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Influenza virus neuraminidase (NA) plays a crucial role in facilitating the spread of newly synthesized virus
in the host and is an important target for controlling disease progression. The NA crystal structure from the
1918 “Spqnish flu” (A/Brevig Mission/1/18 HIN1) and that of its complex with zanamivir (Relenza) at 1.65-A
and 1.45-A resolutions, respectively, corroborated the successful expression of correctly folded NA tetramers
in a baculovirus expression system. An additional cavity adjacent to the substrate-binding site is observed in
N1, compared to N2 and N9 NAs, including H5N1. This cavity arises from an open conformation of the 150 loop
(Gly147 to Asp151) and appears to be conserved among group 1 NAs (N1, N4, N5, and N8). It closes upon
zanamivir binding. Three calcium sites were identified, including a novel site that may be conserved in N1 and
N4. Thus, these high-resolution structures, combined with our recombinant expression system, provide new
opportunities to augment the limited arsenal of therapeutics against influenza.

Influenza virus is highly contagious and can cause severe
respiratory illness and death. Of the three types of influenza
virus, type A infects a wide range of avian and mammalian
species and can be further classified into subtypes according to
the serological reactivity of its surface glycoprotein antigens,
hemagglutinin (HA) and neuraminidase (NA). Sixteen sero-
types of HA (H1 to H16) and 9 of NA (N1 to N9) circulate in
avian and mammalian hosts. Of nine avian NA subtypes, only
N1 and N2 have been seen in human viruses responsible for
pandemics and recurrent annual epidemics. Type A viruses
account for all of the human pandemics of the last century: the
1918 HIN1 “Spanish,” the 1957 H2N2 “Asian,” and the 1968
H3N2 “Hong Kong” influenza viruses.

The 1918 influenza pandemic remains the most devastating
single pandemic of any infectious disease in recorded history.
The virus pandemic spread globally, infecting 25 to 30% of the
world’s population and killing at least 20 to 50 million world-
wide, including more than half a million people in the United
States (13, 19). At the time of the pandemic, the causative
agent was not known, and no virus survived intact. However,
sequences of all coding regions of the 1918 influenza virus were
recently derived from archived autopsy material and from an
Alaskan victim buried in permafrost (3, 35-38, 44). Such in-
formation has provided the foundation for the resurrection of
the 1918 virus and has enabled investigations of its sequence
(3, 35-38, 43) and functional characteristics (22, 47-49), as well
as structural elucidation of its major HA coat protein (39, 42).
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A tetrameric protein, influenza virus NA is a glycohydrolase
that catalyzes the cleavage of terminal a-ketosidically linked sialic
acids from a large variety of glycoproteins, glycolipids, and oligo-
saccharides (16, 21). NA is important during the final stages of
influenza virus infection, where it removes sialic acid from in-
fected cell surfaces and newly formed virions, thus facilitating
progeny virus release and spread of the infection to neighboring
cells (5, 34). NA can also promote penetration of the virus
through the ciliated epithelium of the human airway by removing
the decoy receptors on mucins, cilia, and the cellular glycocalyx
(29). One study showed that the 1918 influenza virus, recon-
structed by reverse genetics (15), had exceptionally high virulence
in mouse models and chicken embryos (47). These data suggested
that NA contributes to the enhanced infectivity of the 1918 influ-
enza virus, although the sequence of its gene does not reveal any
obvious features to explain these findings.

Inhibition of NA function appears critical in limiting the
progression of influenza virus infection in the host, and crys-
tallographic analyses of NAs have provided a platform for
structure-based drug design. These structures contributed to
the successful development of two potent and selective inhib-
itors, zanamivir (Relenza) (51) and oseltamivir (Tamiflu) (20).
Both drugs were designed to mimic transition state analogues
based on crystal structures of N2 and N9 NAs. Notwithstand-
ing, both compounds proved to be highly potent inhibitors of
NAs from other strains, including N1, as well as for influenza
B viruses. This anticipated success was based on the premise
that the active-site residues are highly conserved across all
subtypes of type A as well as type B influenza virus (51).
However, recent studies have now shown that drug-resistant
mutants can be subtype specific, which suggests some variation
in the active site and its geometry and in subsequent inhibitor
binding modes among the different subtypes (8, 17).

Crystallographic analysis of macromolecules requires rela-
tively large quantities of highly pure protein. Hence, recent
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structural studies of viral proteins from highly pathogenic in-
fluenza virus strains have been greatly facilitated by recombi-
nant protein expression technology. Previously, soluble HA
proteins from both the 1918 HIN1 influenza virus (A/South
Carolina/1/18) and the 2004 HSN1 (A/Vietnam/1203/04)
strains were successfully expressed using a baculovirus expres-
sion system (BES) and crystallized for structural analysis (41,
42). In contrast, all current NA crystal structures have so far
come from protein isolated from live virus. In this study, we
report, for the first time, that recombinant NA from the 1918
influenza virus (1918 NA) can be prepared for structural anal-
ysis, thus bypassing the stringent biosafety level 3 requirement
for protein isolation directly from live virus. The ectodomain of
the NA gene, corresponding to amino acids 82 to 468 (accord-
ing to N2 numbering) from the 1918 influenza virus A/Brevig
Mission/1/1918 (18NA), was cloned and expressed using the
BES. The crystal structure of 18NA was determined to 1.65-A
resolution and its complex with the antiviral zanamivir
(18NA/Z) to 1.45-A resolution.

MATERIALS AND METHODS

Cloning. Based on N2 numbering, cDNA corresponding to residues 83 to 468 of
the ectodomain of the NA from A/Brevig Mission/1/1918 (18NA) was cloned into
the baculovirus transfer vector pAcGP67A (BD Biosciences) to allow for efficient
secretion of recombinant protein. In order to promote tetramerization among mo-
nomeric 18NA, a 15-residue repeat tetramerization domain from human vasodila-
tor-stimulated phosphoprotein was appended (24). A construct containing an N-
terminal “tetramerization domain” that incorporated a thrombin site between the
tetramerization domain and the N terminus of the ectodomain of 18NA was pro-
duced. A hexahistidine tag was also introduced at the N terminus of the construct to
enable purification by Ni>* affinity chromatography. The recombinant 18NA protein
secreted into the cell culture medium contains three additional plasmid-encoded
residues at the N terminus (ADPHHHHHHSSSDYSDLORVKQELLEEVKKEL
QKVKEEITEAFVQELRKRGSLVPRGSPSRS, where the sequence in boldface is
the His tag, the tetramerization domain is underlined, and the thrombin cleavage site
is in italics).

Expression and purification. Suspension cultures of insect Sf9 and Hi5 cells
were cultured in HyQ SFX-Insect medium (HyClone). The constructed plasmid
was cotransfected into Sf9 cells with BaculoGold DNA (BD Biosciences) using
Cellfectin reagent (Invitrogen) according to the manufacturer’s instructions.
After three rounds of viral amplification in Sf9 cells at a multiplicity of infection
of 1, the protein was expressed for 3 days in CellSTACK (Corning) culture
chambers at 28°C using Hi5 cells (1.5 liters of 7 X 10® Hi5 cells) with a multi-
plicity of infection of 5. Typical expression preparation was performed on a
9-liter scale. Hi5 cells were removed by centrifugation (6,000 X g; 20 min), and
soluble 18NA was recovered from the cell supernatant by metal affinity chroma-
tography using Ni-nitrilotriacetic acid (NTA) resin (Qiagen). The Ni-NTA resin
with 18NA absorbed was washed and then exchanged into thrombin digestion
buffer (20 mM Tris, pH 8.0, 150 mM NaCl, and 2.5 mM CaCl,). Thrombin
digestion was carried out at 4°C overnight using 3 U per mg of protein. The
supernatant from the Ni-NTA resin mixture, incubated at 4°C overnight, was
collected and concentrated. The cleaved 18NA was further purified from throm-
bin and any aggregated material by size exclusion chromatography on a HiLoad
16/60 Superdex 200 prep grade column (GE Healthcare) in 20 mM Tris, pH 8.0,
and 150 mM NaCl.

Crystallization and data collection. Crystallization experiments were set up
using the sitting drop vapor diffusion method. Initial crystallization conditions for
the native 18NA protein were determined with the EasyXtal wplate G-RB
JCSG+ suite (Qiagen). Following optimization, diffraction quality crystals for
18NA were obtained by mixing 0.5 ul of the concentrated protein at 10 mg/ml in
10 mM phosphate, pH 7.30, and 75 mM NaCl with 0.5 wl of the well solution
(0.16 M calcium acetate, 0.08 M cacodylate, pH 6.50, 14.4% polyethylene glycol
8000, 20% glycerol) at 22°C. 18NA crystals were harvested directly from the
drop. For cocrystallization, the protein sample was prepared in 10 mM Tris, pH
7.30, 100 mM NacCl, and 10 mM CaCl,, to which zanamivir was added in a 10-fold
molar excess. Crystals of the 18NA/Z complex were first observed using the
Topaz (Fluidigm) nanoscale free interface diffusion system. After optimization,
diffraction quality crystals were grown using the sitting drop vapor diffusion
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TABLE 1. Data collection and refinement statistics of the crystal
structures of A/Brevig Mission/1/1918 N1 NA and its complex
with zanamivir

Result? for:

Parameter
1918 NA 1918 NA + zanamivir
Data collection
Space group C222, C222,
Cell dimensions
a, b, c (A) 117.73, 138.47, 117.86 118.04, 129.25, 118.85
o, B,y (°) 90, 90, 90 90, 90, 90

Resolution range (A)
Unique reflections

50.00-1.65 (1.68-1.65)
113,144 (4,405)

50.00-1.45 (1.49-1.45)
155,978 (11,401)

Completeness (%) 97.3(76.4) 97.6 (86.3)
Redundancy . 42(2.8) 6.8 (5.6)
Wilson B value (A?) 16.3 12.0
wm’ 0.09 (0.53) 0.07 (0.46)
<Iy/¢r> 22.2(2.0) 23.9(2.7)
Refinement
Rerys” 0.18 0.14
Rpolt 0.21 0.16
Molecules in asymmetric 2 monomers 2 monomers
unit
RMSD from ideal
Bond length (A) 0.013 0.013
Bond angle (°) 1.44 1.44
Avg B values (A?)
Protein 16.6 10.9
Inhibitor 8.6/9.2¢
Water 320 28.3
Ramachandran plot (%)
Most favored 84.3 84.6
Additionally allowed 15.1 14.8
Generously allowed 0.6 0.6
Disallowed 0.0 0.0

“ Values in parentheses are for the highest-resolution shell.

® Roym = Spuillihkl) — < I(hkl) > | /S|l (hkD)|.

© Reryss = Sl Fo (kD] — | F.(hD)| /S, (kD).

@ Riree is calculated as for R, but from 5% of the data that were excluded
from the refinement.

¢ Values are for the two ligands per asymmetric unit.

cryst»

method by mixing 0.5 pl of the protein sample with an equal volume of precip-
itant (20% polyethylene glycol 3000) at 295 K. 18NA/Z crystals were cryopro-
tected in mother liquor with addition of 20% glycerol before being flash-cooled
at 100 K. Diffraction data for the native and the complex crystals were collected
at beamlines 9-2 and 11-1, respectively, at the Stanford Synchrotron Radiation
Laboratory (SSRL). Data for all crystals were integrated and scaled with Denzo
and Scalepack (33). Data collection statistics are outlined in Table 1.

Molecular replacement, model building, and refinement. Both structures were
determined by molecular replacement using the program Phaser (31). The un-
liganded 1918 NA structure was determined using the recent HSN1 NA structure
(Protein Data Bank [PDB] code: 2HTY) as a model. The complex structure with
zanamivir was subsequently determined using the refined 18NA as an input
model. The Matthews coefficients (V,,,) (30) for NA (V,,, = 2.6 A3/Dalt0n) and
NA in complex with zanamivir (V,, = 2.5 A¥Dalton) suggested two copies of
monomeric NA per asymmetric unit. The diffraction pattern of alternating sharp
and diffuse reflections and a large portion of extraneous electron density over-
lapping with the dimer model after several rounds of refinement led to the
identification of an intrinsic problem associated within the NA crystal that rep-
resents a so-called lattice translocation defect (53). The intensity was corrected
according to a previously established method (53) with a translocation vector (0,
1/2,1/2) or (1/2, 0, 1/2) and a lattice defect fraction of 0.226 (54). However, this
problem was not observed in the NA complex crystals. The models were initially
refined by rigid body refinement in REFMACS (32), using all data from 50- to
3-A resolution. Model building was carried out with the program Coot (14). The
last cycles of REFMAC-restrained refinement included data for the highest-
resolution shell using isotropic B values. Final statistics for both structures are
represented in Table 1. The quality of the structures was analyzed using the
JCSG validation suite (www.jcsg.org) including MolProbity (27), WHAT IF (52),
Resolve (45), and PROCHECK (25). All figures were generated with PyMol
(www.pymol.org).
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FIG. 1. Crystal structure of the 1918 N1 NA tetramer in schematic
representation, as viewed from above the viral surface. The tetramer is
composed of four identical monomers. One monomer is colored using
a rainbow gradient to illustrate the canonical B-propeller arrangement
with six four-stranded, antiparallel B-sheets. The active site is located
on top of the molecule (membrane distal), close to the local,
pseudosixfold symmetry axis. Calcium ions are shown in magenta and
glycans in gold. The new calcium ion binding site is highlighted in blue.

PDB accession codes. The atomic coordinates and structure factors of 18NA
are available from the RCSB PDB under accession codes 3BEQ for the unli-
ganded 1918 NA and 3B7E for the 1918 NA with zanamivir.

RESULTS

Overall structure. The 18NA was expressed and purified
from the BES and crystallized in space group C222,, with two
NA subunits per asymmetric unit for both the native and com-
plex forms. Detailed statistics for the data collection at the
SSRL and subsequent processing and model refinement are
compiled in Table 1. The native structure was solved by mo-
lecular replacement using the HSN1 NA coordinates as the
search model (PDB code: 2HTY). Data were refined to crys-
tallographic R,y /Ry, values of 0.18/0.21 and 0.14/0.16 for the
native and the complex structures, respectively. An atomic
model of the inhibitor zanamivir was built into the F_ s — F,c
difference Fourier map. The refined structures contain the
complete globular head region corresponding to residues 82 to
468 from the A/Brevig Mission/1/1918 N1 protein.

The crystal structure of 18NA reveals the standard tet-
rameric association of identical monomers, which contain a
propeller-like arrangement of six four-stranded, antiparallel
B-sheets, as described previously for influenza virus A subtypes
N1, N2, N4, N8, and N9 (2, 39, 50), as well as for influenza
virus B NA (7) (Fig. 1). Comparison with the only other avail-
able N1 structure from the H5N1 virus, which shares a se-
quence identity of 92% in the structurally characterized
ectodomains, gave an average root mean square deviation
(RMSD) of 0.37 A for all Ca atoms in both tetrameric NAs.
This structural similarity confirms correct folding of the HIN1
NA when recombinantly expressed in the BES. The tetrameric
structure has overall dimensions of 94 by 94 by 54 A and has
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been described as “box shaped” (50). On the membrane-prox-
imal side of the tetramer, a large cavity is formed by all four
monomers. The active site is located on the membrane-distal
surface, close to the pseudosixfold axis through the center of
each monomer, which is tilted approximately 25° away from
the fourfold axis of the tetramer, as observed in all known NA
structures (7). This orientation of the catalytic site on the NA
tetramer, together with a stalk region of approximately 30 to 50
amino acids from the globular head to the membrane, could
confer flexibility in reaching potential substrates (4, 38).

The overall structures of NAs are very well conserved among
different subtypes of influenza A viruses, as are those from
influenza B viruses, despite sequence identities as low as 30%
(7). A previous study of NA sequences showed that two phy-
logenetically distinct groups are found among the nine NA
subtypes: N1, N4, N5, and N8 belong to group 1, and N2, N3,
N6, N7, and N9 are members of group 2 (39). The major
difference between group 1 and group 2 seems to involve the
loop region surrounding the active site, including residues 147
to 151 (150 loop), as observed here. Superposition of Ca atoms
of the 150 loop between 18NA and N2 NA reveals an RMSD
of more than 4 A. Another feature of group 2 is represented by
two highly conserved cysteine residues at positions 175 and
193, which form a disulfide bridge that is absent among group
1 members. Group 1 NAs contain a conserved cysteine at
position 161, which was thought to form an interchain disulfide
bond between adjacent monomers due to its proximity to the
molecular fourfold axis in the N2 structure (50). However, the
18NA structure shows that it exists as a free cysteine and points
away from the molecular fourfold axis, with a distance of 16 A
between Ca atoms of these two neighboring Cys residues.
Hence, the group 1 subtypes contain one less intrachain disul-
fide bridge than those in group 2. Another distinct feature of
the group 2 subtypes is the N glycosylation site at Asn200. In
N2 and N9 NAs, the glycan at Asn200 interacts with an adja-
cent monomer and could potentially contribute to stabilization
of the group 2 NA tetramer. 18NA, as a member of group 1,
lacks this glycan, which, therefore, may affect its oligomeric
stabilization and may have accounted for some of the difficulty
in the past few years of obtaining stable N1 tetramers.

Comparison of the 18NA monomer with other group 1 NA
structures reveals a striking similarity. Superimposition of
18NA with N4 (2HTV) and N8 (2HTS) NAs produces RMSDs
of 0.57 A and 0.95 A (for Ca atoms), respectively. In contrast,
superimposition with N2 (PDB code: 1NN2) and N9 (PDB
code: 7NN9) from group 2 gives RMSDs of 1.56 Aand 155 A
(for Ca), respectively. The NA from influenza virus type B,
however, seems to more closely resemble group 1 than group
2, with an RMSD of 0.77 A to group 1. Compared with group
1 subtypes N4 and N8, N1 has main structural differences
located in the loop regions, 328 to 347, 354 to 360, 380 to 392,
and 450 to 455 (Fig. 2). The 330 loop, restrained by a disulfide
bridge via Cys336, has been previously identified as one of the
antigenic sites and contributes to the binding of two antibodies,
NC41 and NCI10, as shown by analysis using escape mutants
and crystal structures (1, 28, 46). NA sequences from both
group 1 and group 2 show insertions and deletions in this
region. The 380 loop coincides with the putative calcium bind-
ing site (discussed below) and adopts very similar conforma-
tions in N1 and N4, but not in N8. The 450 loop is located at
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LoopC  oop B

LoopC  Loop B

FIG. 2. Stereo image of superposed monomeric NAs from N1, N4,
and N8 in ribbon presentation: N1 in gray, N4 in orange, and N8 in
teal. The major variations are located in loop regions: loop A (residues
328 to 347), loop B (354 to 360), loop C (380 to 392), and loop D (450
to 455).

the bottom of the molecule (membrane proximal) and pre-
cedes the C-terminal segment, which runs to the top of the
molecule (membrane distal) at the subunit interface. Such
variations at the monomer-monomer interface could poten-
tially directly affect the stabilization of the tetramer.
Catalytic site and inhibitor binding. Residues within the ac-
tive site are highly conserved among all of the NA subtypes,
including eight charged and polar residues (Argll§, Aspl5l1,
Argl52, Arg224, Glu276, Arg292, Arg371, and Tyr406) that have
direct interaction with the substrate at the catalytic site. The
geometry of the catalytic site is structurally stabilized through a
network of hydrogen bonds and salt bridges by a constellation of
largely conserved framework residues (Glull9, Argl56,
Trp178, Ser179, Asp/Asn198, 11e222, Glu227, His274, Glu277,
Asn294, and Glu425) (7). In the native 18NA structure, the 150
loop region that borders the active site, including Gly147,
Thr148, Val149, Lys150, and Asp151, is noticeably disordered,
as reflected in significantly higher average B values (40 A?) for
residues in this loop, compared to that for NA as a whole (16.6
A?) (Table 1). The 150 loop is displaced from the well-char-
acterized catalytic site in N2 and N9 subtypes, with an RMSD
of >4.0 A, which gives rise to an extra cavity of ~190 A3
adjacent to the catalytic site in the N1 structure (Fig. 3). The
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150 loop makes a few contacts with the nearby residues in the
active site of native 18NA, including hydrogen bonds between
Gly147 and Ile437 and between Lys150 and GIn136. The sol-
vent-exposed 150 cavity is defined by about 20 residues (Fig. 4),
and only two polar side chains are present in the cavity, GIn136
and Argl56, both of which are highly conserved. Most other
residues are hydrophobic and point away from the pocket.

However, upon binding zanamivir, the 150 loop moves
closer to the drug-bound pocket, such that it reorganizes to
enable more-extensive interactions with the ligand, as well as
with other active-site residues in the vicinity (Fig. 5). As a
consequence of the conformational changes in the 150 loop,
two residues, Asp151 and Argl52, are brought close to allow
interactions with the inhibitor. Asp151 is hydrogen bonded via
one of the carboxyl oxygens to the secondary guanidinyl nitro-
gen of zanamivir, and the main-chain carbonyl oxygen interacts
with one of the guanidino NH, groups of the inhibitor. Argl52
also hydrogen bonds to the carbonyl oxygen of the N-acetyl
group of zanamivir. Vall49 undergoes a Co translation of
about 7.0 AO;, as observed in the recent H5N1 NA structure
(39). The side chain of Glull9 also adopts a different orien-
tation, to point away from Glu227, interacting with Argl56
instead to accommodate the 4-guanidino group of zanamivir.
Other conserved interactions among all other NAs include that
of the carboxyl group of zanamivir with three conserved argi-
nine residues, Argl18, Arg292, and Arg371, and that of the two
terminal hydroxyl groups on the glycerol side chain on the C-6
position with the carboxylate of Glu276. The active-site con-
formation of the inhibitor-bound N1 NA is almost identical to
that of N2 and N9 NAs. The major conformational changes
induced by ligand binding in 18NA were not observed in sub-
types N2 and N9, in which the active site remains essentially
unchanged, with only minor changes in side chain rotamers (2,
50). Zanamivir shows structurally tight binding to the NA ac-
tive site, as shown by a network of interactions with the active-
site residues (Fig. 5), low B values of between 8 and 9 A2
(Table 1), and excellent electron density throughout refine-
ment (Fig. 6). This is consistent with a previous study which
demonstrated that the current antiviral drugs against influenza
virus NA were effective against the 1918 strain (48).

FIG. 3. Molecular surfaces of the 18NA active site with and without the binding of zanamivir. (A) Native structure showing the large 150 cavity
that is unoccupied close to the zanamivir binding site. (B) Inhibitor-bound structure, in which structural changes bring the 150 loop proximal to

the zanamivir binding site and, therefore, close the 150 cavity.
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FIG. 4. The 150 cavity of the native 18NA structure. (A) Electrostatic potential of the zanamivir binding site and the 150 cavity. Negatively
charged regions are red, positively charged regions are blue, and neutral regions are whitish. (B) Residues bordering the pocket are shown with
their side chains. For both images, zanamivir from the complex structure was superimposed onto the native 18NA structure in order to illustrate
the extra binding pocket before the conformational changes are induced by inhibitor binding. Both images are viewed in the same orientation with

the 150 cavity in the center.

Residues within the active sites of NAs from both the HSN1
and 1918 HINT strains are conserved, except for residue 347,
which is an Asn in HINT1 and a Tyr in H5N1. Tyr347 hydrogen
bonds with the carboxylate group of oseltamivir in the HSN1
NA structure, and therefore, it has been proposed that Tyr347
partially compensates for the loss of interaction with the in-
hibitor when the Arg292Lys mutation occurs (39). Indeed, it
has been suggested that Tyr347 in group 1 NAs accounts for
lower resistance to inhibitors in group 1 than in group 2 (39).
However, the presence of Asn347 in HIN1 NA and other N1
subtypes (10) suggests that it is not absolutely conserved
among group 1. Thus, group 1 NAs that lack Tyr347 may
develop resistance to inhibitors similar to that of group 2.
Indeed, subtype-specific variations in and around the active
site could be exploited in the design of subtype-specific inhib-
itors and should be taken into account in the design of broad-
acting inhibitors.

Metal binding sites. Calcium ions have been previously
shown to be important for the thermostability and enzyme
activity of influenza virus NAs (6, 12). Three potential metal
binding sites in each monomer of the tetramer were observed
in the electron density maps, two of which have been described
previously in other NAs, including those from type B influenza
virus. The first Ca”* site is formed by the four backbone
carbonyl oxygens from Asp293, Gly297, Gly345, and Asn347,
one of the carboxyl oxygens from Asp324, and a water mole-
cule. It was proposed that this calcium site plays an important
structural role in stabilizing the architecture and reactive con-
figuration of the catalytic site formed by otherwise flexible
loops (40). The second calcium ion is located at the fourfold
axis of the NA tetramer, coordinated by five water molecules
(Fig. 7A). The four in-plane water molecules are stabilized by
the symmetry-related Asp113 in a unidentate fashion, as well
as by the main-chain carbonyl oxygen from Lys111 of a neigh-

FIG. 5. Stereo view of the active sites of the superimposed zanamivir-bound (green) and unbound (gray) structures of 18NA. Conserved
charged residues, Argl18, Asp151, Argl52, Arg224, Glu276, Arg292, and Arg371, as well as the structurally conserved water molecule involved
in the direct interactions with the inhibitor, are shown in ball-and-stick representation. Val 149 in the 150 loop, in which the major conformational
changes occur upon inhibitor binding, is also highlighted in stick presentation to illustrate the extent of the loop rearrangement.
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FIG. 6. Active site of 18NA, showing the bound zanamivir with the o ,-weighted 2F,, —

boring monomer. The fifth water molecule is below the plane
and is coordinated by Oy2 of Asp113. This metal site could be
satisfactorily refined with a fully occupied calcium ion in the
native structure, whereas in the zanamivir-bound structure it
displays strong negative density in an F_,, — F,,. difference
Fourier map. This could be a direct consequence of a high
calcium ion concentration in the crystallization solution for the
native crystals, which agrees with a previous finding that this
site has weak affinity for calcium (7).

A putative third calcium-binding site, with pentagonal bipy-
ramidal coordination, was observed (Fig. 7B). The seven oxy-
gen ligands involve the main-chain carbonyl oxygen of Ser389,
the side chain carbonyl oxygen of Asn381, a carboxyl oxygen of
monodentate Asp387, one bidentate Asp379, and two water
molecules. The metal/side chain bond lengths are all within
2.25 to 2.50 A. The identity of the calcium ion is confirmed by
the nature of the coordination, the stable refinement of this ion
with full occupancy with moderately high-resolution data, and
a B value of about 15 A2, similar to those of the surrounding
atoms. Contrary to what was observed with the second calcium
site, both the native and the complex structures show very clear
electron density, as well as low B values, for this calcium-

Tyr169A

Tyr169B,

/i

F,. electron density map contoured at 2.0 o.

binding site throughout structural refinement. The residues
that make up the new putative calcium binding site are mainly
from one loop, including the coordinating Asp379, Asn381,
and Asp387 residues. This site is dependent on the local struc-
ture of Pro380, Asn381, Gly382, Trp383, and Thr384, which
form a tight turn to bring all of the interacting residues into
close proximity with the metal ion (Fig. 7B). Other important
residues include Gly382 and Ser319. The presence of any side
chain at position 382 would distort the coordination geometry
of the binding site. Ser319 is hydrogen bonded to Ovy2 of
Asp379 in order to optimally position its Oy1, which is a ligand
for the calcium ion. Interestingly, sequence alignment of NAs
from different subtypes indicates that residues around this site
are largely conserved in N1 and N4 subtypes (Table 2), but not
in other subtypes. In particular, Asp379 in 18NA contributes
two oxygen ligands for calcium coordination, but the corre-
sponding residues in other subtypes appear to be hydrophobic.
This agrees with the observation that the 380 loop shows sim-
ilar conformations in both N1 and N4 structures, as discussed
above. Interestingly, this novel calcium was not observed in the
recent N1 and N4 NA structures, although this may be due to
either the lower resolution of these structures (39), in compar-

FIG. 7. Calcium-binding sites in 18NA. (A) The calcium (site 2) at the molecular fourfold axis (i.e., crystallographic twofold axis). Only two
monomers are shown for clarity, and side chains are labeled (A and B) after residue number to distinguish two monomers in the asymmetric unit.
The coordination of the calcium ion is shown by black dashed lines, and hydrogen bonds are shown with green dashed lines. (B) The new calcium
binding site 3, highlighting the side chains of Asp379, Asn381, and Asp387; the main-chain carbonyl of Ser389; and two water molecules in direct

contact with the calcium ion.
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TABLE 2. Comparison of peptide sequences of influenza A virus NAs of N1 and N4 subtypes in
the regions of the putative calcium binding site”

310

L/Brevig Mission/1/18[HI1N1]

LDYQIGYICSGVFGDN

312 370 379 387

SRIGFEMIWDPNGWTETDSSFSVR

L/Viet Nam/1203/04[HSN1] LEYQIGYICSGVFGDN SRIGFEMIWDPNGWTETDSSFSVE
Afwallard/France/01[H7N1] LEYQIGYICSGVFGDN SRIGFEMIWDPNGUTETDSSFSVK
Afmallard/Alberta/77[H3N4] LDYQIGYVCSGIFGDN SRSGFEMVUDANGUVSTDEDSNGV
L/grey teal/Aus/79[H4N4] LDYQIGYVCSGVFGDN SRSGFEMVUDANGUVSTDEDSNGV
A/mink/Sveden/84[H10N4] LDYQIGYVCSGVFGDN SRIGFEMVWDANGWVSTDEDSNGV

“ Residues involved in the direct interaction with the calcium ion are shown in red, and pink indicates residues
in which only the backbone carbonyl is involved in the interactions with the calcium ion. Green indicates residues

surrounding the site which are structurally important.

ison to those described here, or the lack of calcium ions in their
crystallization conditions. Early studies established the com-
plete dependence of the activity of N1 NAs on calcium ions
(9). The contribution of the new Ca binding site to the function
of N1 NAs now requires further investigation.

Glycosylation. 18NA has seven conserved N-linked glycosyl-
ation sites shared by all known avian N1 viral strains. Four are
within the stalk region, and the other three sites are in the
ectodomain of 18NA: Asn88, Asn146, and Asn234. Asn88 and
Asn234 are both located on the undersurface of the molecule,
whereas Asnl46 is on the membrane-distal face, close to the
active site. Modest electron density, contiguous with that of the
corresponding carboxamide nitrogens of Asn88, Asn234, and
Asnl146, was observed for the first N-acetylglucosamine at each
site. Conformational flexibility and/or variable occupancy of
the carbohydrates could account for weak electron density.
Lepidopteran insect cell lines are known to produce high man-
nose or paucimannose N-glycans (23). Hence, a glycan com-
prising two N-acetylglucosamines and two mannose moieties
was built into the electron density at Asn146 on one of the two
monomers present in the asymmetric unit. This terminal man-
nose was found to be involved in crystal contact and is hydro-
gen bonded to Lys366, Arg394, and Glu375 on a symmetry-
related molecule. The glycan-processing pathways in insect
cells differ from those of higher eukaryotes, such that high
mannose structures are incorporated at sites where complex
N-glycans may otherwise be present. Carbohydrates attached
to Asn88, Asn234, and other potential glycosylation sites in the
stalk region might be important in protecting the enzyme from
proteolytic cleavage around the extended stalk.

DISCUSSION

The tetrameric 18NA structure presented here shows a high
degree of structural similarity to NA from the H5N1 strain
(39). Previous studies have shown that the primary structural
differences that characterize group 1 subtypes (N1, N4, N5,
and N8) are associated with the conformation of the 150 loop
or 150 cavity, as observed in the avian HSN1 NA structure (39).
Since the currently available drugs oseltamivir and zanamivir
are effective against all influenza virus strains, it is likely that an
induced conformational change occurs upon ligand binding for
all group 1 NAs. Development of these inhibitors was based
entirely on the available N2 and N9 structures, both of which
belong to group 2 and exhibit a rigid substrate binding cavity.
Hence, the 150 cavity was previously not considered during
drug development. The identification of this additional space,

together with the flexible substrate-binding loop, provides new
opportunities for subtype-specific drug design. The polar res-
idues Glu136 and Argl56, located at the bottom of the cavity,
provide the potential for specific anchoring of inhibitors to this
site. Furthermore, Asp151 on the 150 loop is potentially im-
portant in stabilizing a water molecule which could act as a
proton donor in the catalytic reaction (11). Hence, new drugs
could be developed to target the 150 cavity to block the con-
formational changes required for both optimal substrate-bind-
ing and catalysis.

The high-resolution structures of the 1918 N1 NA and its
complex with zanamivir have unambiguously revealed confor-
mational changes that occur in 18NA upon inhibitor binding,
as observed previously in other group 1 NA structures. Al-
though zanamivir and oseltamivir are effective against different
subtypes of influenza viruses, including the human 1918 HIN1
and H5N1 avian strains, a growing concern is that more drug-
resistant mutants will emerge under the selection pressure of
constant drug use (26). The 1918 NA structure provides im-
proved resolution of the extra N1 NA binding cavity, which
should assist in the rational design of inhibitors. This extra
pocket is likely a generic feature among group I NAs of avian
and mammalian influenza virus, and the residues surrounding
this pocket appear to be conserved among these subtypes. This
feature could represent a potential new basis for developing
subtype-specific inhibitors through either derivatized forms of
currently available drugs or via a de novo lead that specifically
targets the 150 cavity.

The expression strategy for the production of recombinant
NA proteins adopted here represents a practical and highly
cost-effective means of generating recombinant antigens for
vaccination (18), as well as for producing proteins for high-
throughput drug screening processes in vitro. These findings
could help reduce the likelihood of drug-resistant forms of NA,
at least in group I, although it is not yet known whether mu-
tations in this new pocket that would reduce its effectiveness as
a target might subsequently arise.
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