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Abstract

The three-dimensional X-ray structure of a complex of the potent neuraminidase inhibitor 4-guanidino-Neu5Ac2en
and influenza virus neuraminidase (Subtype N9) has been obtained utilizing diffraction data to 1.8 A resolution.
The interactions of the inhibitor, solvent water molecules, and the active site residues have been accurately deter-
mined. Six water molecules bound in the native structure have been displaced by the inhibitor, and the active site
residues show no significant conformational changes on binding. Sialic acid, the natural substrate, binds in a half-
chair conformation that is isosteric to the inhibitor. The conformation of the inhibitor in the active site of the
X-ray structure concurs with that obtained by theoretical calculations and validates the structure-based design of
the inhibitor. Comparison of known high-resolution structures of neuraminidase subtypes N2, N9, and B shows
good structural conservation of the active site protein atoms, but the location of the water molecules in the re-
spective active sites is less conserved. In particular, the environment of the 4-guanidino group of the inhibitor is
strongly conserved and is the basis for the antiviral action of the inhibitor across all presently known influenza
strains. Differences in the solvent structure in the active site may be related to variation in the affinities of inhibi-

tors to different subtypes of neuraminidase.
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The enzyme neuraminidase (reviewed by Colman, 1989) is one
of two membrane-bound glycoproteins found on the surface of
influenza virus. The other is hemagglutinin, which binds to
a-ketosidically linked terminal sialic acid on the receptor mol-
ecules of target cells and fuses the viral membrane with an en-
dosomal membrane. Neuraminidase, which removes terminal
sialic acid from a range of glycoconjugates, plays an important
role in facilitating the spread of viral infection. By removing ter-
minal sialic acid from the mucous layer protecting target cells,
neuraminidase may facilitate penetration of the virus to the tar-
get cell surface. Neuraminidase activity is also required to re-
lease progeny virions from the surface of infected cells.
Inhibition of this glycohydrolase can provide a means of con-
trolling influenza infections.

The X-ray molecular structure of influenza virus neuramini-
dase has been determined (Varghese et al., 1983; Baker et al.,
1987; Tulip et al., 1991; Varghese & Colman, 1991; Burmeister
et al., 1992). The active site is a pocket lined by amino acids that
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are conserved in all known strains of influenza virus (Colman
et al., 1983). This conserved active site pocket is surrounded by
highly strain-variable surface residues (Fig. 1) that ensure that
the virus remains antigenically viable. The footprint of an anti-
body in the antigen-antibody interface site is larger than the ex-
posed surface of the conserved region of the active site (Colman
et al., 1987, 1989). The virus is thus able to overcome host im-
mune pressure by mutation of residues that do not have a cata-
lytic or structural role (Varghese et al., 1988; Tulip et al., 1991)
but are able to disrupt the antigen-antibody binding interface.

New inhibitors of the enzyme (von Itzstein et al., 1993) have
been designed on the basis of the knowledge of enzyme struc-
ture and the mode of binding of substrate, sialic acid, and sub-
strate analogues, Neu5Ac2en (Varghese et al., 1992). These new
inhibitors affect replication of the virus in vitro and in animal
models through an intranasal route of administration. They are
effective as enzyme inhibitors against all currently known strains
of influenza but show slight variations in K; from strain to
strain. Differences in the binding constants must arise from
slight differences in the detailed geometry of the active site, in-
cluding the structure and role of water molecules in the active
site. Here we describe the high-resolution X-ray structure of in-
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Fig. 1. Stereo image of a CPK atomic model of an influenza virus neuraminidase tetrameric head viewed distal to viral mem-
brane. Atoms colored yellow belong to residues that vary among known sequences of the enzyme; in light blue are N-linked
carbohydrate residues; the remaining atoms are those of totally conserved residues, which for the most part are in the active
site pocket of the molecule. Blue, red, white, and green represent conserved basic, acidic, neutral, and hydrophobic amino acids,
respectively. The tri-arginyl cluster in the active site is located in the upper side of the active site on the bottom right subunit.

fluenza subtype N9 neuraminidase in complex with 4-guanidino-
Neu5Ac2en and compare it with that obtained by a molecular
mechanics energy minimization of the structure.

Results

The location of 4-guanidino-Neu5SAc2en moiety in the active
site of N9 neuraminidase is as found in N2 neuraminidase
(A/Tokyo/3/67) (von Itzstein et al., 1993). The increased ac-
curacy of the N9 neuraminidase complex has unambiguously re-
solved the orientation of the inhibitor and confirmed the
hydrogen bonding pattern of the 4-guanidino group. All the at-
oms in the inhibitor and the structural waters are clearly resolved
in the final electron density map (Fig. 2).

Inhibitor-active site interactions

Apart from the additional interactions formed by the
4-guanidino group, interactions of other atoms of the inhibitor
with the N9 neuraminidase active site are similar to those found
in N2 (Varghese et al., 1992) and type B (Burmeister et al., 1992)
neuraminidase complexes with NeuSAc2en (Fig. 3). An N9/
NeuS5Ac2en complex (Bossart-Whitaker et al., 1993) has not
been examined in this comparison because it was done at low
resolution with no structural waters in the active site. One of the
primary guanidinyl nitrogens is hydrogen bonded to the main-
chain oxygen at residue 178 (N2 sequence numbering), a carbox-
ylate oxygen of Glu 227, and a water molecule. The other
primary guanidinyl nitrogen interacts with the main chain car-

Fig. 2. Stereo image of a 2F, — F_ electron density map (cage mesh contour at 1.5¢) of the active site of N9 neuraminidase com-
plexed with 4-guanidino-Neu5Ac2en (at center of picture) superimposed with the final refined atomic structure (ball and stick
representation). F, and F, are the observed and calculated X-ray structure factors and phases are from the final refined atomic

model. Water molecules are represented by red spheres.
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Fig. 3. Stereo image of the hydrogen bonding pattern of 4-guanidino-Neu5Ac2en in the active site of N9 neuraminidase. All
nonbonded contacts between polar atoms of the inhibitor and the protein less than 3.2 A are drawn in red dotted lines.

bonyl oxygens of residues 178 and 151. The secondary guani-
dinyl nitrogen of the 4-guanidinyl group interacts with the
carboxylate of Glu 119 and Asp 151. The interaction with Glu 119
lacks the necessary hydrogen bonding geometry, as the carbox-
ylate group of Glu 119 stacks parallel to the guanidinyl group
(Fig 3). In this case the interactions are electrostatic and van der
Waals in character.

Theoretical inhibitor-active site interactions

During the design phase of the 4-guanidino-Neu5Ac2en inhib-
itor, von Itzstein et al. (1993) predicted a different binding mode
of the 4-guanidinyl group of the inhibitor in the active site of
N2 neuraminidase. The guanidinyl group was rotated with re-
spect to the X-ray result, resulting in additional H-bonding in-
teractions with Glu 119. In order to explore the possibility of
alternative modes of H-bonding of the guanidinium moiety in

the active site, energy minimized structures were calculated using
AMBER (Pearlman et al., 1990) based on two different start-
ing models for the dihedral angle (see the Materials and meth-
ods). Initially, minimization allowing the protein non-hydrogen
atoms to relax resulted in unacceptably large change in the pro-
tein structure. In particular, the Cé of glutamate 119 and 277
shifted by 0.41 A and the C¢ of Tyr 406 was displaced 0.57 A.
The movement of Glu 119 allowed formation of a hydrogen
bond with the 4-guanidinyl group, for which the dihedral an-
gle refined to 188° and was independent of its starting value of
172° (in the X-ray structure) or 220°. For these reasons, the min-
imizations were repeated as described in the Materials and meth-
ods, with the non-hydrogen atoms of the protein fixed. Both
starting models (dihedral angles 172° and 220°) refined to a
structure in which the dihedral angle is 169° and in which no
hydrogen bonding occurs between Glu 119 and the inhibitor
(Fig. 4).

Fig. 4. Stereo image of the environment of the 4-guanidino group of 4-guanidino-Neu5Ac2en in the conserved pocket of N9
neuraminidase. The X-ray model (color) is superimposed with the theoretical energy-minimized model (light blue) where the
protein non-hydrogen atoms were “frozen” at their X-ray positions. White crosses represent crystallographic water molecules
used in the theoretical model. Blue crosses are additional “theoretical” water molecules.
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Discussion

The refined, high-resolution structure described here confirms
that 4-guanidino-NeuSAc2en binds to the active site of influenza
virus neuraminidase isosterically with the parent inhibitor
Neu5Ac2en. Furthermore, the additional interactions due to the
replacement of the 4-hydroxyl group of Neu5Ac2en with the
guanidinyl side chain are via hydrogen bonds to Glu227, Asp 151,
and a peptide carbonyl, and via an ionic, non-H-bonded link
to Glu 119. Earlier modeling of the interaction between
4-guanidino-Neu5Ac2en and the protein had led to the conclu-
sion that H-bonds would form with Glu 119 (von Itzstein et al.,
1993). This X-ray experiment shows this not to be the case. The
experimental result can be duplicated computationally provided
that the protein is held to the structure observed in the uncom-
plexed form. In many systems, ligand binding causes changes
to the protein structure and modeling such changes may be crit-
ical for predicting binding interactions. Significant difficulties
are still experienced in correctly modeling even modest changes
to the structure, such as the replacement of a hydroxyl with a
guanidinyl as in this example.

The native structure (Fig. 5), when compared with the inhib-
itor complex, shows six water molecules have been displaced:
two at the carboxylate end, one near C4 of the pyranose ring,
two near C9 of the 6-glycerol side chain, and one at the
4-guanidino group. There is also some rearrangement of the wa-

ter structure. There is virtually no change in the orientation of

the active site amino acid side chains, except for minor confor-
mational changes in Glu 276 and Arg 224. The Asp 151 carbox-
ylate group has rotated slightly to form a hydrogen bond with
one of the nitrogens on the 4-guanidino group. The two water
molecules near the 2-carboxylate group oxygens may be statis-
tically occupied in the crystal lattice as they are only 2.53 A
apart.

An analysis of the active sites (Fig. 6) of N2 (Varghese & Col-
man, 1991), N9 (this paper), and B (Burmeister et al., 1992)
show that there are no significant differences between the ac-
tive site side-chain orientations, except some minor displace-
ments in the region around Arg 224 and Glu 276, where the

J.N. Varghese et al.

major interactions of the 6-glycerol group of NeuSAc2en occur.
However, there are differences in the water structure. This could
be due to different crystallization conditions in the three struc-
tures or to a second order effect reflecting differences in the
nonconserved residues neighboring the active site. Gly 405 (in
N2 and N9) is replaced by a tryptophan in type B neuramini-
dase and displaces four water molecules that lie in a solvent
pocket bounded by Arg 371 and Arg 118. Val 240 (in N2 and
NO) is replaced by a methionine in type B and displaces two
bound water molecules that form a channel under Arg 224 in
the type A structures. These waters are not displaced by the in-
hibitor in N9 but would alter the hydrogen bonding pattern of
the water molecules in the active site of type B compared with
type A. An analysis of the water structure in type B indicates
that most of the active site water molecules are in a similar lo-
cation to those found in N9, and the largest differences in po-
sition are near the nonconserved regions of the active site pocket.
The different K;’s reported for 4-guanidino-Neu5Ac2en with
the N2, N9, and B neuraminidases (Pegg & von Itzstein, 1994)
may reflect differences in the binding energy of the displaced
water molecules in the active site; however, recent studies (Hart
& Bethell, 1995) indicate that the association and dissociation
rate constants for both A and B influenza neuraminidases are
almost identical.

The specificity of 4-guanidino-NeuSAc2en to influenza virus
neuraminidase (von Itzstein et al., 1993) arises from the conser-
vation in all viral neuraminidases of amino acids in the pocket
in which the 4-guanidinyl group is located, in particular, Glu 119
and Glu 227. In bacterial neuraminidase structures (Crennell
et al., 1993, 1994), these glutamyl residues are replaced by iso-
leucine and valine, respectively. The 4-hydroxyl binding pocket
in these bacterial neuraminidases is formed by one aspartyl residue
and one arginyl residue, and the homologues of these amino acids
in the influenza virus neuraminidase are Ser 179 and Gln 136,
respectively. Thus, the bacterial enzyme has neither shape nor
chemical characteristics that permit tight binding of 4-guanidino-
NeuSAc2en.

There is considerable structural conservation between the influ-
enza neuraminidases and the bacterial sialidases at the carboxy-

Fig. 5. Stereo image of the native N9 active site (light blue) superimposed with the inhibitor complex (color), showing the wa-
ter structure of the uncomplexed and complexed structures as white and red crosses, respectively, and illustrating the small con-

formational changes in the protein on binding to the inhibitor.
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Fig. 6. View into the active site of the N9 neuraminidase (light blue) complexed with 4-guanidino-NeuSAc2en and N2 (green)
complexed with sialic acid (Varghese & Colman, 1991) of type A influenza and influenza type B (red) (Burmeister et al., 1991).
The molecules have been superimposed by O (Jones et al., 1991) using every Ca atom in the structure and not including the
inhibitor. Note the structural conservation of the active site and the variability of the rest of the molecule. The tri-arginyl clus-
ter in the active site is located at the bottom half of the figure.

late-binding end of the catalytic site. The residues Asp 151, and Glu 277 are important in positioning the tri-arginyl cluster.
Arg 118, Glu 277, Arg 292, Val (or lle) 349, Arg 371, Tyr 406, Asp 151 and Tyr 406 are presumably important in bond cleav-
and Glu 425 are conserved in known viral and bacterial neur- age, but the precise mechanism is still unclear.

aminidase structures. The argininyl residues 118, 371, and 292 These eight residues (Fig. 7) are thus most likely to be con-

position the 2-carboxylate group and Val (or Ile) 349, Glu 425, served in all neuraminidases, and differences between viral, bac-

Fig. 7. Stereo image of the active site of Tern/N9 showing the active site residues surrounding 4-guanidino-NeuSAc2en (green).
Those residues that are conserved in influenza neuraminidase and bacterial neuraminidase are colored in red (R118, D151, E277,
R292, R371, Y406, ED425), and those that are conserved only in influenza virus are colored in light blue (E119, R152, R156,
W178, S179, D198, 1222, R224, E227, E276, N294). The C« backbone is represented by a yellow tube.
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terial, and mammalian neuraminidase structures, arising from
differences in the roles these enzymes have in vivo, are likely to
be in the interactions of the 6-glycerol, 5-N-acetyl, and 4-OH
groups of sialic acid. In the case of influenza virus neuramini-
dase, the turnover rate must be balanced against the requirement
to maintain sufficient sialic acid at the cell surface to enable at-
tachment via the hemagglutinin. This balance may require some
configuration of residues in the active site not directly respon-
sible for catalysis but only involved in the binding and release
of sialic acid.

The 4-guanidino-Neu5SAc2en inhibitor is currently undergo-
ing clinical trials, and initial results from a double-blind, ran-
domized, placebo-controlled trial using this compound have
been successful both for early treatment and prophylaxis of ex-
perimental inoculation of human volunteers with influenza
A/Texas/91 (HIN1) (Hayden et al., 1994).

Materials and methods

Data collection

Neuraminidase enzyme was purified from influenza virus
A/tern/Australia/G70C/75 as described previously (McKimm-
Breschkin et al., 1991) and crystallized by established procedures
(Laver et al., 1984). Crystals were soaked for 2 days in 40 mM
4-guanidino-NeuSAc2en, and data were collected to 1.8 A on
the Weissenberg Camera at beam line BL6A2 at the Photon Fac-
tory, Tsukuba (Sakabe, 1991). The data were processed using
WEIS (Higashi, 1989; Fields et al., 1992) yielding 29,729 unique
reflections of 106,232 total data collected with an R, of
0.090 (mean Rym 0of 0.078; 63% complete to 1.8 A; Rierge fOT
a 1.6-1.8-A shell was 0.170). Native Tern N9 data were also col-
lected to 2.0 A on an R-axis detector for comparison, yielding
28,540 unique data from two data sets (each with a merging R-
factor of 0.07 and a combined merging R-factor of 0.012, 66%
complete t0 2 A; Ryerge for @ 2.2-2-A shell was 0.175). The
completeness of data as a function of resolution of the two data
sets is shown on Figure 8. All data less than 1o for the Photon
Factory data and 2¢ for the R-axis data were rejected from the
analysis.

Refinement

A model for 4-guanidino-NeuSAc2en was built into a difference
Fourier map using the phases (to 2.5 A) from the refined native
data for N9 (Tulip et al., 1991). The model was then refined by
X-PLOR (Briinger, 1992), extending the data to 1.8 A. A cycle
of simulated annealing was carried out followed by several cy-
cles of energy and temperature factor refinement with manual
intervention using the graphics program O (Jones et al., 1991)
to locate additional water molecules (these were located by ex-
amining peaks in the F, — F, maps that were above 50) and to
correct minor errors in the positions of side chains. All charges
on the 2-carboxylate and the 4-guanidino group were set to zero,
as were the charges of all amino acid side chains. The final R-
factor is 0.156, for data from 6 to 1.8 A, using the energy re-
straints of Engh and Huber (1991) with RMS deviations from
ideal bonds and angles of 0.010 A and 1.66°. A similar strategy
was employed for the refinement of the native data resulting in
a final R-factor of 0.152 for data from 6 to 2 A and RMS devi-
ation from ideal of bonds and angles of 0.010 A and 1.8°. A
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Fig. 8. Completeness of X-ray data and the final R-factors of the re-
fined atomic model as a function of resolution (1/d, where d is the res-
olution in A). The bold and shaded lines represent the Tern/N9
4-guanidino-NeuSAc2en complex and the Tern/N9 native data, where
the data limits are 1.8 A and 2.0 A, respectively. Dashed lines represent
the Luzzati error contours from 0.1 to 0.3 A in steps of 0.05 A.

Luzzati plot (Luzzati, 1952) of the refined native inhibitor com-
plex and sialic acid complex structure indicates a coordinate er-
ror of between 0.20 and 0.15 A for the native and the inhibitor
complex (Fig. 8), and the RMS difference between the native and
the inhibitor complex structures is 0.25 A for all atoms. The co-
ordinates of the two structures have been deposited in the Brook-
haven Protein Data Bank (codes 7NN9 and INNC).

Theoretical calculations

The energy minimizations were carried out with Amber v4.0
(Pearlman et al., 1990), using the molecular mechanics param-
eters file parm91.dat in Amberd4 and amber.frc in InsightIl
(v.2.3.0) program (Biosym Technologies, San Diego). The par-
tial charges for the atoms in 4-guanidino-Neu5Ac2en were de-
rived by fitting electrostatic potentials calculated with the
semiempirical molecular orbital method MNDO using MOPAC
6.0 (Stewart, 1990). The N- and C-termini of neuraminidase
were kept in their ionic form. Amino acid residues lysine, argi-
nine, glutamic acid, and aspartic acid side chains were charged,
whereas histidines were protonated at the e position.

Two different starting models were used: first, the X-ray
model and second, the model in which 4-guanidino group of the
inhibitor was rotated about the C4-N bond such that the dihe-
dral angle was increased from 172° (in the refined X-ray struc-
ture) to 220°. This change allows H-bonding between the
4-guanidino group and both Glu 119 and Glu 227, whereas the
X-ray result does not permit such an interaction with Glu 119,
Each starting structure was prepared by solvating a “cap” of
124 TIP3P (Jorgensen et al., 1983) water molecules within a
radius of 18 A centered on the C4 carbon of 4-guanidino-
Neu5Ac2en; in addition, the crystallographically ordered wa-
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ters were included. The system was minimized under conditions
of a distance-dependent dielectric constant of 1.0*r and a cut-
off for nonbonded interactions of 15 A. First the cap of water
was relaxed, followed by the gradual relaxing of constraints
on the neuraminidase and the 4-guanidino-NeuSAc2en heavy
atom positions (constraints being reduced 100 - 50> 15 -2 —
0 kcal mol~!' A~'). The minimization was terminated when the
norm of the gradient of the energy dropped below 0.01 kcal
mol~' A,

The procedure was repeated for both starting models, but now
with the protein non-hydrogen atoms “frozen” at their X-ray po-
sitions. After the initial relaxation of the solvent cap, only the
amino acid and water hydrogens were allowed to move, and the
constraints on the 4-guanidino-Neu5SAc2en heavy atoms were
relaxed gradually as before.
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