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Abstract Molecular dynamics simulations were carried

out for the mutant oseltamivir-NA complex, to provide

detailed information on the oseltamivir-resistance resulting

from the H274Y mutation in neuraminidase (NA) of avian

influenza H5N1 viruses. In contrast with a previous

proposal, the H274Y mutation does not prevent E276 and

R224 from forming the hydrophobic pocket for the

oseltamivir bulky group. Instead, reduction of the hydro-

phobicity and size of pocket in the area around an ethyl

moiety at this bulky group were found to be the source of

the oseltamivir-resistance. These changes were primarily

due to the dramatic rotation of the hydrophilic –COO-

group of E276 toward the ethyl moiety. In addition,

hydrogen-bonding interactions with N1 residues at the

-NH3
? and -NHAc groups of oseltamivir were replaced by

a water molecule. The calculated binding affinity of

oseltamivir to NA was significantly reduced from

-14.6 kcal mol-1 in the wild-type to -9.9 kcal mol-1 in

the mutant-type.
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Introduction

The outbreak of avian influenza A (H5N1) viruses has

raised global concern for animal and human health.

Recently, isolates of the virus with amino acid changes in

neuraminidase (NA) that likely confer the reduction in

susceptibility to oseltamivir have been reported (Reece

2007; McKimm-Breschkin et al. 2007; Ferraris and Lina

2008). In order to have a better chance of overcoming these

and predicting probable new resistance problems, an

understanding of the mechanism of oseltamivir resistance

at the molecular level is required.

The influenza viral NA is a receptor-destroying enzyme

that cleaves a terminal sialic acid and releases viral prog-

eny from infected cells, and has been separated into two

groups by genetic and structural relationships: group-1 NA

includes N1, N4, N5 and N8, whereas group-2 NA includes

N2, N3, N6, N7, and N9. Based on the crystal structures,

group-1 NA differs from group-2 NA by having a large

cavity close to the active site on the 150-loop, at residues

147-152 (Russell et al. 2006). However, the active site in

all subtypes is conserved. The catalytic sites (R118, D151,

D152, R224, E276, R292, R371 and Y406) were found to

interact with the sialic acid while the framework sites

(E119, R156, W178, S179, D198, I222, E227, H274, E277,

N294, and E425) (in N2 numbering) were supposed to

stabilize the active site structure (Colman et al. 1983).
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NA has been targeted for improved anti-influenza

drugs. The approved NA inhibitors were designed on a

basis of the transition state analog of sialic acid com-

plexed with group-2 NA (De Clercq 2006). Two

marketable NA inhibitors, zanamivir and oseltamivir, are

available for treatment of influenza virus infections

(Moscona 2005b). To date, high resistance and mutations

against oseltamivir have been widely reported, not only in

vitro and in vivo but also in clinical treatment. Mutations

in group-1 NA (N1) were detected at H274Y and N294S

(Ives et al. 2002; de Jong et al. 2005; Le et al. 2005;

Wang et al. 2002; Kiso et al. 2004; Mishin et al. 2005;

Yen et al. 2007) and in group-2 NA (N2 and N9) at

E119V, I222V and R292K (Baz et al. 2006; Carr et al.

2002). In H5N1 subtypes of the virus, the H274Y muta-

tion in the NA active site leads to a high-level resistance

to oseltamivir, typically with a 300- to 1,700-fold

reduction in susceptibility (Ives et al. 2002; de Jong et al.

2005; Le et al. 2005; Wang et al. 2002; Kiso et al. 2004;

Mishin et al. 2005; Yen et al. 2007). The proposed

mechanism of oseltamivir resistance caused by the

H274Y mutation is that the hydrophobic pocket around

the bulky oseltamivir group, which is generally created by

the rotation of the E276 side chain to bind with the R224

side chain, cannot be formed (McKimm-Breschkin et al.

2001; Moscona 2005a; von Itzstein 2007). However,

detailed information on the results of such proposed

changes has not been identified in molecular level.

To provide detailed information on the primary source

of oseltamivir-resistance due to the H274Y mutation,

molecular dynamics (MD) simulations have been carried

out for the mutant type of NA complexed with oseltamivir.

The results were analyzed in terms of conformational

changes, intra- and intermolecular hydrogen bonds, ligand

solvation and binding free energy of the complex, focused

on the catalytic pocket of NA. These structural and

molecular properties were compared and discussed exten-

sively with our previous study on the wild-type N1

complexed with oseltamivir (Malaisree et al. 2008).

Materials and methods

Molecular dynamics simulations

The crystal structure of the NA subtype N1 complexed

with oseltamivir (2HU4.pdb) (Russell et al. 2006) was used

as the initial structure. To prepare the H274Y mutant for

inhibitor binding (OTV-MT), the N1 residue 274 was

changed from histidine to tyrosine using the LEaP module

of the AMBER 7 software package (Case et al. 2002). All

missing hydrogen atoms of the protein and inhibitor were

added with standard bond lengths and angles. The

ionization states of amino acids with electrically charged

side chains were assigned using the PROPKA program (Li

et al. 2005). The system was solvated with a TIP3P water

box (Jorgensen et al. 1983) and neutralized by the coun-

terions. The total number of atoms in the periodic box of

78 Å 9 80 Å 9 81 Å was 41,302.

All calculations were performed using AMBER 7 (Case

et al. 2002). The Cornell force field (Cornell et al. 1995)

was applied for the amino acids while the partial atomic

charges and force-field parameter of the inhibitor were

taken from our previous calculations (Malaisree et al.

2008). A time step of 2 fs was used with a cut-off radius of

12 Å for the non-bonded interactions. The particle mesh

Ewald method was used for calculating the long-range

electrostatic interactions (York et al. 1993). The periodic

boundary MD simulations were performed with the NPT

ensemble. A Berendsen coupling time of 0.2 ps was used to

maintain the temperature and pressure of the system

(Berendsen et al. 1984). The SHAKE algorithm (Ryckaert

et al. 1997) was employed to constrain all bonds involving

hydrogen.

To remove bad contacts, locations of hydrogen atoms

and the added water molecules were initially optimized,

and then energy minimization of the entire system was

carried out. Afterward, the MD simulations were per-

formed over three periods: a thermalization phase from 0 to

298 K over 60 ps, an equilibration phase at 300 K for

1.5 ns, and the final production period for 1.5 ns. Only the

snapshots taken from the production phase were used for

analysis. The convergence of energies, temperature, pres-

sure, and global root mean square deviation (RMSD) were

used for verification of the system stability.

Binding free energy calculations

To estimate the binding affinity between protein (NA) and

ligand (oseltamivir), the free energy was calculated based

on the Molecular Mechanics/Poisson-Boltzmann Surface

Area (MM/PBSA) methodology (Srinivasan et al. 1998;

Wang et al. 2001; Gilson et al. 1988), and implemented in

AMBER 7. One hundred MD snapshots were extracted (at

every 75 ps) from the production phase and were used as a

structural ensemble to evaluate the MM/PBSA binding free

energy. After all the water molecules and counterions were

striped, the binding free energy of the protein–ligand

complex DGbindð Þ was computed by

DGbind ¼ DGcomplex � DGprotein þ DGligand

� �
ð1Þ

where DGcomplex; DGprotein; and DGligand refer to the

absolute free energy of the complex, protein, and ligand,

respectively. Typically, the total free energy of a given

conformational state i contains the enthalpy and entropy

contributions and is expressed by
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DGi ¼ DHi � TDSi ð2Þ

where DH of a system is composed of the enthalpy changes

in the gas phase upon complex formation (DEMM) and the

solvated free energy contribution (DGsol) and -TDS refers

to the entropy contribution to the binding. Therefore, Eq. 2

can be approximated as

DGi ¼ DEðMMÞi þ DGðsolÞi � TDSi ð3Þ

DE(MM)i is further divided into van der Waals (DEvdW) and

electrostatic (DEele) interaction energies between the ligand

and its receptor (Eq. 4). These interaction energies were

calculated using the SANDER module in AMBER 7.

DEMM ¼ DEvdW þ DEele ð4Þ

DG(sol)i is composed of electrostatic DGele
sol

� �
and non-polar

DGnonpolar
sol

� �
contributions (Eq. 5).

DGsol ¼ DGele
sol þ DGnonpolar

sol : ð5Þ

The Delphi4 program suite (Rocchia et al. 2001) was

used to evaluate the electrostatic free energy of solvation.

A grid spacing of 0.33 Å with the boundary condition of

Debye-Hückel potentials was applied. Atomic charges

were taken from the Cornell force field (Cornell et al.

1995). The dielectric values applied for water and protein

were set to 80 and 1, respectively. The non-polar

contribution to the solvation free energy is calculated

according to the linear function of the solvent accessible

surface area (SASA) (Eq. 6).

DGnonpolar
sol ¼ cSASA þ b ð6Þ

where c = 0.00542 kcal mol-1Å-2, and b = 0.92 kcal

mol-1.

In this study, the same set of coordinates for complex,

protein, and ligand were used, and the entropy contribution

was ignored as reported and justified in previous works

(Prompers and Brüschweiler 2002; Saarela et al. 2002;

Zhou et al. 2005; Ferrari et al. 2007).

Results and discussion

To evaluate the stability of the simulated systems, RMSDs

of OTV-WT and OTV-MT complexes (all atoms) obtained

during the 3-ns MD simulations relative to the initial

structure were calculated and plotted in Fig. S1 (see sup-

plementary materials). As can be seen from the RMSD

plots, the two systems were found to reach equilibrium at

1.5 ns and, therefore, the MD trajectories extracted from

the 1.5–3.0 ns simulations were used for the following

analysis.

Conformational changes in the neighborhood of H274Y

In order to determine the effect of the H274Y mutation on

the interactions between oseltamivir and the N1 active site,

changes of the molecular conformations within the neigh-

borhood of H274Y were monitored. Interpretations were

focused on oseltamivir’s 1-ethylproxy (–OCHEt2), and the

Y274, E276 and R224 side chains. The results are shown in

Fig. 1b in terms of the torsional angles, Tor-H274Y,

Tor-E276, Tor-R224, Tor-X, Tor-Y, and Tor-Z, defined by

sets of four atoms (arrows in Fig. 1a). Here, the corre-

sponding data from our previous oseltamivir-wild type

(OTV-WT) simulations (Malaisree et al. 2008) are also

given for comparison.

Fig. 1 a Model structure of the oseltamivir bound to the N1-H274Y

mutation where R224, Y274 and E276 were shown in the ball and

stick model, while locations of R152 and W178 were also given. The

torsional angles of the side chains of residues H274Y, E276 and R224

were defined by Tor-H274Y, Tor-E276 and Tor-R224, respectively,

while those of the hydrophobic side chain of oseltamivir were

described by Tor-X, Tor-Y and Tor-Z. b Plot of torsional angle

distribution (black for wild type and gray for mutant type), sampling

after equilibration at 1.5 ns
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Considering the torsional angle of the side chain of

residue 274 before and after mutation (Fig. 1b), Tor-H274Y

of the histidine’s immidazole ring in the OTV-WT com-

plex exhibits a sharp peak at 107.5� (black line in Fig. 1b),

which was altered to 62.5� for the Tor-H274Y of the

tyrosine’s phenyl ring in OTV-MT (gray line in Fig. 1b).

This rotation and an apparent size increase of the side chain

in changing from H274 to Y274 is supposed to lead to a

rearrangement of the neighboring residues, R224 and E276

(Fig. 1a). Note that the formation of the hydrophobic

pocket for the oseltamivir’s bulky –OCHEt2 side chain in

the NA is determined by these two residues (McKimm-

Breschkin et al. 2001; Moscona 2005a; von Itzstein 2007).

The meaningful changes after the H274Y mutation were

found to control the new conformation of the E276’s car-

boxylate group, where Tor-E276 was noticeably shifted by

115� from -47.5� to 67.5� (Fig. 1b). This is due to the

bulky side chain of Y274, where the molecular refractivity

(parameter of bulkiness) of 31.83 for tyrosine is signifi-

cantly larger than that of 23.79 for histidine (Sak et al.

1999). Changes of the E276 conformations were found to

strongly influence the rotation and flexibility of the

-OCHEt2 group of oseltamivir. This fact is indicated by

the appearance of a single sharp and narrow peak in Tor-X

of the -OCHEt2 side chain at the X-terminal in the

OTV-MT complex at 57.5� (gray line in Fig. 1b). This is

different from what is found for OTV-WT. The flexibility

and rotation of this terminal is shown by the three peaks at

-77.5�, 57.5�, and 182.5� (black line in Fig. 1b). A

dramatic change in the preferential conformation of the

X-terminal by 125� (from 182.5� for OTV-WT to 57.5� for

OTV-MT) is clearly due to the rotation of Tor-E276 (by

115� as described above). This means that the rotation

brings the hydrophilic -COO- group of the E276 side chain

to approach the X-terminal (see Fig. 1a) of the –OCHEt2
group of oseltamivir and leads consequently to the reduc-

tion of the hydrophobic pocket of the N1 mutant (see Fig.

S2 in supplementary materials). In other words, rotation of

the –CH2CH3 moiety at the –OCHEt2 group of oseltamivir

was found to be induced by the reduction of the hydro-

phobicity of the catalytic pocket of N1. To clarify this

point, structural alignment of the MD snapshots of both

OTV–WT and OTV–MT complexes sampling every 0.5 ns

after equilibration, was plotted in Fig. 2c. It can be seen

that the E276 side chain was noticeably shifted toward the

bulky moiety of oseltamivir while displacement of osel-

tamivir was also slightly exhibited. Consequently, this fact

was found to induce some changes of the positions of two

binding residues, R152 and W178, leading to the loss of

their hydrogen bonds with oseltamivir (details in section of

‘‘loss of inhibitor-enzyme hydrogen bond’’).

Interestingly, the aforementioned remarkable changes

do not cause significant changes to the –OCHEt2 moiety at

the Y-terminal and its contacted residue R224, suggesting

that the conformation of this region is considerably

conserved. In the results; Tor-Y and Tor-R224, which

determine the rotations of the Y-terminal and the R224 side

chain, respectively, for both OTV–WT and OTV–MT

complexes were found at almost the same angles (Fig. 1a ,

b). In addition, a slight shift of the maximum of Tor-Z by

20� from 127.5� (for OTV–WT) to 107.5� (for OTV–MT)

indicates a strong influence of the H274Y mutation, which

can establish a rotation around the principal axis of the

-OCHEt2 group of oseltamivir.

Loss of intramolecular hydrogen bonds of the enzyme

To understand the effects of the H274Y mutation on the

intramolecular interactions, percentage and number of

hydrogen bonds between H274Y and its neighboring resi-

dues and between the two charged residues (E276 and

R224) were determined, based on the following criteria: (1)

the distance between proton donor (D) and acceptor (A)

atoms was less than or equal to 3.5 Å and (2) the D-H….A

angle was greater than or equal to 120�. The results were

evaluated and given in Fig. 2 whereas details of hydrogen

Fig. 2 Percentage occupation of hydrogen bonding of a the mutated

residue 274 (H274Y) to its surrounding residues, and b between the

carboxylate group of E276 and the guanidinium group of R224. c
Structural alignment between the three MD snapshots of OTV–WT

and OTV–MT sampling every 0.5 ns after equilibration phase. Close-

up of oseltamivir, the two important residues R224 and E276, and the

loop 244–250 located in the neighborhood of the mutated residue 274

are all shown
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bond type were shown in Table S1 in supplementary

materials.

It is shown from the plots that the immidazole ring of

H274 strongly interacts with the four residues G248, Q249,

A250, and E276 through a hydrogen-bonding framework

(black columns in Fig. 2a) in which this ring acted as the

center of interactions. This is in contrast with what is found

for OTV–MT, in which only one hydrogen bond with E276

was retained. Rotation of the Tor-H274Y by 62.5� in

changing from the histidine’s immidazole ring (OTV–WT:

black line in Fig. 1b) to the tyrosine’s phenyl ring (OTV–

MT: gray line in Fig. 1b), as discussed above, was found to

be the source for the loss of these hydrogen bonds. In

addition, the results show that the loop containing residues

244–250 is considerably conserved (see Fig. 2c). Loss of

the hydrogen bond framework in the region close to the

bulky group of oseltamivir is likely to reduce the stability

of the hydrophobic pocket and subsequently to lower the

capacity of the oseltamivir binding to the N1 active site.

Surprisingly, four hydrogen bonds formed between

E276 and R224 were observed for both OTV–WT and

OTV–MT complexes (Fig. 2b), suggesting that the H274Y

mutation does not reduce the attractive interaction between

these two residues. This finding contradicts the previous

hypothesis (McKimm-Breschkin et al. 2001; Moscona

2005a; von Itzstein 2007) which stated that the H274Y

mutation inhibits the formation of the hydrophobic pocket

around the bulky side chain of oseltamivir, i.e., hydrogen

bonding between E276 and R224 cannot be formed in the

H274Y complex. From our results, the H274Y mutation

does not prevent the E276 and R224 from forming a

pocket. As discussed above, reduction of the hydropho-

bicity of the catalytic pocket of N1 in the area around the

X-terminal of the –OCHEt2 moiety of oseltamivir is the

primary source of the oseltamivir resistance.

Loss of inhibitor-enzyme hydrogen bond

Hydrogen bonding analysis was extended to determine the

particular interactions between the inhibitor and its binding

pocket residues, using the same criteria as mentioned

above. From the histograms shown in Fig. 3a, numbers of

hydrogen bonds are highly detected in the wild- and

mutant-types, formed by R292, R371, Y347, E119, D151,

W178, R152, and E277. Loss of inhibitor-enzyme hydro-

gen bonds, due to the H274Y mutation, takes place at

W178 and R152 residues.

The results in Fig. 3 lead to a clear conclusion that the

interaction with W178 and the one hydrogen bond with

R152 (see Fig. 1a for their locations) were lost in the

OTV–MT complex (see gray lines in Fig. 3a). This

observation can be understood by the distribution plots of

the related distances shown in Fig. 3b. With the distances

of *3.0 Å (maxima of the first two black-line peaks in

Fig. 3b), the nitrogen atoms of R152’s guanidinium group

in OTV-WT can form two strong hydrogen bonds with the

carbonyl oxygen (O3) of oseltamivir’s –NHAc group (side

C in Fig. 1a). This is different for the orientation of R152

in the OTV–MT complex, where the guanidinium group

was flipped; one of the two nitrogen atoms was turned to be

located *5.0 Å from the O3-oxygen (see gray line in

Fig. 3b) and, therefore, only one hydrogen bond remained.

For the W178 residue, the loss of the hydrogen bond in

OTV–MT is a consequence in the increase in the distance

between the ammonium nitrogen (N2) of oseltamivir and

the backbone oxygen (O) of W178, from 3.7 Å in OTV–

WT to 5.3 Å in OTV–MT. The question arose whether loss

of the hydrogen bonds between oseltamivir and these two

residues, R152 and W178, is due to the displacement of the

oseltamivir. It can be clearly seen from Fig. 2c that

oseltamivir in the mutant system does not move toward its

–OCHEt2 groups (side D in Fig. 1a).

Oseltamivir’s solvation

The ligand solvation was monitored in terms of atom-atom

radial distribution functions [RDFs, gxy(r)—the probability

of finding a particle of type y within a sphere radius r

around the particle of type x]. The results as well as the

running coordination numbers integrated up to the first

minimum (marked by an arrow) of the corresponding RDF

are summarized in Fig. 4. No change was found in terms of

Fig. 3 a Percent occupation pattern of hydrogen bonds between

residues in the binding pocket (labeled on the x-axis) and side chains

A, B and C (defined in Fig. 1a) of the inhibitors for the two simulated

systems, OTV–WT and OTV–MT. b The probability distributions of

distance between specific atoms (see text for details) of the inhibitors

and NA residues, R152 and W178, located in the active site of the

oseltamivir
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both number and distribution of water molecules around

the O1- and O2-oxygens on the carboxylate group (side A)

and the O4-oxygen on the bulky group (side D) of osel-

tamivir (atomic labels shown in Fig. 1a). Interest is focused

on the N1, N2, and O3 atoms on the –NH3
? (side B) and

–NHAc (side C) groups of oseltamivir where solvation in

the wild-type and mutant systems is considerably different.

The three RDFs of OTV–MT show sharp first peaks cen-

tered at *3.0 Å, with the corresponding coordination

numbers of 1, 1, and 0.5 water molecules for the N1, N2,

and O3 atoms, respectively. Based on detailed analysis of

the simulated trajectories, the three coordination numbers

are found to result from one water molecule located in

the vicinity of the –NH3
? and –NHAc side chains of

oseltamivir. The situation is different for the OTV–WT

complex, where water was found at distances longer than

4.0 Å from the two nitrogen atoms while the coordination

number of 0.2 was observed for O3. The simulation results

lead us to conclude that these three atoms in OTV–MT

were increasingly solvated. This can be a clear reason why

sides B and C of oseltamivir lose their interactions with the

R152 and W178 residues of the N1 enzyme (Fig. 3a).

Binding affinity of oseltamivir

The MM/PBSA-based binding free energies for the

OTV–WT and OTV–MT complexes were calculated and

separated into electrostatic (DEele), van der Waals,

(DEvdw), non-polar solvation DGnonpolar
sol

� �
and electrostatic

solvation DGele
sol

� �
components. The results are summarized

in Table 1. As expected, the electrostatic energy, part of

the DEMM, makes a major contribution to the oseltamivir-

enzyme binding. The H274Y mutation leads to a decrease

in the DGbinding from -14.6 ± 4.3 kcal mol-1 to

-9.9 ± 6.4 kcal mol-1. The major contribution to the

weaker binding affinity in the MT complex comes from the

electrostatic solvation free energy term, 214.3 ± 10.3

kcal mol-1 compared with 206.0 ± 8.8 kcal mol-1 for

OTV–WT. This is in agreement with the solvation data

where more water molecules were found in the vicinity of

oseltamivir in OTV–MT than that in OTV–WT. The

observed trends, as well as the absolute values of the

predicted binding free energies, are consistent with

experimental studies (Yen et al. 2007) indicating the lower

inhibitory potency of OTV to MT NA compared with

WT NA.

Conclusions

We have studied and compared the molecular and struc-

tural properties of the oseltamivir binding to both wild- and

mutant types of avian influenza (H5N1) NA using the

molecular dynamics simulation approach. The extensive

analysis of OTV–MT and OTV–WT complexes was car-

ried out with the simulated data obtained from the present

study and previously calculated simulations (Malaisree

et al. 2008), respectively. The results provide detailed

information on the oseltamivir-resistance caused by the

H274Y mutation at the molecular level. Within the N1

active site of OTV-MT, bulky side chain of the Y274

phenol ring drives the E276 carboxylate group to rotate

away in a direction toward an ethyl moiety of oseltamivir’s

bulky group, resulting in a rather small hydrophobic pocket

that is unable to accommodate this bulky group. This is

Fig. 4 Radial distribution functions, g(r), centered on oseltamivir

atoms, to water oxygen atoms of the OTV–WT and OTV–MT

complexes. The corresponding running coordination numbers inte-

grated up to their first minima (marked by arrows) are also given

Table 1 Calculated binding free energy and its components

(kcal mol-1) for the calculated OTV–WT and OTV–MT complexes

OTV–WT OTV–MT

DEele -191.9 ± 10.5 -195.7 ± 11.2

DEvdw -28.8 ± 3.6 -28.5 ± 3.4

DEMM 2220.6 ± 9.7 2224.2 ± 9.8

DG
nonpolar
sol -3.5 ± 0.1 -3.2 ± 0.4

DGele
sol 209.5 ± 8.8 217.5 ± 10.3

DGsol 206.0 ± 8.7 214.3 ± 10.3

DGele
sol þ DEele 17.6 ± 5.3 21.8 ± 7.5

DGbinding -14.6 ± 4.3 -9.9 ± 6.4

DGexperiment
a -13.0 ± 0.2 -8.6 ± 0.2

a DGexperiment was calculated from the IC50 (Yen et al. 2007) using

the following relations

DGbinding = RT ln Kdissociation

=RT ln (IC50 ? 0.5 Cenzyme)

*RT ln IC50

Where R is the ideal gas constant, T is temperature in K, Cenzyme is the

concentration of enzyme, which is a very small number after equili-

bration and can be omitted in most cases (Rizzo et al. 2002; Wang

et al. 2001)
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found to be the primary source of the oseltamivir-resistance

associated with the H274Y mutation, which is in contrast

with the proposed mechanism of oseltamivir-resistance to

this particular mutation in H5N1 NA (McKimm-Breschkin

et al. 2001; Moscona 2005a; von Itzstein 2007). The E276

side chain rotation confers the reduction of hydrophobicity

at the bulky group. In addition, the –NH3
? and –NHAc

groups of oseltamivir lose their hydrogen bonding inter-

actions with the N1 residues, which was compensated by

greater accessibility to water molecule at these two regions.

This basic knowledge will be useful for the development

and refinement of new antiviral inhibitors for a high

potency against both wild-type and drug-resistant strains of

neuraminidase N1.
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Prompers JJ, Brüschweiler R (2002) Dynamic and structural analysis

of isotropically distributed molecular ensembles. Proteins

46:177–189. doi:10.1002/prot.10025

Reece PA (2007) Neuraminidase inhibitor resistance in influenza

viruses. J Med Virol 79:1577–1586. doi:10.1002/jmv.20951
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