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Abstract

Background.—Neuraminidase (NA) inhibitors are the recommended antiviral medications for
influenza treatment. However, their therapeutic efficacy can be compromised by NA changes that
emerge naturally and/or following antiviral treatment. Knowledge of which molecular changes
confer drug resistance of influenza A(H7N9) viruses (group 2NA) remains sparse.

Methods.—Fourteen amino acid substitutions were introduced into the NA of A/
Shanghai/2/2013(H7N9). Recombinant N9 (recN9) proteins were expressed in a baculovirus
system in insect cells and tested using the Centers for Disease Control and Prevention standardized
NA inhibition (NI) assay with oseltamivir, zanamivir, peramivir, and laninamivir. The wild-type
N9 crystal structure was determined in complex with oseltamivir, zanamivir, or sialic acid, and
structural analysis was performed.

Results.—All substitutions conferred either reduced or highly reduced inhibition by at least

1 NA inhibitor; half of them caused reduced inhibition or highly reduced inhibition by all

NA inhibitors. R292K conferred the highest increase in oseltamivir half-maximal inhibitory
concentration (ICsq), and E119D conferred the highest zanamivir 1Csq. Unlike N2 (another
group 2NA), H274Y conferred highly reduced inhibition by oseltamivir. Additionally, R152K,

a naturally occurring variation at the NA catalytic residue of A(H7N9) viruses, conferred reduced
inhibition by laninamivir.

Conclusions.—The recNA method is a valuable tool for assessing the effect of NA changes on
drug susceptibility of emerging influenza viruses.
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Since 2013, avian influenza A(H7N9) viruses have been responsible for >800 human
infections, mainly in China [1, 2]. These viruses cause asymptomatic infections in
poultry, impeding their detection and measures to control virus spread [3]. Because of
their persistence in avian populations, A(H7N9) viruses are likely to continue to inflict
sporadic infections in humans, increasing the possibility for virus adaptation [4]. Unlike in
avian species, A(H7N9) virus infections in humans have been associated with significant
morbidity and mortality [4]. Local clusters of human infections have been detected,
demonstrating that limited human-to-human transmission has occurred [5]. In addition,
exported cases of A(H7N9) virus were detected in Malaysia, Taiwan, and North America,
highlighting the public health concern over global spread of this dangerous respiratory
pathogen [6-8].

Antivirals can alleviate the influenza burden and have been used successfully to treat
patients infected with seasonal and zoonotic influenza viruses. Sequence analysis of the
A(H7N9) genome revealed the presence of S31N in the M2 protein, an amino acid
substitution that confers cross-resistance to adamantanes [1]. Neuraminidase (NA) inhibitors
are the antivirals of choice for the treatment of A(H7N9) infections [9]. In the United States,
oral oseltamivir and inhaled zanamivir were approved by the Food and Drug Administration
in 1999; a third NA inhibitor, intravenous peramivir, was approved in December 2014. These
3 antivirals are also marketed in several other countries, including China. A fourth NA
inhibitor, inhaled long-acting laninamivir, is currently licensed in Japan. Resistance to NA
inhibitors is uncommon among currently circulating seasonal and zoonotic influenza viruses.
However, emergence and rapid global spread of oseltamivir-resistant seasonal A(H1N1)
viruses in 2008-2009 highlighted the alarming ability of drug-resistant influenza viruses to
become transmissible and gain this selective advantage [10].

Understanding the mechanisms by which viruses become resistant to NA inhibitors is
essential for effective virological surveillance and for making informed decisions with
regard to clinical care. The key function of the influenza virus NA is to enhance virus
mobility (spread) within the infected host. NA prevents entrapment of virus particles in
mucin-rich secretions of the respiratory tract, averts aggregation of progeny virions, and
facilitates egress from infected cells [11-13]. This is achieved via removal of neuraminic
(sialic) acid residues from host receptors recognized by the viral hemagglutinin. By
inhibiting NA enzyme activity, these drugs hamper the ability of influenza virus to multiply
in the infected host. Structurally, NA inhibitors resemble the natural substrate neuraminic
acid when it is bound to the enzyme’s active site in a half-chair conformation [14, 15].
These drugs were rationally designed to produce tight interactions with conserved amino
acid residues forming the NA active site. Conserved residues of the NA enzyme active site
are divided into functional residues that make contact with the neuraminic acid and residues
that provide required framework for catalysis [16].
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Treatment of patients with oseltamivir and zanamivir has been shown to lead to the
emergence of resistant viruses [17]. Prolonged treatment, immunocompromised status, and
other factors are known to increase the risk for the emergence of resistance. Resistant viruses
typically acquire an amino acid substitution in the NA that weakens drug binding. To detect
potentially resistant viruses, a biochemical NA inhibition (NI) assay is used by surveillance
laboratories. In this assay, a drug concentration needed to inhibit NA activity by 50% (1Csq)
is determined and compared with a reference 1Csgg. Fold increases of <10, 10-100, and >100
are interpreted as normal, reduced inhibition (RI), or highly reduced inhibition (HRI) by a
particular antiviral drug [18]. Although laboratory criteria for clinically relevant resistance
to NA inhibitors have not yet been established, detection of HRI is often regarded as a sign
of potential clinically relevant resistance. The list of NA changes found in seasonal viruses
exhibiting RI/HRI is growing and undergoes regular revisions [19]. For convenience, all NA
substitutions are described according to the N2 NA numbering scheme [16].

Because of subtle differences in the structure of NA proteins, a NA substitution that
causes HRI in one subtype may not do so in another. For example, H274Y causes HRI

by oseltamivir in N1 subtype viruses but not in the N2 subtype [20]. Moreover, structural
similarities among NA inhibitors may result in cross-resistance among different drugs; for
instance, H274Y in N1 confers HRI by both oseltamivir and peramivir. Expectedly, less
information is available for newer NA inhibitors and emerging viruses.

A(H7N9) viruses collected from patients following oseltamivir treatment have been shown
to develop changes in the NA that seem to confer resistance to oseltamivir and other NA
inhibitors [1, 21-25]. Specifically, R292K was detected in A(H7N9) viruses recovered from
humans [1, 21]. Emergence of E119V was also associated with oseltamivir treatment of
patients infected with A(H7N9) viruses [25]. Notably, clonal analysis of an A(H7N9) virus
recovered from an oseltamivir-treated patient in Taiwan revealed 4 distinct substitutions,
R292K, E119V, 1222R, and 1222K [22]. Besides the clinical setting, the aptitude of
A(H7N9) virus to quickly acquire NA changes conferring RI/HRI was demonstrated in
nonhuman primates, whereby variant viruses were isolated from 3 of 6 animals treated with
oseltamivir or peramivir [26]. Another concern is the unknown effects of natural variance
observed among NA sequences in circulating A(H7N9) viruses [27].

Following the report on the detection of R292K in A/Shanghai/1/2013(H7N9), collected
from the first documented infection in a human, we used recombinant protein technology to
elucidate the effect of this change on the virus drug susceptibility, using 2 NA backbones, A/
Shanghai/1/2013 and A/Anhui/2013 [23]. This approach offers a convenient and safe means
to assess the effect of individual NA changes on drug susceptibility, especially when viruses
are not available for testing. The ongoing threat posed by A(H7N9) to the human population
prompted us to gain further insights into the molecular mechanisms of resistance and
cross-resistance to the NA inhibitor class of anti-influenza drugs. In the present study, we
extended our analysis by using a codon-optimized complementary DNA (cDNA) expressing
recombinant N9 NA protein of A/Shanghai/2/2013(H7N9) and by introducing a series of NA
amino acid substitutions that are known to confer RI/HRI in various NA subtypes. To aid

in the analysis of the resulting NA inhibition profiles, crystal structures of the recombinant
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N9 (recN9) proteins bound to the sialic acid and 2 NA inhibitors, oseltamivir and zanamivir,
were determined, and structural analysis was performed.

MATERIALS AND METHODS
Recombinant NA Expression for the NI Assay and NA Activity Studies

A codon-optimized cDNA encoding residues 78-465 of the A(H7N9) NA gene of A/
Shanghai/2/2013 (GISAID accession number EP1439500) was synthesized (GenScript) and
subcloned into a plEx-4 vector (EMD Millipore), using the In-Fusion HD cloning system
(Clontech). recNA contained a His tag at the N-terminus followed by a tetramerization
domain from human vasodilator-stimulated phosphoprotein [28] and a thrombin site [29].
All subsequent NA mutants were generated from this wild-type pIEx-4-NA clone, using
the QuickChange Lightning Site-Directed Mutagenesis kit (Agilent). Resulting constructs
were transiently transfected into Sf9 cells (EMD Millipore), using Cellfectin Il transfection
reagent (Invitrogen, ThermoFisher). Transfected cells were transferred into tissue culture
flasks and grown on a shaker at 27°C for 5 days. The recNA secreted in the culture
supernatant was quantified by Western blot detection of the His tag, using purified NA of
A/Perth/16/2009(H3N2) as a standard. Supernatants were assessed for functional activity,
using the 2”-(4-methylumbelliferyl)-a.-D-N-acetylneuraminic acid assay and analyzed
without further purification by means of the NI assay described below.

NA Inhibitors

NI Assay

The NA inhibitors oseltamivir carboxylate (oseltamivir; Hoffman-La Roche), zanamivir
(GlaxoSmithKline), peramivir (BioCryst Pharmaceuticals), and R-125489 (laninamivir;
Biota) were prepared in sterile distilled water and stored in aliquots at —30°C until use.

Inhibition of recNA enzyme activity of the 4 NA inhibitors was assessed in the fluorescence-
based NA inhibition assay, using the NA-Fluor Influenza Neuraminidase Assay kit (Applied
Biosystems, ThermoFisher) as previously described [30]. ICgq values, defined as the
concentration of drug required to reduce enzyme activity by 50%, were calculated using
JASPR v1.2 curve-fitting software [30]. I1Cgq values reported are the mean (£SD) of ICxg
values measured at least 3 times.

Recombinant NA Expression for Crystallization Studies

The codon-optimized NA gene of A/Shanghai/2/2013(H7N9) containing a His tag
tetramerization domain and thrombin cleavage site as described above was also subcloned
into the baculovirus transfer vector pAcGP67-B (BD Biosciences) for insect cell expression.
Secreted proteins were recovered from the culture supernatant and purified by metal affinity
chromatography and size exclusion chromatography. For structural analyses, the proteins
were further subjected to trypsin cleavage and size exclusion chromatography. Trypsin-
treated NA was buffer exchanged into 10 mM Tris-HCI, 50 mM NaCl, and 1 mM CaCl, (pH
8.0) and was concentrated to 4 mg/mL for crystallization trials.
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Crystallization, Data Collection, Structure Determination, and Refinement

Initial crystallization trials were set up using a Topaz free-interface diffusion crystallizer
system (Fluidigm). Diffraction quality crystals for NA were obtained at 20°C, using a
modified method for micro-batch under oil [31]; the crystallization condition was 0.1 M
HEPES:NaOH (pH 7.5) and 25% PEG 1000. Crystals of the NA/oseltamivir, NA/zanamivir,
and NA/sialic acid complexes were obtained by soaking in 20 mM compound for 3

hours. Crystals were flash cooled at 100 K. Data were collected at the Advanced Photon
Source beamline 22-1D at 100 K and processed with the DENZO-SACLEPACK suite [32].
Variables for which data were collected are presented in Table 1.

N9 NA structures were determined by molecular replacement with Phaser [33], using the
A/Hangzhou/2/2013(H7N9) NA structure (Protein Data Bank identifier AMWJ) as a search
model. One NA monomer occupied the asymmetric unit, with an estimated solvent content
of 60.4%, based on a Matthews coefficient (1V/m) of 3.11 A3/Da. The model was built

by Coot [34], and then the protein structures were refined with REFMAC [35], using

TLS refinement [36] and Phenix refine [37]. The 3 complexed NA structures were refined
using the same strategy as for the apo NA structure. All final models were assessed using
MolProbity [38], and statistics for data processing and refinement are presented in Table 1.

Protein Data Bank Accession Codes

RESULTS

The atomic coordinates and structure factors of N9 NA (apo and in complex with
oseltamivir, zanamivir, and sialic acid) are available from the Protein Data Bank under
accession codes 5L.14, 5L.15, 5L.17, and 5L.18.

Generation of Recombinant Influenza Virus N9 NA Proteins

In this study, 14 amino acid substitutions, which were reported to confer Rl or HRI by NA
inhibitor(s) in certain subtypes, were introduced into the codon-optimized cDNA encoding
the NA of A/Shanghai/2/2013 (Table 2). This included 4 substitutions at the functional
residues R152, E276, R292, and R371; 8 at the framework residues E119, 1222, H274, and
N294; within the NA active site and 2 residues, Q136 and T247, located in its proximity.

In each instance, a single nucleotide change conferred the required amino acid substitution.
The presence of the intended changes was confirmed by sequencing analysis of generated
plasmids. The recN9 proteins were expressed in a transient expression system in Sf9 insect
cells. All generated recN9 proteins were of expected size, determined by Western blot, and
had NA activity (data not shown) sufficient for NI assay testing.

Assessment of Drug Susceptibility, Using the NI Assay

Experimental conditions (eg, buffer system, pH, and incubation time) have previously been
shown to affect I1Cgq values determined using NA inhibition assays. Therefore, the CDC
standardized NI assay [30] was used to investigate the effect of the introduced amino acid
substitutions on drug susceptibility. The resulting NA inhibition profiles for oseltamivir,
zanamivir, peramivir, and laninamivir are shown in Table 3. In the A/Shanghai/2/2013 NA
background, all changes yielded either Rl or HRI by at least 1 NA inhibitor. The results
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were grouped into 6 categories. In the first category, 5 substitutions, R152K, 1222K, T247P,
N294S, and R371K, conferred RI by =1 NA inhibitors. Notably, 2 of these, R371K at the
functional residue and 1222K at the framework, conferred RI by all 4 NA inhibitors. In

the second, 3 substitutions, E119V, 1222R, and H274Y, conferred HRI by oseltamivir. In
addition, 1222R conferred RI by the other 3 antiviral drugs. In the third, substitution R292K
at the functional residue conferred HRI by oseltamivir and peramivir and RI by the other 2
NA inhibitors (Table 3). In the fourth, 2 substitutions, E276D at the functional residue and
E119A at the framework, conferred HRI by zanamivir and also caused RI by the other 2
antiviral drugs. In the fifth, substitution E119G conferred HRI by zanamivir and laninamivir
and RI by peramivir. In the sixth, 2 substitutions, E119D and Q136K, conferred HRI by the
antiviral drugs, zanamivir, peramivir, and laninamivir. Additionally, E119D conferred RI by
oseltamivir.

Structure of N9 NA

To understand the structural basis of the inhibition profiles, we solved the X-ray crystal
structure of A/Shanghai/2/2013 recN9 protein; avian N9 NA numbering was used to
describe the crystal structure findings. The structure was built and refined in 143, space
group at a resolution of 1.9 A. The final model that was generated included residues 83-470
(residues 82—-468 in N2). The N9 NA structure is a typical box-shaped tetrameric association
of identical monomers, containing six 4-stranded, antiparallel B-sheets that form a propeller-
like arrangement (Figure 1A), as previously described for influenza A virus subtypes N1,
N2, N4, N5, N8, and N9 and influenza B virus NA [14, 39-43]. One calcium ion-binding
site, which is conserved in all known influenza A and influenza B virus NA proteins, was
observed in N9 NA (Figure 1A). Ca%* is bound through interactions with 2 water molecules
and 4 backbone carbonyl oxygen atoms from N295, G299, D326, and N348 (residues 293,
297, 324, and 347 in N2). Ca2* has been shown to be critical for the thermostability and
activity of influenza virus NAs [44], and this conserved metal site was proposed to be
important in stabilizing a reactive conformation of the active site by otherwise flexible loops
[45]. Although N9 NA has 3 potential N-linked glycosylation sites, at N86, N147, and N202
(residues 85, 146, and 200 in N2), the final model had interpretable glycan density only at
the 147 and 202 sites. N146 is situated on the membrane-distal surface close to the active
site and is the only glycosylation site conserved among all other influenza A and B virus
NAs [14, 39].

Among all of the subtypes, the enzyme-active site includes 8 highly conserved residues,
R119, D152, R153, R226, E278, R294, R372, and Y406 (residues 118, 151, 152, 224,

276, 292, 371, and 406 in N2; Figure 1A). These are all charged/polar residues that
directly interact with the substrate in 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, E120, R157, W180, S181, N200,
1224, E229, H276, E279, N296, and E425 (residues 119, 156, 178, 179, 198, 222, 227, 274,
277,294, and 427 in N2) [42].

Next, we solved the crystal structures of N9 NA in complex with oseltamivir, zanamivir,
and natural substrate, sialic (neuraminic) acid. Overall, the interactions between N9 NA and
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inhibitors are similar (Figure 1B-D), although more hydrogen bonds are formed between
NA and zanamivir. The carboxyl group of inhibitors hydrogen bonds to R119, R294, and
R372 (residues 118, 292, and 371 in N2), while the carbonyl oxygen of the N-acetyl group
hydrogen bonds with R153 (residue 152 in N2). The bulky 4-guanidino group of zanamivir
is buried underneath the 150-loop and hydrogen bonds to D152, W180, and E229 (residues
151, 178, and 227 in N2). There are 2 additional hydrogen bond interactions between the
zanamivir 8-hydroxyl group and R294 (residue 292 in N2) and 9-oseltamivir with R226
(residue 224 in N2) in the NA/zanamivir complex structure. E120 and 1224 (residues 119
and 222 in N2) have hydrophobic interactions with the inhibitors. H275 (residue 274 in

N2) does not have direct interactions with the inhibitors, but amino acid substitution at this
location may cause the conformational change of E278 (residue 276 in N2) and the residues
on 240-loop, which are involved in binding of inhibitors. Q137K (residue 136 in N2) also
does not interact directly with the inhibitors; however, this substitution can adversely affect
the binding of the guanidyl group of zanamivir by interfering with the hydrogen bond
formation between residue 137 and the main chain carbonyl of D152 (residue 151 in N2) on
150-loop.

DISCUSSION

Through the NA inhibition analysis of recN9 proteins carrying one of 14 designated amino
acid substitutions, we provided further insights into molecular markers that can alter drug
susceptibility of avian influenza A(H7N9) viruses. The recNA protein approach offers a
convenient means to study effects of NA changes, identified in field isolates or viruses
recovered from drug-treated patients, on drug susceptibility. Notably, this experimental
approach enables the drug phenotype to be determined without a need to work directly with
live virus. Our data provide the experimental evidence for N9 subtype—specific profiles of
resistance to the NA inhibitors.

Based on a phylogenetic analysis, N9 belongs to group 2 NA, shared by N2, N3, N6,

and N7 subtypes [39]. The phylogenetic and structural similarities among this group
explain why 2 substitutions, E119V and R292K, are the most reported changes in viruses
of N2 and N9 subtypes, including A(H7N9) virus, that are linked to drug resistance.

The H274Y is the marker of oseltamivir resistance in N1 (group 1NA) but not in N2

[20]. Therefore, we decided to introduce this change into recN9 to substantiate the
suspected similarities between the N2 and N9 subtypes. If confirmed, such a finding would
simplify drug phenotype predictions for the emerging A(H7N9) virus because much more
information is available on seasonal A(H3N2) viruses. Unexpectedly, H274Y in recN9 of
A/Shanghai/2/2013 conferred HRI (105-fold) by oseltamivir and also increased peramivir
ICsq values by 9-fold. Our results are in agreement with those of Song et al, where H274Y
in NA of A/duck/Memphis/546/1974(H11N9) conferred a 90-fold increase in oseltamivir
ICsp and an 11-fold increase in peramivir ICgq [46]. In the NA of A/Shanghai/2/2013,
H274Y requires a C—U substitution at the first nucleotide of the triplet encoding histidine;
similarly, Q136K requires a C—A substitution at the first codon, as well. Notably, the
random mutagenesis approach, coupled with passaging of virus in the presence of zanamivir,
led to the emergence of Q136K (CAA—AAA) in N9 of A/duck/Memphis/546/1974 [46].
They also reported selection of A246T; this change conferred 25- and 6-fold increases in
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zanamivir and oseltamivir 1Csq values, respectively. In our study, substitution introduced
at a neighboring residue, T247P, conferred 69- and 27-fold increases in zanamivir and
oseltamivir I1Csq values, respectively. This change was introduced in recN9 because our
previous finding showed that RI by both zanamivir (66-fold) and oseltamivir (31-fold) in
A(H3NZ2) virus was linked to a mutation at this position [47]. The proline that replaced
threonine at position 247 is likely to provide more rigidity to the 240-amino acid loop
affecting the flexibility and positioning of this loop and its contribution in the hydrogen
bonding network involved in NA inhibitor binding.

In the present study, all amino acid substitutions introduced into the recN9 have conferred
either RI or HRI by at least 1 antiviral drug. Seven substitutions caused RI/HRI to

all antiviral drugs tested; 3 were made at catalytic residues (E276, R292, and R371).
Conversely, R152K, a substitution at another catalytic residue, conferred RI by laninamivir
only. R292K and E119D substitutions not only conferred R1 or HRI by all 4 NA inhibitors,
but also caused the highest increases in 1Csq values.

The susceptibility profiles for 1222R and 1222K in recN9 were similar to those determined
for clones of A/Taiwan/1/2013(H7N9), validating the recombinant protein approach for
characterization of emerging influenza viruses. The emergence of another substitution,
1222T, was detected in a nonhuman primate infected with A/Anhui/1/2013(H7N9) treated
with oseltamivir [26]. 1222M was reported in recombinant PR8 virus carrying N9 (A/
duck/Memphis/546/1974) when it was propagated in the presence of oseltamivir. All

4 substitutions—I222R/K/T/M—caused RI by oseltamivir (143-, 46-, 20-, and 18-fold,
respectively) in the N9 subtype.

It is worth noting that inhibition profiles obtained using the CDC standardized NI assay
with the 4 NA inhibitors can be used to predict the NA change. For example, if 2009
pandemic influenza A(H1N1) virus exhibits HRI by oseltamivir (approximately 800-fold)
and peramivir (approximately 350-fold) while showing normal inhibition by zanamivir and
laninamivir, such a virus predictably harbors H275Y. The use of the standardized assay
also offers advantages by simplifying interpretation and improving exchange of information
between surveillance laboratories.

Sequence-based monitoring of drug resistance has become common with the improvement
of sequencing methods. While summarizing this study’s results, we queried the public
database (GISAID) and found substitutions E119V (n = 5), R152K (n = 3), 1222K (n

= 1), 1222R (n = 1), and R292K (n = 13) among 1177 available NA sequences of N9
subtype (Table 4). Two factors are likely to contribute to the low detection rate of known/
potential markers: (1) consensus sequences are deposited into the database, which may
mask the presence of drug resistant variants in a sample [22]; and (2) specimen collection
is often done before initiating antiviral treatment. Another plausible explanation could

be the adverse effects of drug resistance—conferring mutations on virus transmissibility
and replicative fitness. Interpretation of laboratory data for making treatment decisions

is complicated because of limited knowledge of drug resistance in clinical settings. In a
ferret model, oseltamivir resistance was observed in animals experimentally infected with
A(H7N9) viruses carrying either R292K or E119V; both viruses had HRI by oseltamivir

J Infect Dis. Author manuscript; available in PMC 2021 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gubareva et al.

Page 9

[22]. Notably, in animals infected with the virus carrying 1222K, the therapeutic effect
of oseltamivir was also diminished. This virus exhibited RI (32-fold) by oseltamivir [22].
Therefore, NA changes conferring RI need to be closely monitored. Additional studies
are required to improve interpretation of the NI assay results and to establish laboratory
correlates of clinically relevant resistance to all NA inhibitors.

Unusual NA changes can alter drug susceptibility (eg, T247P), as has been shown here

and by others [46]. These findings advocate the need for empirical testing of viruses by

use of the NI assay in addition to sequence analysis. The development of highly sensitive
NA activity—based assays that can be performed on respiratory specimens will enhance
surveillance and facilitate clinical care decisions in the future. Rapid replication and high
loads of A(H7N9) viruses may contribute to the emergence of resistance. Virological
surveillance is vital for detecting transmissible drug-resistant viruses. The recombinant NA
protein technology provides a powerful tool for establishing markers that have a potential to
cause drug resistance among emerging A(H7N9) viruses.
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Figure 1.
The structures of N9 neuraminidase (NA) and its complexes (the avian N9 numbering

scheme is used). The 10 residues that were substituted in this study are underlined (Table 2).
A, Overall structure of the NA monomer, with highly conserved residues of the active site
presented as salmon sticks. Residues Q137, T249, and H276 are shown as cyan sticks. Two
occupied glycosylation sites are labeled, and glycans are shown as magenta sticks. B, The
active site with oseltamivir. C, The active site with zanamivir. D, The active site with sialic
(neuraminic) acid. The dashed lines are hydrogen bonds. The structural figure was generated
with MacPyMol.
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