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Zanamivir and oseltamivir, specific inhibitors of influenza virus neuraminidase, have signifi-
cantly different characteristics in resistance studies. In both cases resistance is known to arise
through mutations in either the hemagglutinin or neuraminidase surface proteins. A new
inhibitor under development by Biocryst Pharmaceuticals, BCX-1812, has both a guanidino
group, as in zanamivir, and a bulky hydrophobic group, as in oseltamivir. Using influenza
A/NWS/Tern/Australia/G70C/75 (H1N9), neuraminidase variants E119G and R292K have
previously been selected by different inhibitors. The sensitivity of these variants to BCX-1812
has now been measured and found in both cases to be intermediate between those of zanamivir
and oseltamivir. In addition, the X-ray crystal structures of the complexes of BCX-1812 with
the wild type and the two mutant neuraminidases were determined. The ligand is bound in an
identical manner in each structure, with a rearrangement of the side chain of E276 from its
ligand-free position. A structural explanation of the mechanism of resistance of BCX-1812,
relative to zanamivir and oseltamivir in particular, is provided.

Introduction

Vaccines against influenza virus are often ineffective
due the rapid emergence of mutant viral antigens. The
compounds amantadine and rimantadine, which block
the M2 protein ion channel function, are effective only
against type A influenza and produce undesirable side
effects, and resistant mutants are rapidly generated.
Antiviral treatment for influenza virus infection now
also includes the neuraminidase (NA) inhibitors zan-
amivir and oseltamivir. Resistance in vitro to these anti-
infective agents is due to mutations in the hemagglu-
tinin and neuraminidase proteins.1 Resistance in vivo
has so far only been mapped to mutations in the NA.

The development of zanamivir, oseltamivir, and BCX-
1812 have all been based on the knowledge of the
structure of the NA with its natural substrate sialic
acid.2 While zanamivir and oseltamivir are now both
registered internationally, BCX-1812 is still in phase 3
trials.3 As part of an evaluation of the development of
resistance to NA inhibitors we have previously gener-
ated two NWS/G70C (H1N9) influenza viruses with
mutations in their NAs R292K4 and E119G,5 which have
different resistance profiles to zanamivir and oselta-
mivir. We have used structural information to provide
an understanding of the mechanism of resistance of
these NA mutants to a panel of NA inhibitors including
zanamivir and oseltamivir.5,6

BCX-1812 maintains many structural similarities
with both zanamivir and oseltamivir (Figure 1). All
contain a carboxylate group (oseltamivir is the ethyl
ester of the active form of the compound that is activated

by hepatic esterases) that binds the triad of arginyl side
chains R118, R292, and R371, and an N-acetyl group
that binds the small hydrophobic pocket formed pre-
dominantly by the side chains I222 and W178. While
the cyclopentane core of BCX-1812 distinguishes it from
zanamivir and oseltamivir, it contains features that
relate it to both: the guanidinium group at the 4
position of zanamivir, and the bulky hydrophobic group
at the 6 position like that in oseltamivir.7

We have previously advocated a minimalist approach
to drug design; the closer the inhibitor is to the natural
substrate the less likelihood that the target can mutate
without loss of the natural function.6 As BCX-1812 has
modifications at residues corresponding to both the 4
and 6 positions (in sialic acid), this presents two
potential targets for mutation. BCX-1812 has been
reported to be less resistant than zanamivir to the
E119G mutant,7,8 and less resistant than oseltamivir
to the R292K mutant,9 in an N2 variant of NA. We
compare here the relative sensitivity of the NWS/G70C
(H1N9) R292K and E119G NA mutants to BCX-1812
in an enzyme inhibition assay and have used X-ray
crystallography to help clarify the mechanisms of re-
sistance.

Results

Enzyme Inhibition Data. As shown in Table 1 both
mutants demonstrated some resistance to BCX-1812,
but the magnitudes of resistance were different from
those seen with zanamivir and oseltamivir. The R292K
mutant was 1000-fold less sensitive to BCX-1812 than
the wild-type enzyme. This was significantly higher
than the resistance of this mutant to zanamivir, but
lower than the resistance to oseltamivir. The E119G was
50-fold less sensitive to BCX-1812, which was less than
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the resistance of this mutant to zanamivir, but greater
than the resistance to oseltamivir.

Structure of the BCX-1812:Wild-Type N9 Com-
plex. The inhibitor appeared as a large positive feature
in the difference Fourier maps, clearly showing the
position of all component atoms. The structure of the
complex of BCX-1812 and wild-type N9 NA determined
here is identical in all features to that reported previ-
ously7 (Figure 2a). The functional groups common
between BCX-1812 and zanamivir, the carboxylate,
N-acetyl, and guanidinium groups, all have the same
relative positions in the active site. The carboxylate
forms salt bridges with the guanidinyl groups of R118,
R371, and R292. The carbonyl oxygen of the N-acetyl
group forms a hydrogen bond with a distal nitrogen
atom of the side chain of R151, while the amide nitrogen
forms a hydrogen bond with a water molecule at the
base of the active site. The guanidinium group interacts
with the acidic groups E119 and E227.

Examination of positive and negative features in the
Fo - Fc difference maps about E276 indicated an altered
side chain configuration from the ligand-free structure.
Difference Fourier maps in which E276 had been
removed revealed a reorientation of its side chain. This
reorganization of the active site presents a hydrophobic
pocket into which the 2′-ethyl group binds. In the ligand-
free structure one of the carboxylate oxygen atoms of
E276 forms a single salt bridge with the distal nitrogen
atom of the guanidinyl group of R224. In the rearrange-
ment of the side chain of E276 both carboxylate oxygen
atoms form salt bridges, to the Nε and a distal nitrogen
atom of R224. The same rearrangement is seen in the
NA complexes with oseltamivir, the 6-carboxamides of
Neu5Ac2en,6 pyrrolidine-based inhibitors,13 and certain
benzoic acid inhibitors.14

Structure of the R292K Variant:BCX-1812 Com-
plex. The location of the ligand could be clearly resolved
from the difference Fourier electron density maps. The
mutation at 292 was confirmed by the presence of a
feature consistent with a lysine side chain, previously
occupied by arginine in the wild-type structure. The
conformation of the side chain at E276 could be clearly
resolved to be the same as that found in the wild-type
structure with inhibitor bound.

R292 is one of the triad of arginines in the active site
that engages the substrate carboxylate. These arginines
are thought to be partly responsible for distortion of the
pyranose ring of the substrate from the low-energy chair
conformation to the twist-boat conformation. In the
ligand-free mutant structure6 the amino group of the
K292 forms an ionic interaction with E276, and water
molecules replace the missing distal nitrogen atoms of
the guanidinyl group of R292.

In the structure of the complex of the R292K mutant
with BCX-1812 the ligand occupies the same position
in the active site as that found in the wild-type NA
(Figure 2b). The K292 Nú nitrogen forms an ionic
interaction with one of the carboxylate oxygen atoms
of E277 (2.79 Å). In the ligand-free mutant this inter-
action is significantly weaker (3.28 Å). Thus, the struc-
ture of the BCX-1812 NA complex differs from that of
the zanamivir and oseltamivir complexes with the
R292K variant predominantly by a small (roughly 0.5
Å) displacement of the side chains of E277 and K292.
A similar change is also observed for the diethyl-6-
carboxamide of Neu5Ac2en.6 The water molecule that
replaces one of the distal guanidinyl nitrogen atoms of
the arginine side chain connecting K292 with E277 and
Y406 is not observed in either the BCX-1812:R292K
mutant or diethyl-6-carboxamide:R292K mutant com-
plex, presumably because it is unable to be accom-
modated within the restricted space formed by the closer
association of the side chains of E277 and K292.

Structure of the E119G Variant:BCX-1812 Com-
plex. Examination of the difference maps revealed no
side chain density corresponding to E119, consistent
with the E119G mutation. Again, the location of the
inhibitor could be clearly resolved, and the conformation
of the side chain at E276 was the same as that found
for the inhibitor-bound wild-type and R292K mutant
structures.

The carboxylate side chain of E119 is replaced by a
water molecule in the E119G mutant. The position in
the active site of this water molecule is the same as that
observed previously for the complex with zanamivir.5
The ligand binds identically in this mutant, the wild
type, and the R292K mutant complexes (Figure 2c).

The C5 atom of BCX-1812 makes the closest approach
to the carboxylate oxygen atoms of E119, 3.25 Å. In
comparison, the distance between the carboxylate oxy-
gen and C3 atom in zanamivir is 3.58 Å.15 We have
attempted to obtain some indication of the relative
interaction energies of the methyl and methylene moi-
eties in these two systems through molecular orbital
calculations on small model systems.

The relative dissociation energies of the complexes of
propane and propene with acetic acid (Figure 3) provide

Figure 1. Structures of the neuraminidase inhibitors zanamivir, oseltamivir (active form), and BCX-1812.

Table 1. Fold Resistance of E119G and R292K to NA
Inhibitors in a MUNANA-Based Enzyme Inhibition Assaya

neuraminidase BCX-1812 zanamivirb oseltamivirb,c carboxamided

E119G 50 250 1 nd
R292K 1000 55 6500 795

a Fold resistance refers to the ratios of the IC50 of the compound
with the variant N9 to the IC50 of the compound with wild-type
N9. b Reference 1. c Resistance is to the activated form of the
prodrug. d Reference 4. Methylpropyl-6-carboxamide of Neu5Ac2en.
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a qualitative estimate of the relative interaction ener-
gies. The interaction of propene with acetic acid is 8.7
kJ mol-1 larger than the interaction of propane with
acetic acid, despite the larger separation between the
acetic acid carboxylate oxygen atom and the sp2 carbon
of propene compared with that of the sp3 carbon of
propane.

Discussion
In contrast to oseltamivir, both NWS/G70C mutants

were resistant to BCX-1812 in an enzyme inhibition
assay. However, resistance to BCX-1812 was less for the
R292K mutant than that to oseltamivir. The resistance
of the R292K mutant to BCX-1812 was comparable to

the resistance to the methylpropyl-6-carboxamide ana-
logue of zanamivir.4 The E119G mutant was not as
resistant to BCX-1812 as to zanamivir.

Zanamivir and oseltamivir have different resistance
profiles, due to the modification of different groups on
the core structure. The carboxylate of the E119 side
chain interacts with the 4-guanidino group on zan-
amivir, and loss of this interaction in the E119G mutant
leads to a decrease in binding of zanamivir. There is
also an additional water molecule in the position previ-
ously occupied by the carboxylate side chain. Hence,
altered binding of zanamivir is through both loss of
interaction of the carboxylate side chain with the
guanidinium group and alterations in the solvent struc-

Figure 2. Stereo diagram of BCX-1812 bound in the active site of neuraminidase: (a) wild-type enzyme, (b) E119G mutant, and
(c) R292K mutant. Only amino acid side chains of active site residues are shown; spheres are water molecules. Residues are
overlaid with an electron density isosurface generated at the 1.5σ level from the 2Fo - Fc electron density of the refined model.
This diagram was generated using CONSCRIPT,10 MOLSCRIPT,11 and Raster3D.12
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ture.5 Oseltamivir has an ammonium group at the 4
position, and does not form the close association with
E119 as does the guanidinium group of zanamivir. It is
unaffected by the E119G mutation. Since BCX-1812 has
a guanidinium group (like zanamivir), one might expect
the E119G mutant would also demonstrate resistance
to BCX-1812. However, resistance was not as great as
to zanamivir in an enzyme inhibition assay. Structural
analysis of the E119G:BCX-1812 complex revealed that
the guanidino groups of the two ligands are almost
coplanar, and that the additional water molecule (which
replaces the E119 carboxylate side chain of the wild-
type enzyme) occupies a position almost identical to that
found in the zanamivir complex.

Molecular orbital calculations show that the inter-
action of acetic acid with propene is greater than the
interaction with propane. The difference of the inter-
action energies is roughly a factor of 2 larger than that
required to account for the difference in sensitivity
between zanamivir and BCX-1812. The molecular or-
bital calculations indicate that zanamivir has a stronger
interaction with E119 than BCX-1812 due to the forma-
tion of a weak ionic hydrogen bond. This may account
for the increased resistance of the E119G mutant to
zanamivir.

The R292K mutation affects binding of the bulky
hydrophobic side chain in oseltamivir by several orders
of magnitude, but has only a small effect on binding of
zanamivir. Binding of oseltamivir requires reorientation
of E276 to form a salt link to R224, to accommodate the
bulky hydrophobic side chain at the 6 position. In the
case of the R292K variant the salt link between K292
and E276 must be broken to allow the reorientation of
E276.6 However, the energy penalty is too great to
permit the creation of the binding pocket for the pentyl
ether of oseltamivir, resulting in 10000-fold resistance
to oseltamivir in an enzyme assay.4,16 In the case of the
methylpropyl-6-carboxamide analogue of zanamivir bind-
ing is also significantly reduced, by approximately 1000-
fold, but the reorientation to accommodate the carbox-
amide side chain does occur.4

Determination of the structure of the R292K NA:BCX-
1812 complex revealed a similarity to the binding of the

methylpropyl-6-carboxamide analogue of zanamivir.6 In
both cases reorientation of E276 occurs. The magnitude
of resistance in an enzyme assay for these two com-
pounds was similar. An overlay of the structures reveals
the carboxylate, N-acetyl, and guanidinium groups
occupy very similar positions. The 6-carboxamide and
2′-propyl groups, however, occupy quite different posi-
tions in the hydrophobic pocket generated by the
reorientation of E276.

Reorganization of E276 to form the hydrophobic
pocket thus appears to be a prerequisite for tight
binding of inhibitors with a hydrophobic side chain.
Since oseltamivir fails to induce the conformational
change of E276 in the R292K mutant NA, it is unable
to engage the active site as it does in the wild-type NA,
and consequently it binds less tightly than to the wild-
type NA. We have attempted to predict how oseltamivir
might bind if reorientation of E276 were to occur, by
performing a superimposition of the protein backbone
atoms of the R292K NA mutants from the complexes
with either the methylpropyl-6-carboxamide or BCX-
1812 inhibitor, with the protein backbone atoms of the
complex of oseltamivir with wild-type NA. In the former
of these two comparisons a very short contact (2.94 Å)
would be made between one of the terminal methyl
groups of the diethyl side chain of oseltamivir with the
Nú ammonium nitrogen of K292. However, this short
contact is relieved (3.64 Å) when oseltamivir is placed
into the R292K mutant NA obtained from the BCX-1812
complex. In this latter comparison, no unusually short
nonbonded contacts are predicted. Thus, oseltamivir
should be able to engage the active site with the
reorganization of E276.

Oseltamivir binds in a different conformation in
native and R292K N9; the torsional angle about the
ether bond (C6-O) differs by more than 40°. Qualita-
tively, oseltamivir is the least conformationally re-
stricted of all the ligands to the structures observed in
complex with wild-type neuraminidase. Although other
factors must play a role, this observation is not incon-
sistent with oseltamivir’s failure to induce the confor-
mational change in E276.

A very different profile of resistance has been ob-
served for these compounds in N2 variants of neuramini-
dase.8,9 The R292K mutant in the A/Singapore 1/57
virus is only 10-20-fold resistant to both zanamivir and
BCX-1812, while oseltamivir is 5000-fold resistant.9
Similar resistance to BCX-1812 has been reported in
N2 from turkey with this mutation, whereas it causes
10000-fold resistance to oseltamivir. The E119G variant
of turkey N2 is as sensitive to BCX-1812 as wild-type
NA.8 Thus, BCX-1812 displays lower resistance to both
E119G and R292K mutants in the N2 background
compared to the N9. BCX-1812 distinguishes the subtle
differences between the active site structures of N2 and
N9 NA to a greater degree than does either zanamivir
or oseltamivir.

We have proposed that the energy required for
reorientation of the side chain of E276 is the origin of
the resistance of the R292K variant toward compounds
such as BCX-1812 with a large hydrophobic group.6 The
large difference in sensitivity of the N2 and N9 R292K
mutants toward BCX-1812 suggests a reduced energy
requirement for the reorganization of the active site in

Figure 3. Structures of complexes of propane and propene
with acetic acid overlaid on the X-ray structures of BCX-1812
and zanamivir bound to the active site of neuraminidase.
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the N2 variant compared to N9. The reorganization of
E276 in the NA from influenza B has been shown from
molecular dynamics simulations to occur less frequently
than in NA from influenza A.17 The difference in the
energy penalty accounts for the selectivity of inhibitors
that require this reorientation for binding. However, in
both N2 and N9 backgrounds the R292K variant shows
similarly high resistance to oseltamivir. The energy
penalty for the conformational change in E276 is
presumably not the only determinant of the resistance
of R292K to oseltamivir.

Materials and Methods

Viruses. The wild-type reassortant influenza virus A/NWS/
Tern/Australia/G70C/75 was originally obtained from Dr. R.
Webster (Memphis, TN). Variants with the R292K and E119G
mutations were generated after passaging this virus in the
presence of zanamivir5 and the methylpropyl-6-carboxamide
analogue of zanamivir4 as previously described.

Enzyme Inhibition Assays. Wild-type and mutant viruses
were tested for sensitivity to BCX-1812 in an enzyme inhibi-
tion assay using methyl umbelliferone N-acetyl neuraminic
acid (MUNANA) as the substrate, as previously described.5
Briefly, viruses or purified NAs were titrated to determine a
dilution that gave a value in the linear range of the activity
curve. This dilution was then incubated with serial 2-fold
dilutions of the inhibitor for 30 min, prior to the addition of
substrate. The reaction was stopped after 1 h by the addition
of sodium carbonate. Fluorescence was read on a Perkin-Elmer
fluorimeter using an excitation wavelength of 365 nm and an
emission wavelength of 450 nm.

X-ray Crystal Structure Analysis. The NA was purified
as previously described.18 Crystals of G70C wild-type and
mutant NAs were grown by established procedures19 in 1.9 M
phosphate (pH 5.9). Crystals were soaked in buffered solution
containing 2-3 mM inhibitor for 1 h, transferred to 20%
glycerol solution, and flash frozen to 100 K in a steam of cold
nitrogen (Oxford Instruments, Oxford, England). X-ray data
for the wild-type and R292K mutant crystals were collected
on an R-axis IV IP detector, using a Rigaku generator
operating at 40 kV and 20 mA, and fitted with elliptical glass
monocapillary optics using a 0.1 mm focus at the crystal.20 The
E119G mutant data were collected on an R-axis IV IP detector
mounted on a MAC-Science SRAM 18XH1 rotating anode
X-ray generator, operating at 40 kV and 50 mA with focusing
mirrors. All diffraction data were collected using 0.5° oscilla-
tions and 1 h exposure times, and were analyzed with hkl.21

The space group is I432. Statistics of individual data sets are
given in Table 2.

The location of the ligand bound to the wild-type and two
mutant NAs was determined with difference Fourier methods
using phases from the ligand-free structures.6 All solvent
molecules, and side chain atoms at residues 292 and 119 in
the R292K and E119G mutants, respectively, were initially
removed. Manual rebuilding and repositioning of atoms in the
model structures was performed using “O”.22 Waters were
added automatically to statistically significant density using
wARP.23 Final refinement was conducted using REFMAC24

and included a bulk solvent correction and restrained B-factor
refinement. The quality of the final models was checked using
PROCHECK.25 The atomic coordinates and structure factors
have been deposited with the Protein Data Bank with the
following accession codes: wild type, 1L7F; R292K, 1L7H;
E119G, 1L7G.

Quantum Mechanics. Standard ab initio molecular orbital
calculations26 were performed using the GAMESS-US pack-
age.27 Geometries were optimized at the MP2(full)/6-31G(d)
level with flat-bottomed harmonic restraints. Heavy atoms
were restrained to their X-ray structure positions with a force
constant of 5.0 aJ Å-2 and a switch distance of 0.1 Å. These
restraints allow the system to relax from the experimental
geometry without allowing large changes in the positions of

loosely associated groups. Calculations were performed on
complexes of propane with the acetate anion and of propene
with acetate. Atoms in the acetate group were restrained to
the X-ray positions of the side chain of E119, while the atoms
of propene and propane were restrained to the X-ray positions
of the C2, C3, and C4 atoms of zanamivir and BCX-1812,
respectively. Energies are reported at the MP2(fc)/6-311+G-
(2df,p) level. Basis set superposition errors (BSSEs) are
evaluated using the counterpoise correction method. All ener-
gies reported have BSSE corrections applied.
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