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Crystal structures of oseltamivir-resistant influenza
virus neuraminidase mutants
Patrick J. Collins1, Lesley F. Haire1, Yi Pu Lin1, Junfeng Liu1, Rupert J. Russell2, Philip A. Walker1, John J. Skehel1,
Stephen R. Martin1, Alan J. Hay1 & Steven J. Gamblin1

The potential impact of pandemic influenza makes effective mea-
sures to limit the spread and morbidity of virus infection a public
health priority. Antiviral drugs are seen as essential requirements
for control of initial influenza outbreaks caused by a new virus,
and in pre-pandemic plans there is a heavy reliance on drug stock-
piles. The principal target for these drugs is a virus surface glyco-
protein, neuraminidase, which facilitates the release of nascent
virus and thus the spread of infection. Oseltamivir (Tamiflu)
and zanamivir (Relenza) are two currently used neuraminidase
inhibitors that were developed using knowledge of the enzyme
structure1,2. It has been proposed that the closer such inhibitors
resemble the natural substrate, the less likely they are to select
drug-resistant mutant viruses that retain viability3. However,
there have been reports of drug-resistantmutant selection in vitro4

and from infected humans5,6. We report here the enzymatic pro-
perties and crystal structures of neuraminidase mutants from
H5N1-infected patients that explain the molecular basis of resis-
tance. Our results show that these mutants are resistant to oselta-
mivir but still strongly inhibited by zanamivir owing to an altered
hydrophobic pocket in the active site of the enzyme required for
oseltamivir binding. Together with recent reports of the viability
and pathogenesis of H5N1 (ref. 7) and H1N1 (ref. 8) viruses with
neuraminidases carrying thesemutations, our results indicate that
it would be prudent for pandemic stockpiles of oseltamivir to be
augmented by additional antiviral drugs, including zanamivir.

Influenza neuraminidase (NA) functions in virus infection to
remove sialic acid from cell-surface receptors so that newly made
viruses are released and able to spread to uninfected cells9. To inhibit
virus propagation NA inhibitors were developed, informed in part by
the crystal structures of several NAs belonging to one of the two
genetically defined NA groups of influenza A10,11, but with the objec-
tive that they should be active against all influenza viruses12. The
outcome of this work includes the licensing of the drugs oseltamivir
(Tamiflu)1 and zanamivir (Relenza)2, which are active against NAs
from group 1 and 2 influenza A as well as influenza B viruses5. From

this work it was proposed that inhibitors that closely resemble the
natural sialic acid substrate of NA are unlikely to select drug-resistant
mutants that retain normal enzyme activity3. Thus, viruses that are
resistant to such drugs ought to be less viable13–15. In the present study
we have determined binding and inhibitory parameters for oseltami-
vir and zanamivir interacting with wild-type and three mutant H5N1
neuraminidases. The mutations involved are: (1) His274Tyr, the
principal mutation isolated in association with oseltamivir treatment
that is specific to the N1 group16 and that has recently been shown to
be present in substantial numbers of H1N1 viruses isolated from
humans8; (2) Asn294Ser, which has been identified in viruses con-
taining either N1 or N2 NAs, isolated from patients treated with
oseltamivir17,18; and (3) a variant of N1 in which the generally con-
served tyrosine residue at position 252 was replaced by histidine. This
substitution was not associated with drug treatment and was found
only in one clade of H5N1 viruses isolated from infected humans in
Vietnam and Cambodia in 2004 and 2005 (ref. 19).

We used a fluorescent substrate (see Methods and Supplementary
Information) to measure enzyme activity (Vm) and Michaelis con-
stant (Km) as well as inhibitory constants (KI) for the different NAs.
The values for enzyme activity (Vm) given in Table 1 for wild-type
and mutant NAs are similar, and there is at most a ninefold difference
in the Km values. These results are similar to those previously
reported20,21 and support the notion that substitution of amino acids
adjacent to the active site, that do not interact with the substrate, can
be accommodated without significantly affecting NA activity22.
Inspection of the inhibitory constants (KI) in Table 1 shows that none
of the mutations has a major impact on the effectiveness of zanami-
vir. However, two of them substantially reduce the inhibition caused
by oseltamivir: the His274Tyr substitution by a factor of 265 and the
Asn294Ser by a factor of 81. In contrast, the Tyr252His substitution
leads to a tenfold increase in sensitivity to this inhibitor.

We compared the kinetics of oseltamivir and zanamivir binding to
wild-type NA (see Methods) to show that the approach to equili-
brium is approximately three times faster with oseltamivir and to
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Table 1 | Activity, binding and kinetic parameters for N1 neuraminidases

NA type Vm

relative to wild type
Km

(mM)
Oseltamivir
relative KI*

Zanamivir
relative KI{

kon (mM
21 s21)

oseltamivir
koff (s

21)
oseltamivir (310

4)
kon (mM

21 s21)
zanamivir

koff (s
21)

zanamivir (310
4)

Wild type 1.0 6.3 1.0 1.0 2.52 (0.21) 8.1 (1.2) 0.95 (0.08) 0.95 (0.13)
His274Tyr 0.8 27.0 265 1.9 0.24 (0.06) 180 (30){ 0.35 (0.02) 0.67 (0.08)
Asn294Ser 1.15 53.0 81 7.2 1.1 (0.18) 235 (40){ 0.52 (0.04) 3.7 (0.6)
Tyr252His 0.94 7.5 0.1 1.2 3.9 (0.15) 1.25 (0.13) 1.38 (0.15) 1.66 (0.33)

Km values are from three determinations; KI values from at least six measurements. Values in parentheses represent the standard deviations obtained from linear least squares fits to kobs values as a
function of substrate and inhibitor concentrations, as shown in Supplementary Information. kon and koff are the association and dissociation rate constants, respectively.
*Oseltamivir relative KI is KI(mutant)/KI(wild type), where wild type50.32 nM.
{Zanamivir relative KI is KI(mutant)/KI(wild-type), where wild type50.1 nM.
{Directly determined.
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confirm that zanamivir is the slightly more potent inhibitor (Fig. 1a,
b and Table 1). Our kinetic data also show that between the wild-type
and mutant enzymes there are, as expected, much greater differences
for the rates of association and dissociation with oseltamivir than
with zanamivir. The reduced affinity of the His274Tyr mutant NA for
oseltamivir arises from a tenfold poorer association rate constant and
a 25-fold enhanced dissociation rate constant. For the Asn294Ser
mutant the reduced affinity is largely accounted for by a 35-fold
increase in off-rate for the inhibitor whereas the Tyr252His variant
is more sensitive to oseltamivir mostly because of a 6.5-fold decrease
in the off-rate. Notably, there is close agreement between the inhi-
bitory constants and the ratio of association and dissociation rates

measured kinetically, giving us confidence in the robustness of the
data.

We used X-ray crystallography to understand the structural
basis for the poorer binding of oseltamivir to the His274Tyr and
Asn294Ser mutant NAs relative to wild type (Fig. 2a, b). Crystals of
the His274Tyr mutant NA in complex with both inhibitors diffracted
to high resolution and produced clearly defined electron density for
the bound oseltamivir (Fig. 2c) and zanamivir (Fig. 2d). Relevant
crystallographic statistics are given in Supplementary Table 1. With
respect to binding to wild-type NA the key difference between osel-
tamivir and zanamivir is that oseltamivir has a hydrophobic
pentyloxy substituent at the C6 position rather than a polar glycerol
group in zanamivir (as is also the case for the sialic acid substrate,
Fig. 2b). Binding of oseltamivir to wild-type NA involves a confor-
mational change in the side chain of Glu 276 relative to the ligand-
free enzyme1,3,23. In its new conformation, the carboxyl group of
Glu 276 is oriented away from the hydrophobic pentyloxy group of
oseltamivir, the latter making hydrophobic contact with the Cb
methylene of Glu 276 (Fig. 2c, yellow coloured chain). Binding of
zanamivir, like sialic acid24, involves hydrogen-bond formation
between the carboxyl group of Glu 276 and the 8- and 9-hydroxyl
groups of the glycerol moiety of the inhibitor and requires no change
in side-chain conformation (Fig. 2d, yellow coloured chain). The
structure of the His274Tyr–oseltamivir complex (Fig. 2c) shows that
substitution by the bulkier tyrosine residue pushes the carboxyl
group of Glu 276 2 Å farther into the binding site. In this position
the charged group disrupts the otherwise hydrophobic pocket that
normally accommodates the pentyloxy substituent of oseltamivir
and causes a change in the conformation of the inhibitor such that
its C9 and C91 carbons move about 2.5 Å from their wild-type NA-
bound position (Fig. 2c). This result is similar to the observations on
inhibitor binding to the Arg292Lys mutation of N9 (ref. 3). In con-
trast, the structure of the His274Tyr–zanamivir complex (Fig. 2d)
shows how the tyrosine residue is accommodated by a small move-
ment in the side chain of Glu 276. Moreover, the adjustment is made
without disrupting the hydrogen bonds made between zanamivir and
Glu 276 in wild-type NA.

The two structures thus provide a direct explanation for the reduc-
tion in the binding affinity of the His274Tyr mutant for oseltamivir
without significantly altering the binding of zanamivir. The struc-
tures also confirm our earlier suggestion that the substitution of
tyrosine for histidine at position 274 would not be accommodated
in group 1 (N1, N4, N5 and N8) NAs without disrupting the oselta-
mivir-binding site, because of the presence of a bulky and conserved
tyrosine at position 252 beneath residue 274 (Fig. 2a). In contrast,
group 2 NAs (N2, N3, N6, N7 and N9) have the smaller threonine
residue at position 252 and can accommodate the His274Tyr substi-
tution without changing the oseltamivir-binding site25. Our binding
and structural studies also provide support for the notion that zana-
mivir, having the same glycerol moiety at C6 as sialic acid (Fig. 2b), is
less likely to encounter mutations in this region of the active site that
weaken its binding without also weakening the binding of the natural
substrate.

In N1 NAs residue 252 is generally conserved as tyrosine. However,
in a number of H5N1 viruses isolated from humans in Vietnam in
2004–05 histidine was present at position 252 (ref. 19). As our ther-
modynamic and kinetics data show, this substitution results in an
enzyme about 10 times more sensitive to oseltamivir but essentially
unchanged with respect to zanamivir binding. We suspect that we
have been unable to crystallize this Tyr252His mutant because of a
more flexible structure arising from the loss of hydrogen bonds of the
tyrosine side chain with both main-chain groups and the side chain of
His 274. Our data indicating that the Tyr252His mutation affects
oseltamivir but not zanamivir binding suggests that it is the loss of
the Tyr 252 to His 274 hydrogen bond that favours the re-orientation
of Glu 276 required for oseltamivir binding, thus accounting for the
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Figure 1 | Neuraminidase activitymonitored using a fluorescent assay. NA
activity for wild type (yellow) and His274Tyr (green) mutant proteins in the
absence (labelled 0) and presence (labelled I) of 85 nM inhibitor at 50 mM
substrate. a, b, Effect of oseltamivir (a) and zanamivir (b). For theHis274Tyr
mutant the approach to equilibrium occurs at a similar rate for the two
inhibitors even though oseltamivir is the much poorer inhibitor. At the
oseltamivir concentration used the reduced contribution of the on-rate
constant to the observed rate is almost exactly compensated for by the
increased contribution from the off-rate constant. Although oseltamivir has
sometimes been referred to as a slow-binding inhibitor21,30, the association
rate constants that we determined are within the range frequently observed
for the interaction of small molecules with proteins. It is the use both here
and elsewhere of very low inhibitor concentrations that result in a slow
approach to equilibrium, not the kinetics of binding.
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tenfold enhancement of oseltamivir binding by this mutant NA with-
out altering its affinity for zanamivir.

We have also determined the structure of the complex of
Asn294Ser with oseltamivir (Fig. 2e). This shows smaller changes
in the position of the mutant-bound oseltamivir and adjacent side
chains, relative to wild-type, than those seen for oseltamivir bound to
the His274Tyr mutant (Fig. 2c, f). The Ser 294 side chain in the
mutant is oriented so that its polar hydroxyl group forms a hydrogen
bond with the carboxylate of Glu 276. By contrast, the side chain of
Asn 294 in the wild-type NA is directed in approximately the oppo-
site direction, towards Tyr 347. The loss of the asparagine side chain
at position 294 enables the main-chain carbonyl of Tyr 347 to flip
out, from its position in the wild-type, so that it no longer coordi-
nates to the bound calcium ion (blue sphere in Fig. 2e). These
changes lead to a less well-ordered conformation for the side chain

of Tyr 347 and, presumably, a weaker hydrogen bond interaction
with the carboxylate of oseltamivir (and by inference with the equi-
valent carboxylate in zanamivir and sialic acid). This interpretation
of the Asn294Ser–oseltamivir structure is consistent with the obser-
vation (Table 1) that this mutant has an approximately sevenfold
weaker binding for zanamivir (and about an eightfold higher Km

for its substrate). We suspect that the 81-fold weaker binding of this
mutant to oseltamivir results from a combination of the effect on
Tyr 347 with the effect of the substituted serine residue hydrogen
bonding to the side chain of Glu 276. The hydrogen bond stabilizes
the serine side-chain conformation so that the polar hydroxyl group
is brought into what is otherwise a hydrophobic binding site for
oseltamivir in wild-type NA. Such a perturbation of the hydrophobic
make-up of the binding site, which would be expected to affect the
binding of oseltamivir but not zanamivir, is consistent with our
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Figure 2 | Structure of N1 neuraminidase complexes. a, Sialic acid
(coloured blue) docked into the active site of wild-type N1 NA (ribbons
coloured yellow) from superposition of the sialic acid complex ofN2 (ref. 24)
(Protein Data Bank code 2BAT). The positions of some key binding residues
are shown with carbons coloured yellow, nitrogens blue and oxygens in red.
The side chains of the three mutants examined in this work are shown with
their carbons coloured in green (shown as the wild-type residues). b, The
structures of sialic acid (carbons coloured blue), zanamivir (carbons
coloured grey) and oseltamivir (carbons coloured yellow) are shown in
similar orientationswith selected carbon atoms numbered. c–e, The overlaid
structures of the active sites of wild-type (yellow) and mutant N1 NAs

(green) are shown with bound inhibitors coloured similarly; relevant
portions of electron density maps are also shown. c, His274Tyr in complex
with oseltamivir. d, His274Tyr in complex with zanamivir. e, Asn294Ser in
complex with oseltamivir. Dashed lines indicate selected hydrogen bonds.
Electron density maps were calculated from 2Fo2 Fc, acalc coefficients and
are contoured at 1.2s. f, The conformation of oseltamivir and Glu 276 from
three complexes is shown after superposition using protein atoms only; the
carbon atoms of the inhibitor from the wild-type complex are coloured
yellow, the His274Tyr in dark green and the Asn294Ser in light green. The
affinities (KI) of oseltamivir for the three NAs are given in parentheses.
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measurements of the relative affinities of this mutant for the two
inhibitors.

There are currently two groups of anti-influenza drugs that target
either the M2 proton channel or NA. Mutations in M2 have caused
resistance among both H3N2 and H1N1 current seasonal influenza
viruses and a large proportion of the avian H5N1 viruses to the drugs
amantadine and rimantadine26, which block the channel, placing
extra dependence on the NA-inhibitor drugs oseltamivir and zana-
mivir. Of these, oseltamivir has been used more frequently than
zanamivir but there is little information for either drug on the rate
of emergence of resistant variants in the case of the H5N1 viruses.
Nevertheless, mutant viruses have been isolated from fatal H5N1
infections and among these the His274Tyr mutation described here
is prominent6. Our results explain the structural basis for the resis-
tance of this mutant to oseltamivir and for its sensitivity to zanamivir.
While our work was in progress, the biological properties of H5N1
viruses carrying the His274Tyr mutation were described from studies
of infected mice7. Previously, in ferrets, both wild-type and mutant
viruses were viable, with the mutant producing only about ten times
less virus than the wild-type at the peak of infection18. In the more
recent studies of infected mice, both viability and pathogenicity were
also closely similar for wild-type and mutant viruses7. In contrast
with previous reports13,14, the viability of viruses containing the
His274Tyr mutant NA has also been demonstrated recently by the
isolation of numerous oseltamivir-resistant H1N1 viruses from out-
breaks of human infections in Europe8. Like the mutant NAs detailed
here, these enzymes are both resistant to oseltamivir and sensitive to
zanamivir even though the patients from whom the mutant viruses
were isolated had no known exposure to oseltamivir. Evidently, if the
His274Tyr mutation also becomes common in avian H5N1, the
effectiveness of oseltamivir would be limited and the value of stock-
piles compromised. Considered together with the success of HAART
(highly active antiretroviral therapy) against HIV27,28, it would be
prudent to re-assess the suitability of single-drug, pre-pandemic
stockpiles and to develop effective drug combination treatments.

METHODS SUMMARY
Site-directed mutagenesis was performed on the N1 neuraminidase gene of

A/Vietnam/1203/04 (H5N1). Mutant N1 neuraminidase (NA) was prepared

from a WSN-NA (H1N1) recombinant virus containing seven genes from

WSN and the mutated N1 neuraminidase gene of H5N1. Recombinant viruses

were grown in hens’ eggs and the neuraminidase was released from the virus by

bromelain digestion, and further purified, as previously described29. Purified NA

concentrations were determined from their absorption spectra and enzymatic

activity was measured using the fluorescent substrate 29-(4-methylumbelliferyl)-

a-D-N-acetylneuraminic acid (MUNANA) using a JASCO FP-6300 fluorimeter

with excitation and emission wavelengths of 365 and 450 nm. NA activity

changes in the presence of inhibitors were monitored as the first derivative of

the fluorescence change. Crystals were obtained by vapour diffusion using 15%

PEG 3350 as precipitant. Diffraction data were collected at 100K and processed

using Denzo and Scalepack. The structures were solved by molecular replace-

ment and refined using Refmac5 or PHENIX with manual model building using

O or Coot.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Neuraminidase activity measurements. Michaelis–Menten constants (Km)

were determined using standard initial rate measurements with NA concentra-

tions in the range 0.1 to 0.5 nM and MUNANA concentrations in the range 2 to

200mM. Dissociation constants for enzyme–inhibitor complexes were deter-

mined by measuring the reduction in the rate of MUNANA hydrolysis observed

in the presence of different concentrations of the inhibitors. The KI values were

determined using equation (1) (Supplementary Information) for data collected

at two or more different MUNANA concentrations and three different drug

concentrations. The inhibitor concentration was always at least tenfold higher
than the NA concentration to allow the approximation [I ]5 [Itotal].

The kinetic parameters for the inhibitors were measured in two ways: by

adding enzyme to a pre-warmed mixture of MUNANA and inhibitor, or by

adding inhibitor to a standard reaction mixture of enzyme and MUNANA

approximately 50–200 s after initiation of the reaction. The two approaches gave

identical results. In both cases, the exponential approach to the new steady-state

rate was analysed using equation (2) (Supplementary Information). Kinetic

measurements were made at two or more different MUNANA concentrations

and three different drug concentrations. Association (kon) and dissociation (koff)

rate constants for inhibitor binding were then determined using equation (3)

(Supplementary Information).

Crystals were obtained by the vapour diffusion method from sitting drops

dispensed with an Oryx 8 robot (Douglas Instruments). The drops consisted of

100 nl protein (6 mg ml-1) with 1 mM inhibitor (oseltamivir or zanamivir) mixed

with 100 nl reservoir solution of 15% PEG 3350, 0.1 M sodium acetate pH 4.6.

Crystals were transferred into a cryoprotectant consisting of reservoir solution

augmented with 20% (v/v) PEG 400 and inhibitor before flash freezing.

Data sets were recorded on a Raxis4 detector (100mm scan) mounted on a
Rigaku MicroMax 007 HF generator and for Asn294Ser on the MARCCD at

Daresbury station 10.1. Diffraction data were integrated using Denzo and scaled

with Scalepack31. N1 mutant structures were solved by molecular replacement

using AmoRe with the wild-type structure (Protein Data Bank code 2HU4) as the

initial search model. Standard refinement was carried out with refmac5 (ref. 32)

for the two His274Tyr complexes, and PHENIX33 for the Asn294Ser complex

where non-crystallographic symmetry restraints were used. Manual model

building was with O34 and Coot35. Figure 2 was created with Pymol (http://

pymol.sourceforge.net/).
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