and experimental
dissociation constant (Ky, uM) of ADP-ribose binding to macro domain of (a) CHIKV
and (b) VEEV.

CHIKV VEEV
AE, ~316.8 + 22.0 ~376.8 + 16.7
AE,qw —64.9 + 43 —64.5 + 3.7
AEwm 3817 + 22.7 4413 £ 17.1
AGronpolarsol ~7.7+02 ~73+02
AGeiesol 353.6 + 20.8 409.4 + 149
AGyy 345.8 + 20.9 402.0 + 149
AGeieso1+ AEeie 36.8 + 8.2 325+ 73
AGuompolarsol + AEvaw ~726£23 ~718 £2.0
AGeora 359+ 7.1 ~393+ 64
~TAS 29.7 + 3.5 303 + 2.1
AGhing 62456 ~9.0+48
Kq (kM) [23] 5+ 04 3.9 + 0.65

occurrence has been reported in the previous theoretical studies
of the interactions and binding free energies between ligands and
proteins in an aqueous solution [40-43]. With the summation of
the solute entropy term (~30kcal/mol), an estimated AGp;,q of
—6.2 kcal/mol and —9.0 kcal/mol was found for the CHIKV and VEEV
complexes, respectively, suggesting that the ADP-ribose binds to
and interacts with the binding site of the VEEV nsP3 macro domain
slightly stronger than that with CHIKV. These simulation based
results are in a good agreement with the experimental dissocia-
tion constant (K;) of ADP-ribose binding to the nsP3 macro domain
of these two alphaviruses [23].

4. Conclusions

In this study, molecular dynamics simulations were used to
identify the key residues at the ADP-ribose binding site of the CHIKV
and NEEV nsP3 macro domains for the design of potent inhibitors
against these viruses. The likely binding motif for the ADP-ribose
in both nsP3 enzyme targets was found to be considerably sim-
ilar, involving the potential binding residues of D10, 111, N24
and R144, D/G31-C34, and S110-Y/F114. Among the four subunits
of the ADP-ribose, the negatively charged PO42~ moiety showed
the strongest interactions with the above residues in the binding
pocket of enzyme. In addition, the ribose and the diphosphate units
were found to play more important roles in the CHIKV nsP3-ADP-
ribose complex, while the ter-ribose moiety was more important
in the corresponding VEEV complex. The per-residue decomposi-
tion energies suggested that the particular interactions between
the ADP-ribose and the nsP3 macro domain were mostly derived
from the electrostatic contributions, apparently through hydrogen
bond interactions with the residue backbone. In addition, the bind-
ing efficiency of the ADP-ribose towards the nsP3 macro domain
of CHIKV was predicted to be slightly lower than that for VEEV,
which concurs with the experimental data. An understanding of the
specific interactions between the ADP-ribose and the nsP3 macro
domain at the molecular level is useful information to further assist
in drug design and development for these two important viruses.
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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.
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Fig. 1 Root mean square deviation (RMSD) of all heavy atoms of
hemagglutinin and human SIA-o-2,6-GAL pentasaccharide receptor
to the starting structure as a function of simulation time

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

Sialopentasaccharide receptor conformation

To investigate the conformational character of the human
SIA-2,6-GAL sialopentasaccharide receptor, the distribu-
tion of eight important torsion angles, defined in Fig. 3a,
from (1) 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.

@ Springer
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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.



1412 J. Chem. Inf. Model., Vol. 50, No. 8, 2010

NUNTHABOOT ET AL.

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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1. Introduction

ABSTRACT

Aiming at understanding the molecular properties of the encapsulation of the anticancer drug gem-
citabine in the single-walled carbon nanotube (SWCNT), molecular dynamics (MD) simulations were
applied to the two scenarios; that of gemcitabine filling inside the SWCNT, and that of the drug in the
free state. Inside the SWCNT, the cytosine ring of gemcitabine was found to form a - stacking confor-
mation with the SWCNT surface, and this movement is not along the centerline of the tube from one end
to the other of the tube where the distance from the center of gravity of the molecule to the surface is
4.7 A. Atilted angle of 19° was detected between the cytosine ring of gemcitabine and the inner surface of
SWCNT. In comparison to its conformation in the free form, no significant difference was observed on the
torsion angle between the five- (ribose) and the six- (cytosine) membered rings. However, gemcitabine
inside the SWCNT was found to have a lower number of solvating water molecules but with a stronger
net solvation than the drug in the free state. This is due to the collaborative interactions between gem-
citabine and the surface of the SWCNT. In addition, the steered molecular dynamics simulation (SMD)
approach was employed to investigate the binding free energy for gemcitabine moving from one end to
another end throughout the SWCNT. In excellent agreement with that yielded from the classical MD, the
SMD energy profile confirms that the drug molecule prefers to locate inside the SWCNT.

© 2010 Elsevier Inc. All rights reserved.

reproductive malignant cells [12], is the fifth most common can-
cer. Gemcitabine, in combination with carboplatin, is the main

Since the discovery of carbon nanotubes (CNTs)in 1991 [1], they
have been considered as the ideal material for a variety of applica-
tions owing to their unique properties. These properties include
their potential biocompatibility in pharmaceutical drug delivery
systems [2-4] and their excellent role as drug carriers with a highly
site-selective delivery and sensitivity [5-10]. To accelerate the opti-
mal development of CNT as a new effective drug transporter, it
is required to better understand the structural properties of the
drug-CNT complex.

As reported by the Centers for Disease Control and Preven-
tion (CDC), cancer is the second leading cause in the number of
deaths worldwide [11], and ovarian cancer, found in the female
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anticancer drug used to treat ovarian cancer [13]. Gemcitabine is
a pro-drug, and as the active di- and tri-phosphate nucleosides,
exhibits cell phase specificity, primarily killing cells undergoing
DNA synthesis (S-phase) and also blocking the progression of
cells through the G1/S-phase boundary. The cytotoxic effects of
gemcitabine are exerted through incorporation of gemcitabine
triphosphate (dFACTP) into DNA, resulting in the inhibition of DNA
synthesis and induction of apoptosis. However, this is not cancer
cell specific and so the main problem, common to most cancer treat-
ments and therapy, is the serious side effects to normal cells. Bone
marrow toxicity is one such effect in patients who show adverse
reactions to gemcitabine. To avoid such effects, the development of
a drug delivery system to transport the drug molecules efficiently
and specifically to the targeted tumor cells, without harming the
surrounding tissue is one promising approach. This can lead to a
more sustained and localized delivery of the drug, reducing the
systemic loads and side effects to non-target cells. To this end CNTs
have been found to show good carrier properties by serving as a
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Fig. 1. (a) The structure of the (18,0) single-walled carbon nanotube (SWCNT) complexed with the gemcitabine drug. (b) The atomic labels and torsion angle, 7, of drug are
defined. The origin of the Cartesian coordinate for the complex was centered at the center of gravity (Cg) of the SWCNT where (c) the Cg position of drug molecule is also

shown.

transporter of bio-molecules to the target site of a diverse array of
compounds, including drugs [14-18], vaccines [19,20], small pep-
tides [21,22], proteins [23-26], nucleic acids [27-30], vitamins and
sugars [31,32]. Basically, these molecules are attached on either
the inner or outer tube wall surfaces, which are the so-called filling
or wrapping modes of binding, respectively. Functionalized CNTs
were also proposed as promising materials as they were found to
reduce the toxic nature of the pristine (non-functionalized) CNT in
both in vitro and in vivo applications [33-35].

The present study aims to examine the structure, orientation,
conformation, solvation and movement of the anticancer drug
gemcitabine inside a pristine zigzag (18,0) single-walled carbon
nanotube (SWCNT)in aqueous solution using a molecular dynamics
simulation approach. The properties of gemcitabine in the free form
(without SWCNT bound) in aqueous solution were also studied and
compared. In addition, the steered molecular dynamics simulation
(SMD) [36] was applied to examine the binding free energy profile
when gemcitabine moves, from one end to another end, throughout
the SWCNT.

2. Model and method
2.1. Preparation of the starting structures

Zigzag (18,0) SWCNT with a diameter of 14 A was used as the
model carrier to examine the gemcitabine-SWCNT drug carrier.
The SWCNT structure was generated from the Nanotube Modeler
package [37] with chiral vectors m=18, n=0 and 34A in length
(Fig. 1a). The molecular dynamics simulations were carried out for
two systems; free gemcitabine and its complex with SWCNT, both
solvated in an aqueous solution.

To  construct the molecular geometry of the
gemcitabine-SWCNT complex, the crystal structure of gemc-
itabine bound to human deoxycytidine kinase (Protein Data
Bank (PDB) [38], code 2NOO) was used to excise the gemcitabine
structure and this was then placed in the middle of the pore of a
pristine SWCNT (Fig. 1a). Hydrogen atoms were added to the drug
molecule and both ends of the tube using the LEaP module in the
AMBER 9 software package [39].

The parameters of the SWCNT were taken from the AMBER 99
force field [40] where the atom type CA was chosen to represent
the aromatic carbon atoms. A general comment on the applicabil-
ity of this force field to CNT can be found elsewhere [41,42]. For
the gemcitabine molecule, the parameters for the 5- and 6- mem-
bered rings were, respectively, created by considering those of the
ribose and cytosine, while the parameters involving the fluorine
atoms were generated from the Generalized AMBER Force Field
(GAFF) [40]. To obtain the atomic charges of gemcitabine, the fol-
lowing procedures were carried out. Firstly, the molecular structure

of the gemcitabine was fully optimized using the Gaussian03 pro-
gram [43] at the Hartree-Fock level of theory using the 6-31G* basis
set. Then, the electrostatic potentials (ESP) surrounding the com-
pound were computed at the same basis set and level of theory. The
RESP charge-fitting procedure was applied and the partial charges
of equivalent atoms were fitted into the identical value using the
RESP module of AMBER 9.

The drug in free state and the drug-SWCNT complex were both
solvated with a SPC/E [44] octagonal box over 12 A from the system
surface. Any water molecules in which the oxygen atoms steri-
cally overlapped with the heavy atoms of the drug and the SWCNT
molecules were removed. Here, the systems of the free drug and
its complex with SWCNT contain 3296 and 14627 atoms in total,
respectively.

2.2. Classical molecular dynamics (MD) simulations

The simulations were performed using the SANDER module in
the AMBER 9 program package with the NPT ensemble at 1 atm and
a time step of 2fs. The SHAKE algorithm [45] was applied to all
bonds involving hydrogen atoms to constrain their motions. The
periodic boundary conditions were applied and the cutoff function
was set at 12 A for nonbonded interactions and particle mesh Ewald
method [46,47]. The whole system was heated from 100K to 300 K
for 25 ps and equilibrated at 300K for 600 ps. Then, the production
stage was performed for 10 ns in which the structural coordinates
were saved every 1 ps for analysis.

2.3. Steered molecular dynamics (SMD) simulations

Basic concept of the SMD technique [36] is to apply the external
forces to particles in a selected direction by employing a har-
monic (spring-like) restraint to the system in order to create greater
change of the particle coordinates, relative to classical MD. In this
study, the gemcitabine was generated to locate at 25A far from
one end of the SWCNT on the vector which pointing through the
Cg of the SWCNT and parallel to the tube axis. The external forces
were then employed to all drug atoms in the direction along the
selected vector. The pulling atoms were harmonically constrained
with a force F=—k(x —vt), where k, x, v and ¢ are the spring con-
stant, atom coordinates, atom velocities, and integration time step,
respectively [48,49]. The value of k was set to 7kg T/A2, which relates
to a thermal fluctuation of the pulling atoms of 0.38 A, (kgT/k)'/2
where T denotes temperature in Kelvin and kg is Boltzman'’s con-
stant [48,49]. A dielectric constant of 1 and an integration time step
of 2 fs were set throughout the SMD simulation. Switching distance
required for smoothing between electrostatic and van der Waals
interactions is within the range 10-12 A. With the applied veloc-
ity of 0.0035A ps—1, drug was found to exit the SWCNT at 600 ps.
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Fig. 2. (a) Displacement of the center of gravity of gemcitabine, d(Cg), as a function of the simulation time (horizontal plot), and the probability of finding the gemcitabine
Cg (vertical plot), P(Cg), projected onto the SWCNT z-axis. (b) The P(Cg) in directions perpendicular to the SWCNT surface (x- and y-axis).

Note that, the other atoms in the system, including the explicit
water molecules, were treated by the classical MD approach. The
coordinates of system were collected every 0.2 ps.

3. Results and discussion
3.1. Localization of gemcitabine within the drug—-SWCNT complex

To examine the feasibility of using SWCNT as a nano-container
for gemcitabine delivery applications, the drug—-SWCNT complex
was monitored in terms of the gemcitabine center of gravity (Cg)
distribution inside the SWCNT. Along the SWCNT’s axis (z-axis
defined in Fig. 1a), the displacement of the gemcitabine Cg, d(Cg),
as a function of simulation time is shown in the horizontal plot in
Fig. 2a, while the probability of finding the gemcitabine Cg, P(Cg),
is illustrated in the vertical plot of the same figure. To monitor
the movement of the drug in the direction perpendicular to the
SWCNT surface, the averaged projection of the P(Cg) to the tube x-
and y-axis (defined in Fig. 1a) were also calculated, and are shown
in Fig. 2b.

In Fig. 2a, the d(Cg) in the horizontal plot shows that at the initial
step (t=0), the gemcitabine was located at the center of the SWCNT
(Cg=0). Regular movement of the drug molecule from one end
(d(Cg)=—-12.5A) to the other (d(Cg)=+12.5A) of the 34 A SWCNT
can be clearly seen. In addition, gemcitabine was never found at
the inner surface at a distance of <4.5 A from the two ends of the
tube, i.e., the gemcitabine is able to move freely and remain only
inside its container. This is likely due to breaking the -7 inter-
actions between the cytosine group and the tube wall at the ends.
The observed event was well supported by the P(Cg) plot (the ver-
tical plot in Fig. 2a), where the probability was found to increase
exponentially as a function of the distance from the two ends of
the SWCNT. Note that a symmetric distribution of the P(Cg) plot is
expected if the sampling size is large enough, with a long enough
simulation time.

In the same manner, the probability of finding the gemcitabine
Cg in the direction perpendicular to the tube surface (x- and y-
axis) showed only one distinct peak at 2.3A from the origin of
the coordinate system, indicating that gemcitabine does not pre-
fer to move at the center along the tube z-axis but rather that the
favorite motion is ~4.7 A away from the inner surface instead. It
is, therefore, likely that an aromatic stacking interaction between
the gemcitabine and the SWCNT surface was formed (discussed in
the next section). Taking into account all the above mobility data,
gemcitabine was found to coordinate inside the SWCNT, forming
the drug-SWCNT complex, during the whole simulation time of
10ns. Therefore, the SWCNT terminated by the hydrogen atoms
is assumed to be suitable as a drug container for a gemcitabine
delivery system.

3.2. Conformation of gemcitabine in the free and
SWCNT-complexed forms

To examine the conformation as well as the flexibility of gem-
citabine in the free state and that when inside the SWCNT, the
relative orientation of the ribose ring (five-membered ring) and
cytosine ring (six-membered ring), defined as the C’-N'-C3-02
torsion angle (t)in Fig. 1b, was calculated and compared. No signifi-
cant difference was found between the gemcitabine conformations
in these two states (Fig. 3), where the most probable torsion angle
of the free and SWCNT-complexed forms was observed at 210° and
215¢, respectively. Note that the distribution plot showed a broad
peak covering the range of 80°, precisely from 170° to 250° for
the free form and from 180° to 260° for the complex. This sug-
gested that the drug molecule is rather flexible and insensitive to
the environment, both when free in the aqueous solution and when
complexed inside the SWCNT. Therefore, utilizing CNT as the gem-
citabine carrier does not affect the conformation of the drug itself
and so, presumably, does not affect its stability and bioactivity.

To understand more details of the molecular alignment of gem-
citabine inside the SWCNT, the atom-atom radial distribution
functions (RDFs), expressed as g;;(r) the probability of finding a par-
ticle of type j in a sphere of radius, r, around a particle of type
i, were calculated. Interest here was focused onto the cytosine
(six-membered) ring whose m-aromatic system was expected to
preferably be deposited and to directly interact with the inner sur-
face of the SWCNT. Therefore, in this study i denotes the backbone
atoms of the cytosine ring (C*-C’, N! and N2) and j represents the
carbon atoms of the SWCNT. The calculated RDFs are summarized
in Fig. 4a, whilst a schematic representation of the drug-SWCNT
complex, where vector a lies parallel to the SWCNT surface and
vector b points from C8 to N! atoms, is shown in Fig. 4b.

The six RDF plots (Fig. 4a) can be classified into three sets, {C>,
€5, N2}, {C4%, 7} and {N'}, in which their g(r)s were detected for
the first time (g(r) # 0) at 3.0A, 3.4A and 3.8 A with the maxima

0.2

Free

- — — Complex

Probability
(=]

0 90 180
7/degree
Fig. 3. Distribution of the C’-N'-C3-02 torsion angle, T (see Fig. 1b for its definition

and atomic labels), of the gemcitabine in the free (solid line) and SWCNT-complexed
(dash line) forms.
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Fig. 4. (a) RDFs centered at the atoms in the cytosine (six-membered) ring of the gemcitabine drug (C*-C7, N! and N2) to the carbon atoms of the SWCNT. (b) Schematic
representation of the gemcitabine-SWCNT complex where vector a lies parallel to the SWCNT surface and vector b points from the C° to the N' atoms. (c) Estimated angle

between vectors a and b (see text for details of the related distances).

at ~4.0A, ~4.5A and 4.9 A, respectively. Using the most probable
distances from the C® (~4.0 A maximum of the C®-C RDF) and N!
(~4.9 A maximum of the N'-C RDF) atoms to the SWCNT surface,
gnd the N'-C8 distance (2.8 A), the angle between the vectors a and
b can be estimated (Fig. 4c). The obtained value of 19° indicates
the tilted angle representing the configuration of the - stacking
interaction between the cytosine ring of the gemcitabine and the
inner surface of the SWCNT. This interaction is supposed to be the
main reason why the preferential mobility of the drug molecule
along the molecular z-axis of the SWCNT takes place at ~4.7 A far
from the surface of the SWCNT (Fig. 2b).

3.3. Solvation of gemcitabine in free solution and complexed with
SWCNT

The ligand solvation was monitored by the atom-atom radial
distribution functions. Here, the RDFs to the oxygen atom of water
around the heteroatom in the gemcitabine were evaluated and
plotted in Fig. 5 for gemcitabine in both the free solvated and
SWCNT-complexed forms. The corresponding running integration
numbers, n(r), were also calculated and are shown. The first shell
coordination number, CN, around the atoms of drug (defined in
Fig. 1b) in both systems, which were obtained from the inte-
gration up to the first minimum of the RDF, are summarized in
Table 1.

The plots for both systems showed almost sharp first peaks, indi-
cating a strong solvation and high water accessibility, to the central
atoms of the drug molecule. Among all oxygens, the 02 atom is
much less accessible than the others owing to the steric hindrance
to solvation in 5-membered ring. Remarkable changes were found

Table 1

First shell coordination number, CN, around the atoms of gemcitabine in the free and
SWCNT-complexed forms, obtained from the integration up to the first minimum
of the atom-atom RDF, g(r), shown in Fig. 5.

Atom CN
Free Complex

o' 25 2.4
02 0.7 0.6
03 3.0 2.3
0* 2.6 2.5
N? - 0.8
N? 1.5 1.0
N3 3.8 33
F! 4.7 -
F? 6.5 2.3

on the RDFs of the fluorine atoms, especially F!. In the complex
form, the first shell RDF of F2 atom displayed the lower intensity
while that of F! atom was almost disappeared; i.e., water molecules
cannot feasibly gain access to these two atoms. This is due to the fact
that these gemcitabine atoms in the SWCNT-complexed form were
turned to approach to the SWCNT surface (see Fig. 4b). Moreover,
a considerable difference was also observed in the height of the
g(r) in the region between the first and the second peaks of almost
all RDFs, which denotes the feasibility of water exchange between
the two shells. These values for the drug in the free form (Fig. 53, c,
and e) were noticeably higher than those in the SWCNT-complexed
forms, which imply that water molecules in the first hydration shell
bind stronger to the drug atoms in the complex form than those in
the free form. The likely reason for this finding is because of the col-

Fig.5. Radial distribution functions, g(r), centered on the inhibitor atoms (see Fig. 1b
for atomic labels) to the oxygen atoms of the modeled water for gemcitabine in the
free and SWCNT-complexed systems, including the running integration number up,
n(r).
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Fig. 6. (a) Binding free energies between the SWCNT and the gemcitabine drug obtained from the classical and the steered MD simulations, and (b) the d1 and d2 distances
(defined in the inset) from Cg of the SWCNT to Cgs of the six- (cytosine) and five- (ribose) of drug molecule, respectively, as a function of the distance along tube (z) axis.

laborative effect due to the aromatic stacking interactions with the
inner surface of the SWCNT (see also Fig. 4b), as discussed above.

Changes in the first shell coordination numbers of gemcitabine,
in comparison between its free and SWCNT-complexed states
(Table 1), can be classified into three sets; notably a marked
decrease {F!, F2}, a slightly decreased {03, NI, N2, N3} and lastly
those that were almost the same {01, 02, 0%}. This is a consequence
of the conformational changes of gemcitabine, where the three
sets of atoms in the complexed form were located in the follow-
ing three configurations relative to the SWCNT surface (Fig. 4b); (i)
{F!, F2} was tabbed between the SWCNT inner surface and the five-
membered ring (almost no space is available for the solvent); (ii)
{03,N', N2, N3} were positioned in the plane of the six-membered
ring that is coordinated in the stacked conformation to the SWCNT
surface (only half of the space around the atoms can be solvated);
and (iii) {0, 0%, 0%} was tilted to point away from the SWCNT sur-
face and the atoms in the SWCNT-gemcitabine complex are fully
solvated, the same as that found as in the free form.

3.4. Binding free energy profile via the movement through the
SWCNT

To examine characteristics of the gemcitabine’s movement from
one end to another end throughout the tube, binding free energy
profile from the steered MD simulations was evaluated using the
MM/PBSA procedure successfully applied in our previous works
[50-52]. The results were given in Fig. 6a in comparison with those
yielded from the classical MD. To monitor drug’s conformation
along the steered MD energy profile, the two distances d1 and d2
measured from Cgs of the six- (cytosine) and five- (ribose) rings of
drug to Cg of the SWCNT were, respectively, defined in an inset in
Fig. 6b. Changes of those distances as a function of the tube axis
(z-axis) were calculated and shown in the same figure.

As expected, the SMD binding free energy (solid line in Fig. 6a) is
almost zero when gemcitabine locates outside (—40A <z < —-27A),
and decreases rapidly after the molecule enters the SWCNT
(-=15A <z<—-10A). The energy remains constant with the average
of about —25 kcal mol-! in the range —-10A <z<10A and increase
again afterward. This is in excellent agreement with that yielded
from the classical MD (grey dot in Fig. 6a) when the drug molecule
moves within the SWCNT. The two independent sources of energy
data indicate clearly that drug molecule prefers to locate inside the
SWCNT with a rather high energy barrier of —25 kcal mol~! to exit
from the tube. In terms of the drug’s conformation, d1 (defined in
aninset)is about 3.82 A longer than d2 at z<0 A (Fig. 6b) and in vice
versa. This indicates evidently that the ribose ring of gemcitabine
points to enter into one end and exit from another end of the tube.

4. Conclusions

MD simulations provide insight into the structural properties of
SWCNT serving as a gemcitabine drug carrier. The conformation,
orientation and solvation of gemcitabine, as well as its movement
inside the SWCNT, was extensively investigated in comparison to
those of the drug in the free solvated state. According to the local
density distributions of the drug projected to the diameter (xy-
plane) and the length (z-axis) of the SWCNT, gemcitabine was able
to simultaneously translocate from one end to the other of the
SWCNT. This movement is not along the centerline of the tube, but
rather the displacement is at a distance from the C(g) of gemcitabine
of 4.7 A from the inner surface of the tube, where the cytosine ring
of gemcitabine is oriented with a 19° tilted angle to the SWCNT
inner surface. This information indicates that the drug molecule
always exists inside the tube and is in the - stacking confor-
mation between its cytosine ring and the tube surface. Although,
the relative conformations between the cytosine and ribose rings in
both the free and SWCNT-complexed states were almost identical,
the loss of drug solvation around the drug molecule, especially the
F! and F? atoms, were found in the drug-SWCNT complex. This is a
result of the collaborative interaction with the surface of the tube.
In addition, the binding free energy profile of the gemcitabine via
its movement from outside through the SWCNT was also investi-
gated using steered MD. The result is in good agreement with that
obtained from the classical MD, i.e., drug molecule prefers to locate
inside the SWCNT.
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Molecular dynamics (MD) simulations were applied in order to examine the molecular properties
of the anticancer drug, doxorubicin (DOX), carried by single-walled carbon nanotubes (SWCNT)
in an aqueous solution. The models evaluated were the two DOX-SWCNT complexes based upon
DOX being inside (DOX;,-SWCNT) or outside (DOX,,~-SWCNT) the pristine SWCNT, and these
were compared to that for the aqueous free form (DOX.). It was found that DOX in the DOX;,-
SWCNT complex was less flexible than DOX;,., and DOX,,-SWCNT, which was expected due
to its collaborative interaction with the surface of the tube. Interestingly, in both complexes with
SWCNT DOX was found to move from one end of the SWCNT to the other, in the m—7 stacking
conformation between the three aromatic hydroxyanthraquinonic rings of the DOX and the surface
of the SWCNT. This configuration is better established in the DOX,,~-SWCNT complex than in the
DOX;,-SWCNT complex, with their respective distances from the DOX center of mass to the nearest
carbon atom of the SWCNT being 4.0 A and 4.5 A. Due to the curvature effect and the volume
constraints, the ordering of water accessibility around DOX was observed in the following order:
DOX e > DOX,,-SWCNT > DOX;,-SWCNT.

Keywords: Drug Delivery System, Carbon Nanotube, Doxorubicin Anticancer Drug, Molecular

Dynamics Simulations.

1. INTRODUCTION

Treating cancer with systemic chemotherapy usually
shows undesirable side effects in patients because the drug
affects all rapidly dividing cells including normal cells.
Many side effects can be controlled or reduced by target-
ing the drug delivery,!:? which then ideally brings the right
amount of drug directly and specifically to the site of the
disease, such as the specific tissue or even cancer cells.
The selection of effective drug carriers is one of the best
biomedical aspects for an effectively targeted drug deliv-
ery system and many such approaches for delivery systems
have been proposed, based on various drug carriers. Here,
the single-walled carbon nanotube (SWCNT) was consid-
ered as the drug transporter®™ for carrying the anti-cancer
drug, doxorubicin (DOX), through two different modes of
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drug binding; DOX either filling into the pore or wrapping
on the outer surface of the SWCNT. The molecular infor-
mation obtained could assist further design efforts for more
effective and selective drug carriers for the treatment of
cancer with reduced side effects.

DOX is one of the most potent and widely used drugs
for the treatment of many types of cancer.® It interca-
lates with double stranded nucleic acids and so inhibits
the synthesis of DNA within cells and thus the growth
of certain cancers is slowed down or stopped.” However,
amongst diverse side effects, it produces severe cardiotox-
icity and myelosuppression. To avoid these and other such
side effects, much attention has been paid to improv-
ing the delivery of DOX to the target cancer cells. For
example, encapsulation and micellar delivery of DOX in
glucosamine(ethyleneglycol) was shown to provide the
ability to protect and carry this drug to the target.® More-
over, Janes et al.’” developed chitosan nanoparticles as
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colloidal carriers of DOX into the cells in its active form.
They showed that DOX could be complexed to chitosan by
incubation and subsequently, once separated, the dextran
and DOX conjugates encapsulated in chitosan nanoparti-
cles of ~100 nm diameter provided decreased tumor vol-
umes in mice, whereas the treatment with DOX alone did
not.” Two-layer porous silicon'® and mesoporous thin sil-
ica films'!' can be used as a drug carrier for controlled
delivery of DOX. As to SWCNT as a carrier, Liu et al.'?
showed an extremely high drug loading ability for the
innovative, easy-to-make SWCNT-DOX complex, where,
allowing for the weight of the phospholipid-poly(ethylene
glycol) coating, the SWCNT-DOX complex contained
~50-60% (w/w) of DOX, a level that is remarkably higher
than that for liposomes and dendrimer based drug carriers.
Furthermore, the DOX-SWCNT complex, when function-
alized with a target specific monoclonal antibody and a
fluorescent marker, was successfully transported to human
cancer cells, followed by drug release and translocation
into the nucleus.'®

In the present study, we focused on trying to under-
stand the basic knowledge of the DOX-SWCNT complex
in terms of serving as a drug delivery vehicle for trans-
portation of this anti-cancer drug to target cells. Molecular
dynamics (MD) simulations were performed on the DOX
loaded to either the inner or the outer surfaces of SWCNT
and compared to the free drug, all in an aqueous state.
The structural and dynamics properties of the free DOX
and the two DOX-SWCNT complexes were analyzed and
compared in terms of drug conformation, drug solvation
and curvature effect.

2. EXPERIMENTAL DETAILS
2.1. Modeled Systems

The (28,0) zigzag type of SWCNT was constructed using
the Nanotube Modeler program.'* The modeled SWCNT
has finite length of 38.89 A with a diameter of 21.94 A,
a C—C bond length of 1.42 A, and the two ends of
the SWCNT were terminated with hydrogen atoms. The
tube model used for carrying the DOX drug consists of
1,008 carbon atoms and 56 hydrogen atoms. The atomic
coordinates of DOX were regained from the Drug Data
Bank Database (entry code: DB00997)'% 16 and the miss-
ing hydrogen atoms were then added by considering the
hybridization of the covalent bonds. Due to the relatively
high pKa (8.3) of DOX!"!8, its chemical structure was
treated in the protonated form as a weak base (Fig. 1).
To prepare the starting structures of the DOX-SWCNT
complexes, the DOX was placed inside (DOX,,-SWCNT;
Fig. 2(a)) or outside (DOX_,-SWCNT; Fig. 2(b)) the
SWCNT.

The AMBERY9 force fields'® involving atom type CA,
designed for aromatic carbon atoms, were applied for the
SWCNT. To construct the atomic charges and parameters

out
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Fig. 1. Chemical structure of DOX, in its protonated form, showing the
torsional angles and atomic labels.

for DOX, the structure optimization was performed with
the HF/6-31G(d) calculation to refine the drug geometry
using the Gaussian03 program.?’ Consequently, the elec-
trostatic potentials surrounding the drug molecule were
calculated using the same level of theory and basis set as
applied in the optimization step. The RESP charges were
generated by the RESP module of the AMBER 10*! pro-
gram, with the partial charge distributions among identical
atoms being fitted into the same value. The force fields of
DOX were assigned using the Antechamber suite of the
program and the missing parameters were obtained from
the Generalized AMBER Force Field (GAFF).?

2.2. Molecular Dynamics (MD) Simulations

To examine the feasibility of using SWCNT as a drug car-
rier for drug delivery applications, MD simulations were
carried out for: (i) free DOX in bulk water (DOX..)

Fig. 2. Top and side views of the DOX molecule (a) filling inside the
pore (DOX;,-SWCNT) and (b) wrapping on the outer surface (DOX,,,-
SWCNT) of the (28,0) zigzag SWCNT, where the origin of the Cartesian
coordinate is at the center of the gravity of the SWCNT and the z-axis
is parallel to the tube-axis.

J. Comput. Theor. Nanosci. 8, 1-7, 2011
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(ii) DOX bound inside the SWCNT (DOX,;,-SWCNT) and
(iii) DOX bound outside the SWCNT (DOX_,,-SWCNT).

The three models studied were separately prepared using
the LEaP module of the AMBERI10 software package.’!
Each system was solvated with the simple point charge
(SPC) water model in the truncated octagonal box and neu-
tralized by a chloride ion. This leads to a total of 5,017,
18,420 and 19,698 atoms for the DOX,,.., DOX,,-SWCNT
and DOX,-SWCNT systems, respectively. The simula-
tions were performed under periodic boundary conditions
with the NPT ensemble using AMBERI10. The particle
mesh Ewald method*® was used to handle the long-range
electrostatic interactions, whilst the SHAKE algorithm?*
was employed to constrain all bonds involving hydrogen
atoms. A time step of 2 fs and pressure of latm were
applied with a cutoff of 12 A for nonbonded interactions.

To relieve bad steric contacts prior to the simulation
process, three minimizationsteps were applied. Firstly, the
hydrogen atoms were minimized with all the heavy atoms
fixed, followed secondly by the optimization of the added
water molecules and then finally the minimization of the
whole structure. The system was heated from 100 K to
300 K with a subsequent equilibration phase at 300 K
for 500 ps and a final production phase of 9.5 ns. The
MD trajectories were stored every 200 steps and only the
snapshots extracted from the production phase were used
for analysis. The convergence of energies, temperature and
root mean square deviation (RMSD) were used to verify
the stability of each system.

3. RESULTS AND DISCUSSION
3.1. Change in DOX Conformation

To examine the conformation of DOX in free and the two
SWCNT-complexed forms, four torsional angles, 7,—7,,
of DOX (defined in Fig. 1) in the three states were inves-
tigated and compared (Fig. 3).

By considering the lilted angles, 7, and 7,, between
the tetracyclic and the aminoglycosidic groups of DOX
(see Fig. 1 for definition), the DOX inside the tube
was less flexible than those in the other two forms, the
DOXj,.. and DOX_,,-SWCNT complex, as indicated by
the sharp and narrow peaks at 7, = —125° and 7, = —78°
(Figs. 3(a and b)). The most flexible form is DOX.,
where three and two favorable conformations, represented
by 7, (—156°, —123° and —77°) and 7, (—154° and —70°),
respectively, were found. With respect to the DOX,-
SWCNT complex, the DOX conformation was character-
ized by the two peaks of 7, (—153° and —85°) and the
two peaks of 7, (—159° and —62°). The flexibility of the
—OCH; and —COCH,OH side chains of DOX is moni-
tored by the 75 and 7, values, respectively. As indicated
(Fig. 3(c)) by the two separated peaks (7, = —77° and
79°), the two overlapped peaks (7; = 11° and 77°) and the
one broad peak (7, = 38°), the —OCHj, group in the free
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Fig. 3. Distribution of the torsional angles (7,—7,; defined in Fig. 1) of
the free DOX in bulk water (dash black), and of DOX bound inside (solid
black) or outside (solid grey) of the SWCNT.

form is, as expected, more flexible than that in either the
DOX wrapping outside or filling the inside of the SWCNT.
Interestingly, the —COCH,OH group of DOX inside the
SWCNT clearly shows two distinct and almost symmet-
ric conformations of 7, = 1° and 121°. This is due to the
large steric hindrance with the aminoglycosidic ring when
the DOX tetracyclic group in the DOX;,-SWCNT complex
binds almost in parallel to the inner surface of the SWCNT
(see also snapshots in Figs. 6(b and c)).

3.2. Translation of DOX Inside and Outside of the
SWCNT

3.2.1. DOX Inside the SWCNT

To verify whether the SWCNT is capable for being used
as nano-container in drug delivery applications, the prob-
ability of finding the DOX drug, P(Cg), represented by its
center of gravity (Cg) projected to the tube-axis (z-axis;
defined in Fig. 2(b)) and averaged to the x- and y-axes
of the SWCNT was evaluated. The results are shown in
Figure 4 where the distance from the origin of the Carte-
sian coordinate (defined in Fig. 2(b)) and the DOX Cg
as a function of the simulation time is also shown as an
inset.

The P(Cg) along the tube-axis (Fig. 4(b)) decreases
exponentially as a function of the distances from the two
ends of the tube, indicating that DOX is able to move
freely along the 39 A length of the SWCNT and remains
solely inside the SWCNT. Noticeably, the drug never vis-
its at a distance of <4.5 A from the two ends. This is
because the drug molecule cannot overcome the energy
barrier from the repulsion with the hydrogen atoms at both
ends. Note, that the symmetric distribution of the P(Cg)
plot is expected if the simulation time is long enough. As
a function of simulation time, DOX was found to move
freely from one end to the other end of the SWCNT (inset

3
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Fig. 4. Probability distributions of the center of gravity, P(Cg), of DOX
encapsulated inside the SWCNT (DOX;,-SWNT) (a) projected to the

in

tube-axis (z-axis; defined in Fig. 2(b)), where the distance from the origin
of the Cartesian coordinate and the DOX Cg as a function of simulation
time is given in the inset, and (b) averaged and projected to the x- and
y-axes.

of Fig. 4(a)), corresponding with the P(Cg) plot shown in
Figure 4(a).

In the same manner, a single sharp peak at 6.50 A of the
averaged probability plot of the DOX Cg in the direction
perpendicular to the SWCNT surface (Fig. 4(b)), indicates
the most probable distance of DOX is far away from the
tube-axis. In other words, the preferential coordinate of
the drug molecule is ~4.5 A from the inner surface of
the SWCNT when the diameter of the tube is 21.94 A.
In summary, the data from the Cg distribution plots sug-
gest that DOX moves parallel to the inner surface of the
SWCNT (with the distance to the Cg of ~4.5 A) from one
end to the other end of the SWCNT (Fig. 4(a)).

3.2.2. DOX Outside the SWCNT

Similar to that seen for the DOX;,-SWCNT complex,
the probability of finding the DOX Cg binding outside
the SWCNT (DOX,,,-SWCNT) were calculated and are
shown in Figure 5. The plot representing DOX move-
ment in the direction perpendicular to the tube surface
(Fig. 5(b)) shows a pronounced peak centered at 15 A

4
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Fig. 5. Probability distributions of the center of gravity, P(Cg), of DOX
bound outside of the SWCNT (DOX,,,-SWNT) (a) projected to the tube-
axis (z-axis;defined in Fig. 2), where the distance from the origin of the
Cartesian coordinate and the DOX Cg as a function of the simulation
time is given in the inset and (b) averaged and projected to the x- and
y-axes.

from the origin, i.e., ~4.0 A from the outer surface of the
tube. Along the tube-axis, the plot shows two broad peaks
centered at ~ —2 A and 10 A without access to the two
ends (Fig. 5(a)). The formation of these two peaks, the
two regions where DOX spent more time than in the other
areas, are because of the interaction between DOX and
the H atoms at the two ends. The asymmetry of these two
peaks is due to the asymmetry of the drug molecule, i.e.,
its Cg is not at the center of the molecule. The observed
result is consistent with the distribution plot as a function
of the simulation time (Fig. 5(a) inset) in which the drug
molecule was found to move freely from one end to the
other end.

Taken together, the distribution plots in Figures 4 and 5
clearly indicate that the SWCNT, when terminated with H
atoms, shows a potential to serve as a drug-container in
which the drug is able to bind to both the inside and the
outside of the SWCNT during the whole simulation.

J. Comput. Theor. Nanosci. 8, 1-7, 2011
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3.3. Drug Orientation Inside and Outside the SWCNT

To monitor the probable aromatic stacking interactions
between DOX and the wall surface of the SWCNT drug
carrier, the atom-atom radial distribution functions (RDFs,
g;;(r)), that is the probability of finding a particle of type j
within a sphere radius r around the particle of type i, were
calculated. Here, i represents the selected carbon atom of
DOX and j denotes all the carbon atoms of the SWCNT.
The results for the two complexes, DOX; -SWCNT and
DOX,,.-SWCNT, were plotted and compared in Figure 6.
Their corresponding drug bound structures taken from the
MD snapshots are also depicted. Here, the four carbon
atoms, C! and C*-C® (defined in Fig. 1) were used to
represent the planarity of the three aromatic hydroxyan-
thraquinonic rings of the DOX molecule.

The RDF plots for the C' and C*~C® atoms of DOX in
the DOX,;,-SWCNT complex (Fig. 6(a)) show clear peaks
with maxima at 3.6, 3.7, 4.0 and 3.8 A, respectively. This
means that the distances from those DOX C atoms to
the nearest atom of the SWCNT are almost the same,
indicating the aromatic stacking orientation of the tetra-
cyclic portion has an alignment that is almost parallel to
the inner surface of the SWCNT. Schematic representa-
tions of such conformations, taken from the MD snapshots
(Figs. 6(b and c)) confirm such conclusions. Such a tilled
orientation, with the four distances being slightly different,
is due to the steric hindrance between the inner surface
curvature of the SWCNT and the drug side chains.

For the DOX_,,-SWCNT complex (Fig. 6(d)), the cur-
vature effect on the drug structure was not observed.
Here, the orientation of the three aromatic hydroxyan-
thraquinonic rings of the DOX molecule was found to be
parallel to the z-axis of the SWCNT, i.e., it is well aligned
on the curvature of the outer surface. This conclusion was
indicated by the maxima of the C' and C>-C* RDF's which
take place at the same distance of ~3.9 A. A schematic
representation of the DOX_,-SWCNT (Figs. 6(e and f))

out

Fig. 6. RDFs from the four carbon atoms, C' and C*~C® (defined in
Fig. 1), on the three-aromatic hydroxyanthraquinonic rings of DOX to
the C atoms of the SWCNT for the (a) DOX,,-SWCNT and (d) DOX,-
SWCNT complexes. The corresponding drug bound structures are shown
in ((b) and (c)) for the DOX;,-SWCNT and ((e) and (f)) for the DOX,,-
SWCNT.

J. Comput. Theor. Nanosci. 8, 1-7, 2011
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reveals that, in contrast to that of the DOX, -SWCNT, the
aromatic hydroxyanthraquinonic ring of the drug molecule
in the DOX,,,-SWCNT complex is not positioned along
the tube axis (compare Figs. 6(b and f)). The data for
both complexes suggest that the 7—ar stacking interactions
between the aromatic rings of the DOX and its transporter
are better formed in the DOX_,,-SWCNT than that in the
DOX,,-SWCNT systems. This could then be the reason
why the DOX,-SWCNT is more often proposed as the
drug binding mode in drug delivery applications.!!:?

3.4. Solvation Structure of Drug

The probability of finding water molecules around the
heteroatoms of DOX were considered and determined in
terms of the atom-atom radial distribution functions. The
RDF plots for the three systems studied (DOX,.., DOX, -
SWCNT and DOX_,-SWCNT) are shown in Figure 7
together with the corresponding running integration num-
bers, n(r).

The RDF plots in Figure 7 denote the distribution of
the water oxygen around the selected DOX heteroatoms.
The peak at ~3 A usually represents the first solvation
shell, and sharpening of the first peak signifies how strong
the solvent coordinates to the central atom are, whilst the
height of the first minimum refers to the resident time
(how long the solvent molecule stays in the first hydra-
tion shell). As can be seen in Figure 7, the plots for the
three systems, either with or without the SWCNT drug
carrier, show a first peak at ~3 A indicating that almost
all atoms were considerably solvated by water molecules.
As expected, among the three systems, the drug in free
form, DOXj,.., was better solvated than that in the DOX -
SWCNT and the DOX; -SWCNT, respectively. Detailed

Fig. 7. The RDFs of water molecules around the DOX heteroatoms for
the three systems; DOX,,.., DOX;,-SWCNT and DOX_,-SWCNT.

free out
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comparisons, especially amongst the two DOX-SWCNT
complexes, are discussed below.

The RDFs plots can be classified according to their fea-
tures into three sets; (i) a sharp and narrow first peak at
~2.7-2.8 A with a clear minimum of the [0°, O7, O8,
0" and NJ, exhibits their firm hydration shell (Figs. 7(f—
h, k and 1)); (ii) a broad peak at ~3 A of the [0', O,
0* and O'°] denotes a movable solvation (Figs. 7(a, c,
d and j)); (iii) a disappearing of the peak at the region
~3 A of the [0%, O° and 0] means that those atoms can-
not be accessed by solvent (Figs. 7(b, e and i)). Interest
is paid on the O'° atom of the six-membered ring oxygen
(Fig. 7(j)) in which no water was detected within a dis-
tance of <~4.5 A in the DOX, -SWCNT, i.e., the water
was totally shielded by the inner surface of the SWCNT
(see Figs. 6(b and c) for the schematic orientation). For the
DOX,,.-SWCNT, this atom was partially shielded, leading
to the CN of 1 water molecule (Fig. 7(j), grey line, and see
also Figs. 6(e and f)). This is not the case for the DOXj,.,
where the O'* atom in this state was found to be solvated
by two water molecules (Fig. 7(j), dashed line). Note that
the CN is the n(r) integrated up to the first minimum of
the RDF, i.e., this number represents the number of water
molecules positioning in the first hydration shell around
the central atom.

In terms of the running integration number, n(r), it is
clear from almost all atoms that the plots for the DOXj,,
(dashed lines in Fig. 7) is much higher than those of the
DOX,,,-SWCNT (grey lines) and DOX,,-SWCNT (black
line), especially at the atoms substituted on the three planar
and aromatic hydroxyanthraquinonic rings of DOX. There-
fore, the ordering of water accessibility is of DOX,.. >
DOX,,-SWCNT > DOX;, -SWCNT. This is due the cur-
vature effect and the volume constraint in which the inner
surface was, as expected, found to play stronger role than
that of the outer one.

4. CONCLUSIONS

MD simulations provide insight into the structure and
dynamic properties of the anticancer drug, DOX, when
carried by (bound to) SWCNT. The pristine SWCNT with
hydrated DOX bound inside (DOX;,-SWCNT) or outside
(DOX,,,-SWCNT) were studied in comparison to the drug
in the free aqueous state (DOX..). During 10 ns sim-
ulations, it was found that the collaborative interaction
with the surface of the tube caused a lower flexibility
of the aminoglycosidic ring and —OCHj; group of DOX
inside the tube relative to those of the other two sys-
tems, DOX_,-SWCNT and DOXj,.. Additionally, the for-
mation of an aromatic stacking interaction was detected
between the three aromatic hydroxyanthraquinonic rings
of DOX and the surface of the SWCNT. This interaction is
slightly stronger in the DOX_,-SWCNT complex than the
DOX;,-SWCNT complex due to lack of steric hindrance

6
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and the curvature effect on the drug structure. DOX was
also observed to move from one end of the SWCNT to
the other. Interestingly, the movement does not take place
at the center of the tube, but at the distance (from the
center of mass of the drug) of 4.5 A and 4.0 A from the
surface of the tube of the DOX,,-SWCNT and the DOX__ -
SWCNT complexes, respectively. In terms of ligand sol-
vation, the ordering of water accessibility is of DOXj,.. >
DOX,,,-SWCNT > DOX;,-SWCNT.

out
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In order to explain the solubility of carbon nanotubes (CNT), including single walled CNTs, wrapped with
chitosan of a 60% degree of deacetylation, MD simulations were applied to represent three chitosan con-
centrations, using two pristine CNTs (pCNT-pCNT), and one and two CNTs wrapped (pCNT-cwCNT and

cWCNT-cwCNT). The CNT aggregation was observed in pCNT-pCNT and pCNT-cwCNT due to van der
Waals interactions between tube-tube aromatic rings, and inter-CNT bridging by chitosan, respectively.
At higher chitosan concentrations, such that most to all of CNTs were wrapped with chitosan, charge-
charge repulsion was found to separate robustly the cwCNTs and lead to a well dispersed solution.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of carbon nanotubes (CNTs) by lijima in
1991 [1], they have been widely studied, with the different proper-
ties of single walled (SWCNT), double walled and multiple walled
CNTs being characterized, and gained a great number of applica-
tions, such as in electronic circuits (especially SWCNTs), nanocom-
posites, sensor devices, smart textiles and drug delivery systems.
However, CNTs are poorly solvated in any solvent but rather they
tend to aggregate due to the van der Waals’ interactions between
the CNTs. Therefore, surface modification of CNTs is required to
overcome this vital problem. Both covalent and noncovalent sur-
face modifications have been shown to be effective approaches
and provide a wide variety of functional groups on the surface of
CNTs, improving the dispersion efficiency and the stability of mod-
ified CNTs in aqueous solution [2,3]. Whilst covalent modifications
may be unsuitable for SWCNT due to the creation of ‘holes’ in the
wall, noncovalent surface modification has been found to be an
effective way to preserve the integrity of SWCNTs and in particular
their electronic properties [4]. However, to accelerate the optimal

* Corresponding author at: Computational Chemistry Unit Cell, Department of
Chemistry, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand.
Fax: +66 22 187603.
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0009-2614/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
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development and application of CNTs, it is required to understand
at the molecular level how polysaccharide biopolymers, such as
chitosan, can provide a high dispersion efficiency and stability of
CNTs in aqueous solution through wrapping on the outer surface
of the CNTs including SWCNTs [5].

Surfactants, as sodium dodecylsulfate or sodium benzoylsulfo-
nate [6,7], polyelectrolytes, such as polystyrene sulfonate, polydial-
lyldimethyl ammonium chloride and polyethyleneimine [8-10],
and even biopolymers, as chitosan [11,12], gelatin [13] and gum
arabic [14], have been successfully used as dispersing agents to in-
crease the solubility of CNTs through noncovalent interactions. The
wrapping phenomenon of modified CNTs (including SWCNTSs) with
various polymers has frequently been proposed in both theoretical
and experimental works [15,16]. Such wrapping polymers include
synthetic polymers, such as poly(m-phenylenevinylene-co-2,5-
dioctyloxy-p-phenylenevinylene) (PmPV) [15] and poly(p-phenyl-
enevinylene) (PPV) [17], as well as natural polymers, such as the
polysaccharides amylase [18], alginate [19] and chitosan [20].

Since chitosan presents a good biocompatibility, is readily avail-
able and is a relatively cheap and renewable resource, it has been
widely used to improve SWCNT dispersion in electrochemical elec-
trodes, the manufacture of biosensors and drug delivery applica-
tions [21-23]. Recently, lamsamai et al. reported that chitosan
with a 61% degree of deacetylation (DD) is more favorably
adsorbed onto the surface of CNTs than that of 93% DD chitosan,
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possibly because of their cumulative hydrophobic parts [24]. In
addition, CNTs wrapped with 61% DD chitosan (cwCNT) were found
to be highly dispersed and remain stable at aqueous concentra-
tions of more than 1 mM. However, no explanation at the molecu-
lar level for that behavior in aqueous solutions is currently
available.

Molecular dynamics (MD) simulation is a specific tool for pro-
viding detailed theoretical information at the molecular level,
and is especially relevant and useful for biological systems which
are hard to access experimentally. As a testament to the suitability
of MD approaches to biological systems, success has already been
attained with evaluation of the interaction (loading and release)
of anticancer drugs carried by CNT [25], as well as the ligand-en-
zyme interactions in viral influenza [26], human immunodefi-
ciency virus type 1 (HIV-1) [27], severe acute respiratory
syndrome coronavirus (SARS-coV) [28] and chikungunya virus
(CHIKV) [29].

In the present report, MD simulation was applied to acquire de-
tailed molecular information so as to try to understand and explain
the solubility of the SWCNT wrapped with 60% DD chitosan
(cwCNT) as a function of the bound chitosan: SWCNT ratio and
concentration. There are three different theoretical chitosan con-
centrations, using two pristine SWCNTs (pCNT-pCNT), and one
and two CNTs wrapped (pCNT-cwCNT) and (cwCNT-cwCNT) as
representative model components from a very low to no chitosan
concentration, a chitosan to SWCNT ratio and concentration such
that ~50% of SWCNT molecules exist as cwCNT, and an excess of
chitosan such that all SWCNT molecules are cwCNT, respectively.
The results were extensively analyzed and discussed in terms of
the displacement between two SWCNTs, tube-tube orientation
and the solvation properties of chitosan fragments relative to those
of pristine SWCNTs (pCNT-pCNT).

2. Materials and methods

The 60% DD chitosan and the (8,8) armchair SWCNTs with a
diameter of 11 A, chiral vectors n=8 and m =8, and 12 repeating
units were constructed using the Material Studio 4.3 package.
The 60%DD chitosan containing 12 p-glucosamine (GLS or G) and
8 N-acetyl-p-glucosamine (NAG or N) with the random symmetric
sequence of GGNGNGNGNGGNGNGNGNGG was used in this study.
The three models, as shown in Figure 1, are (a) two pristine
SWCNTs (pCNT-pCNT), (b) a pristine SWCNT - chitosan wrapped
SWCNT (pCNT-cwCNT), and (c) two chitosan wrapped SWCNTs
(cwCNT-cwCNT). Each model was solvated in an aqueous solution.
To neutralize the pCNT-cwCNT and cwCNT-cwCNT systems, the
chloride ions were added using the LEaP module of AMBER. The
MD simulations were set up and carried out as previously reported
[25]. The SWCNTs and chitosan were parameterized by AMBERO3
[30] and GLYCAMOG [31] force fields, respectively. The SPC/E water
model, with an octagonal box over 12 A from the surface of the
CNTs or chitosan-CNT complexes, was applied. Then the solvated
box edges were set to 68.0, 80.4 and 91.6 A in the pCNT-pCNT,
PCNT-cwCNT and cwCNT-cwCNT systems, respectively. The simu-
lations were calculated using the amBer10 program package [32]
with the NPT ensemble (constant number of atoms, pressure and
temperature) at 1 atm and a time step of 2 fs. The SHAKE algorithm
was applied to all bonds involving hydrogen atoms to constraint
their motions. Periodic boundary conditions were applied and
the cutoff function was set at 12 A for nonbonded interactions with
the particle mesh Ewald method. The whole system was heated
from 10 to 300 K for 200 ps and equilibrated at 300 K for 5 ns. Fi-
nally, the production stage was performed until 20 ns and the
structural coordinates were saved every 1 ps for analysis.

Figure 1. Schematic views of (a) two pristine SWCNTs (pCNT-pCNT), (b) pCNT-
cwCNT and (c) cwCNT-cwCNT, where the SWCNT (labeled CNT in the figure) and the
polymer used are the (8,8) armchair and 60% DD chitosan, respectively. The
distances (d(Cgi-Cgj)) and (d(Si-Sj)) and the torsion angle (t) between the two
SWCNTs were defined through the center of gravity (Cg) and the surface of each
tube in which 7 = 0° means the two tubes are parallel.

3. Results and discussion
3.1. Dispersion and solubility of SWCNTs

In order to understand the chitosan-assisted dispersion and
separation of the SWCNTSs in aqueous solution, the tube-tube dis-
placement and orientation were monitored in terms of the distance
from the center of gravity of the ith tube (Cg;) to that of the jth tube
(Cgj), d(Cgi—Cg;), and the torsion angle between the two SWCNTSs’
axis, 1, respectively, as defined in Figure 1. The calculated results
are summarized in Figure 2.

Figure 2. Distance, d(Cgi-Cg;), between the two centers of gravity of SWCNT and
torsion angle, 7 (see Figure 1 for definition), as a function of the simulation time for
the three systems, (a) pCNT-pCNT, (b) pCNT-cwCNT and (c) cwCNT-cwCNT, where
their corresponding structures taken from the MD simulations are also shown (d-f).
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With the no chitosan (or very low chitosan: CNT bound ratio)
model system of pCNT-pCNT, the averaged tube-tube displace-
ment represented by the distance between the tube centers of
gravity, d(Cgi-Cg;), was ~14 A, which is equivalent to a distance be-
tween the tube surfaces, d(S;-S;), of 3 A (Figure 2a). In addition, the
tilt angle designated by the torsion t angle is ~11°. These values
are almost constant over the entire simulation period. The t data
indicated that the two pristine SWCNTs were oriented in an almost
parallel configuration (Figure 2d), whilst the distance between the
surfaces of the two SWCNTs (d(Si-S;)=~3 A) implied that the
hydrophobic and van der Waals interactions between the aromatic
rings of both CNTs played a role. This provides a clear answer as to
why the pCNTs (and so by likely extrapolation, pCNTs in general)
were found to aggregate experimentally in solution.

With an inadequate concentration of chitosan, such that a
bound ratio of chitosan: CNT of ~1:2 was attained, represented
by the model pCNT-cwCNT system in this MD simulation ap-
proach, the d(Cgi-Cg;) was increased by ~3 A (from 14 to 17 A)
and the tilt angle was increased from 11 to 33°, relative to the
pCNT-pCNT system. Interestingly, one end of the chitosan was
found to unwrap from the modified tube (CNT#2 in Figure 1b)
and change its configuration to interact with the pCNT (CNT#1 in
Figure 1b), i.e., the chitosan rearranges its conformation to locate
in between and interact with both SWCNTs (Figure 2e). Although
the d(Cgi-Cg;) distance of ~17 A, with the corresponding d(Si-S;)
of ~6 A, is rather long for molecular interactions between the
two SWCNTs, the detected CNT#1-chitosan-CNT#2 configuration
signifies that chitosan can act as the linker bridging the tubes
together.

The situation is dramatically different for the model system
where both SWCNTs were wrapped by chitosan (cwCNT-cwCNT),
used to represent SWCNTSs in a solution with a sufficiently high en-
ough concentration of chitosan that almost all SWCNT molecules
are wrapped (cwCNT). In this system the MD simulation revealed
that the two cwCNTs were totally separate and freely rotating (Fig-
ure 2f), i.e., the noncovalent modified cwCNTs are highly soluble,
supported by the d(Cgi-Cg;) distance (~35-60 A) and the t angle
(~60-180°), as seen in Figure 2c. The high dispersion and solubility
levels of the two cwCNTs are mainly due to the strong repulsive
interactions between the positively charged ammonium groups
of the glucosamine units on each cwCNT.

3.2. Role of chitosan fragments

According to a previous study on chitosan-modified CNTs [24],
the binding mechanism of chitosan wrapping on the outer surface
of CNTs is thought to be due to the hydrophobic interactions be-
tween the acetyl groups of chitosan and the aromatic rings of the
CNT. In order to provide detailed information at the molecular level
so as to understand the mechanism of action, the atom-atom ra-
dial distribution function (RDF, g,,(r)), that is the probability of
finding a particle of type y within a sphere radius r around the par-
ticle of type x, were calculated. Here, x represents the nitrogen
atoms of chitosan fragments (the N-acetyl-p-glucosamine (NAG),
and p-glucosamine (GLS)), and y denotes all the carbon atoms of
the wrapped SWCNTs (only the cwCNTs shown in Figure 1,
CNT#2 for the pCNT-cwCNT and both CNT#1 and CNT#2 for the
cWCNT-cwCNT) or the water oxygen atoms. The results are plotted
and compared in Figure 3.

In the pCNT-cwCNT system (Figure 3a), the RDF plots from the
N atom on the acetyl group of the NAG unit, N(NAG), and the
ammonium group of the GLS unit, N(GLS), to all carbon atoms of
the wrapped SWCNT show broad maxima at 5.2 A (black line)
and 5.7 A (gray line) with high and low intensities, respectively.
This means that the hydrophobic acetyl group of NAG can ap-
proach closer to and interact with the outer surface of the SWCNTs

Figure 3. RDFs from the nitrogen atoms on the N-acetyl-p-glucosamine (N(NAG),
black line) and p-glucosamine (N(GLS), gray line) of chitosan to the carbon atoms of
the cwCNTs (a) CNT#2 for pCNT-cwCNT, (b) both CNT#1 and CNT#2 for cwCNT-
cwCNT and the oxygen atoms of water for (c¢) pCNT-cwCNT and (d) cwCNT-cwCNT.

through van der Waals interactions than the hydrophilic ammo-
nium group (GLS). Similarly for the cwCNT-cwCNT system (Fig-
ure 3b), the maximum RDF for the NAG (5.6 A, black line) takes
place at a shorter distance than that of the GLS (6.2 A, gray line)
with a higher density and coordination number. It is interesting
that these N(NAG)-C(CNT) and N(GLS)-C(CNT) distances of the
cWCNT-cwCNT system are longer than those of the pCNT-cwCNT
system, respectively. This fact can be explained using the molecu-
lar configurations shown in Figure 2e and f, as that the chitosan in
the highly soluble cwCNT-cwCNT system can be accessed by water
molecules much more easily than in the aggregated pCNT-cwCNT
system. This solvation effect then pulls the chitosan fragments in
the cwCNT-cwCNT system out to a longer distance from the
SWCNT outer surface than that of the pCNT-cwCNT one.

As expected for the both systems containing chitosan, the RDFs
for the N(GLS) are much sharper with much higher density than
those of the N(NAG) (gray and black lines, respectively, in Figure 3¢
and d). The corresponding running integration number, the num-
ber of water molecules at the distance r, around the neutral NAG
is lower than that of the positively charged GLS at all distances.
The corresponding coordination numbers, integrated to the first
minima, of the N(NAG) and N(GLS) for both systems are 0.3 and
0.9 water molecules.

4. Conclusions

A MD simulation approach was applied to investigate the in-
crease in dispersion and solubility of SWCNT when wrapped with
60% DD chitosan as the chitosan concentration is increased. The
calculated distance between the centers of each SWCNT and the
tube-tube orientation for the three modeled systems, pCNT-pCNT,
PCNT-cwCNT and cwCNT-cwCNT, indicate the pCNT aggregates
due to the hydrophobic and van der Waals interactions between
the aromatic rings of the pCNTs. For the pCNT-cwCNT, the chitosan
on the cwCNT#2 was found to act as a linker to bridge the pCNT#1
and cwCNT#2 together to aggregate. In contrast, in the high-con-
centration chitosan model (cwCNT-cwCNT) the two cwCNTs were
totally separated, freely rotated and well dispersed in the aqueous
solution owing to the charge-charge repulsive force of the ammo-
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nium groups of GLS, with a fragment of the 60% DD chitosan
wrapped on each tube. Interestingly, the hydrophobic acetyl group
of the NAG fragment is likely to interact with the aromatic rings of
the carbon nanotube via van der Waals interactions while the pos-
itively charged ammonium group of GLS fragment was strongly hy-
drated by water molecules.
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ABSTRACT

This study aims at gaining insight into molecular details at Neuraminidase (NA),
Hemagglutinin (HA) and M2 protein channel of viral influenza A H5N1 and H1N1-2009.
In NA, interest is focused on drug’s inhibitory activity against the wild-type and mutated
N1 strains. The HLIN1-2009 virus was predicted to be susceptible to oseltamivir, with all
important interactions being well conserved. Loss of drug-target interaction energies
especially in terms of electrostatic contributions and hydrogen-bonds were established in
the probable E119V and R292K. For both viruses, the known H274Y mutation conferred
the high oseltamivir-resistance with decreased hydrophobicity, pocket size and vdW
interactions at the bulky group. Instead, N294S was found to demonstrate medium drug-
resistant level. In addition, combinatorial chemistry was used to find potent NA inhibitors
based on the oseltamivir and pyrrolidine scaffolds. In HA target, the low and high
pathogenic forms (HPH5 and LPH5) were carried out using MD simulations, aimed at
understanding why HPH5 was experimentally observed to be 5-fold better cleaved by furin.
The HPH5’s cleavage loop was found to fit well and bind strongly into the catalytic site of
human furin, serving as a conformation suitable for acylation process. Then, the HPH5-
furin complex was used as the starting structure for mechanistic investigation by QM/MM
method. The energy profile shows a concerted reaction of the first step of acylation, known
as the proton transfer and nucleophilic attack with a formation of tetrahedral intermediate.
Investigation was also extended to the M2 proton channel with/without adamantane bound
in many protonation states of selective filter residue His37, corresponding to channel
conformations. Two mechanisms of drug inhibiting the M2 functions are: (i) drug
facilitating the His37’s imidazole to lie in close conformation and (ii) acting as blocker at
extracellular site. Loss of drug-M2 interactions was found to be a primary source of
resistance in the single mutants of H5N1, and HIN1-2009 containing the S31N mutation.
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Computational Enzymology, Drug Discovery and Drug Delivery
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This study aims at gaining insight into molecular details at neuraminidase
(NA) and M2-protein of viral influenza A H5N1 and H1IN1-2009. On NA, interest is
focused on drug’s inhibitory activity against the wild-type and mutated N1 strains using
molecular dynamics (MD) simulation, and design of NA inhibitors through
combinatorial chemistry approach. The H1N1-2009 virus was predicted to be
susceptible to oseltamivir, with all important interactions being well conserved [1]. For
both viruses, the known H274Y mutation conferred the high oseltamivir-resistance with
decreased hydrophobicity, pocket size and vdW interactions at the bulky group.
Combinatorial chemistry was used to find potent NA inhibitors based on the oseltamivir
and pyrrolidine scaffolds [2]. Based on 3D-RISM theory, the distribution of water and
hydronium ion in M2 channel was predicted [3]. The results of potential of mean force
and distribution showed that the tri-protonated state of protein is likely to be the most
active conformation in implication of enzymatic functions on proton-transfer through
M2 pore.
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Computational Studies on Influenza A Virus Subtypes H5N1
and Pandemic HIN1
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Computational approach is a specific tool for providing detailed theoretical information at the
molecular level, and is especially relevant and useful for biological systems which are hard to access
experimentally. The influenza virus has been a major health problem for humanity since the first
pandemic of Spanish flu in 1918. Recently, the outbreak of avian influenza virus subtype H5N1 has
caused illness in several animals including human infections, while the subsequent appearance of the
novel pandemic in 2009 caused by the new strain of influenza virus subtype H1IN1, has become the
first pandemic of the 21* century. Here, molecular dynamics (MD) simulation has been used to reveal
the ligand-enzyme interactions and source of drug resistance in neuraminidase (NA), hemagglutinin
(HA) and M2-channel of the influenza H5N1 and pandemic HIN1 viruses. The combinatorial
chemistry was applied to design new potent NA inhibitors against the H5NZ1 virus using the
oseltamivir and pyrrolidine scaffolds. Combined quantum mechanical/molecular mechanical
(QM/MM) methods make possible the modelling of chemical reactions in large systems such as
enzymes. The mechanistic reaction on highly pathogenic hemagglutinin cleaved by furin, a serine
protease in host cell, was investigated by QM/MM. Three-dimensional reference interaction site
model (3D-RISM) was performed on the M2-channel at different pH conditions explaining its
enzymatic function on proton transports through the M2 pore.
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