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Oseltamivir carboxylate is a potent and specific inhibitor of influenza neuraminidase (NA). An influenza
A/H1N1 variant selected in vitro with reduced susceptibility to oseltamivir carboxylate contains a His274Tyr
mutation. To understand the mechanism by which a His274Tyr mutation gives rise to drug resistance, we
studied a series of NA variant proteins containing various substitutions at position 274. Replacement of His274
with larger side chain residues (Tyr or Phe) reduced the NA sensitivity to oseltamivir carboxylate. In contrast,
replacement of His274 with smaller side chain residues (Gly, Asn, Ser, and Gln) resulted in enhanced or
unchanged sensitivity to oseltamivir carboxylate. Previous studies have suggested that the slow-binding inhi-
bition of NA by oseltamivir carboxylate is a result of the reorientation of Glu276. Loss of this slow-binding
inhibition in the His274Tyr and His274Phe mutant NA but not in His274Asn, His274Gly, His274Ser, or
His274Gln supports the conclusion that the conformational change of Glu276 is restricted in the His274Tyr
and His274Phe mutant NA upon oseltamivir carboxylate binding. Interestingly, His274Asn, as well as
His274Gly, His274Ser, and His274Gln, also displayed reduced sensitivity to zanamivir and its analogue,
4-amino-Neu5Ac2en. Substitution of His274 with Tyr in influenza A/Tokyo/3/67 (H3N2) recombinant NA did
not affect the susceptibility to oseltamivir carboxylate. These data indicate that the volume occupied by the
amino acid side chain at position 274 can influence the sensitivities of influenza N1 NA but not of N2 NA to
both oseltamivir carboxylate and zanamivir.

Influenza continues to be a significant health concern, and
reemergence of pandemics is a constant threat (8, 24, 47).
Until late 1999, two closely related compounds, amantadine
and rimantadine, were the only antiviral drugs approved for
clinical use for the prevention and treatment of influenza A
virus infections. However, the clinical usefulness of these drugs
is limited by the lack of activity against influenza B viruses and
the rapid and frequent emergence of drug-resistant viruses that
remain transmissible and pathogenic (15, 33).

The influenza neuraminidase (NA), a viral surface glycop-
rotein, has long been considered a valid target for antiviral
therapy (36). This enzyme, which cleaves terminal sialic acid
residue from glycoconjugates, is essential for virus prolifera-
tion and infectivity. The amino acid residues in the enzyme
active site are highly conserved among different influenza NA
subtypes (2–4), and NA inhibitors (NAI) have been shown to
have antiviral activities against a broad range of influenza
viruses (43–45).

Several potent and selective inhibitors, e.g., oseltamivir car-
boxylate (Ro64-0802, GS4071) and zanamivir (Relenza,
GG167), of the influenza NA have been discovered through
structure-based rational drug design (19, 21, 46). Oseltamivir
carboxylate, the active metabolite of oseltamivir phosphate
(Tamiflu, Ro64-0796, GS4104), is a potent and specific inhib-
itor of influenza A and B virus NA (26, 27, 48). Oseltamivir has
been approved for the prevention and treatment of influenza

virus infection in adults and for the treatment of influenza
infection in children (14, 16).

Development of drug resistance is a potential concern for all
antiviral agents (28, 31, 32, 38, 39). The potential for drug
resistance to emerge rapidly in influenza virus has been dem-
onstrated through previous clinical experience with amanta-
dine and rimantadine (15). The high incidence of resistance
with amantadine and rimantadine is related to their mecha-
nism of action (13). These two closely related drugs function by
inhibiting the ion channel activity of the influenza A viral
membrane M2 protein. The drug-resistant mutant M2 proteins
still possess normal ion channel activity. Thus, resistance to
these agents can arise without compromising viral function.
Hence the drug-resistant viruses are transmissible and patho-
genic. In contrast, oseltamivir carboxylate binds specifically to
the highly conserved active site of NA, and NA mutations
conferring reduced susceptibilities to oseltamivir carboxylate
would be expected to diminish the enzymatic activity (22, 23).
Thus, emergence of resistance to oseltamivir carboxylate
through NA mutations would be disadvantageous to the virus,
and therefore such resistant viruses would be expected to be
self limited in infectivity.

Influenza variants with reduced susceptibility to oseltamivir
carboxylate have been generated in vitro in cell culture by
applying increasing selective pressure of the drug over a pro-
longed period of time (40, 42). The most common mutation
selected by exposure to NAI in vitro was an amino acid sub-
stitution at position 292 (Arg292Lys) in influenza A N2 NA.
The Arg292Lys mutation has been selected by oseltamivir car-
boxylate and zanamivir, as well as BCX-1812 (1, 6, 11, 30, 42).
Virus carrying the Arg292Lys mutation is significantly attenu-
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ated in infectivity and pathogenicity in mice and ferrets (5).
Another resistant mutation, at conserved position 119, has
been identified in vitro in the active site of influenza A N2 NA
under selection pressure with zanamivir (7, 29). Virus carrying
a zanamivir-selected mutation at the Glu119 position was also
attenuated in the infectivity and pathogenicity in mice and
ferrets. No mutation was selected by oseltamivir carboxylate at
position 119 in vitro, but virus carrying the Glu119Val muta-
tion has been identified in two patients infected with influenza
A/H3N2 and treated with oseltamivir phosphate (9, 48). The
virus carrying the Glu119Val mutation has dramatically re-
duced infectivity in vivo (17). An influenza A/Texas H1N1
variant containing a His274Tyr mutation in NA has been iso-
lated from a challenge study (9), and it has been shown to have
substantially reduced infectivity and pathogenicity in mice and
ferrets (18). There has been no success generating a mutation
in influenza B NA by oseltamivir carboxylate in vitro or in vivo,
though zanamivir induced the development of a resistant mu-
tation in influenza B NA in an immunocompromised child
(10).

Here we report the characterization of an influenza
A/WS/33 (H1N1) virus variant carrying a His274Tyr mutation
in NA selected in vitro in the presence of oseltamivir carbox-
ylate and identification of the mechanism by which mutations

at His274 alter the sensitivity of influenza A virus N1 NA to
oseltamivir carboxylate and zanamivir.

MATERIALS AND METHODS

Inhibitors. The NAI, oseltamivir carboxylate ([3R,4R,5S]-4-acetamido-5-ami-
no-3-[1-ethylpropoxy]-1-carboxylic acid), zanamivir (4-guanidino-Neu5Ac2en),
and its 4-amino analogue (4-amino-Neu5Ac2en), were synthesized at Gilead
Sciences. Chemical structures are shown in Fig. 1.

Viruses and cells. Influenza A/WS/33 (H1N1) virus, Madin-Darby canine
kidney (MDCK) cells, and HeLa cells were from the American Type Culture
Collection. MDCK cells and HeLa cells were grown in Eagle’s minimum essen-

FIG. 1. Chemical structures of sialic acid and influenza NAI.

FIG. 2. Inhibition of wild-type (solid circle) and H274Y mutant
(open circle) influenza NA by oseltamivir carboxylate. (A) Native NA
from A/WS/33 (H1N1) virus. (B) Recombinant A/WS/33 (H1N1) NA
expressed in HeLa cells. (C) Recombinant A/Tokyo/3/67 (H3N2) NA
expressed in HeLa cells.

TABLE 1. Characterization of A/WS/33 (H1N1) virus-associated
NA enzymea

Enzyme

Substrate (MUNANA) Ki (nM)

Km (�M) Relative Vmax
Oseltamivir
carboxylate Zanamivir

Wild type (274His) 31 1 0.3 0.1
Mutant (274Tyr) 52 0.5 10.5 0.3

a Values were means of data from three or more independent experiments.
Standard deviations were less than 6% of the mean value.
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tial medium containing Earle’s salts and Dulbecco’s modified Eagle’s medium,
respectively, supplemented with 10% fetal bovine serum (Irvine Scientific) at
37°C in a 5% CO2-containing atmosphere.

In vitro selection of mutant virus with decreased susceptibility to oseltamivir
carboxylate. Influenza A/WS/33 (H1N1) virus was passaged in MDCK cells in
24-well tissue culture plates in the presence or absence of oseltamivir carboxy-
late, as previously described (42). Virus was allowed to replicate until �90%
death of the cell monolayer was observed or until the infection no longer
progressed. Selections were started at low concentrations of oseltamivir carbox-
ylate, and the concentration of inhibitor was increased two- or threefold at each
subsequent passage. The inhibition of virus replication by oseltamivir carboxylate
was determined using a plaque reduction assay in MDCK cells. The variant
clones were isolated from the virus pools through three rounds of plaque puri-
fication in the presence of oseltamivir carboxylate.

Viral RNA samples were prepared from a viral supernatant of cell culture
(42). The NA and hemagglutinin genes were amplified by reverse transcriptase
PCR and sequenced. The DNA sequences were analyzed with DNAStar soft-
ware. Amino acid residue numbering for NA was assigned according to homol-
ogy with the N2 NA sequence.

Expression of influenza NA. A plasmid containing the full-length cDNA en-
coding influenza virus A/Tokyo/3/67 NA (N2) was a generous gift from Gillian
Air (University of Oklahoma) (25). The NA gene of influenza virus A/WS/33 was
cloned by reverse transcriptase PCR, with the following primers: 5� GATCAA
GCTT GAAAATGAAT CCAAACCAGA AAATA 3� and 5� GATCGAATTC
CTACTTGTCA ATGGTGAACG G 3�. PCR fragments of NA genes were
cloned into the pcDNA3 vector (Invitrogen) at HindIII and EcoRI sites. The
pcDNA3 expression plasmids containing NA genes were transfected into HeLa
cells using Lipofectamine reagents (Gibco BRL).

Site-directed mutagenesis was conducted with the QuickChange mutagenesis
kit (Stratagene). All the sequences were confirmed by automated ALFexpress
sequencing (Amersham Pharmacia Biotech).

NA enzymatic activity assay. HeLa cells transfected with expression plasmids
for NA were harvested by treatment with phosphate-buffered saline at pH 7.4
containing 0.02% EDTA at 72 h posttransfection. The cell pellets were then

washed twice with the enzyme assay buffer containing 33 mM morpholineethane-
sulfonic acid (pH 6.5), 4 mM CaCl2, and 120 mM NaCl. NA enzymatic activity
was measured as previously described using the fluorogenic substrate 2�-(4-
methylumbelliferyl)-�-D-N-acetylneuraminic acid (MUNANA) (Sigma) (42). All
the reactions were conducted at 37°C in white 96-well plates (DYNEX) in a total
volume of 200 �l, and the fluorescence was monitored every minute for 60 min
using a GEMINI spectrofluorometer (Molecular Devices) with excitation and
emission wavelengths of 330 and 445 nm, respectively.

To measure the kinetic parameters of slow-binding inhibition, the reactions
were initiated by adding enzyme to a prewarmed mixture of substrate and
inhibitors at 37°C. The progression data were fitted to the equation below:

Ft � F0 � Vst � �V0 � Vs��1 � exp�� kobst�	/kobs (1)

where F0 and Ft represent the fluorescent signal values at time zero and time t,
respectively; and where V0, Vs, and kobs represent the initial velocity, the steady-
state velocity, and the first-order transition rate constant from initial to steady
state, respectively (12, 20, 34, 35, 37). The association rate constant (kon) and
dissociation rate constant (koff) were then determined with the equation below:

kobs � kof � kon[I] (2)

RESULTS

Isolation of an A/WS/33 variant with decreased susceptibil-
ity to oseltamivir carboxylate. The human influenza A/WS/33
(H1N1) virus was passaged in MDCK cells in the presence of
concentrations of oseltamivir carboxylate that were increased
two- or threefold at each passage. Two separate selections
were conducted, with different starting inhibitor concentra-
tions of 0.6 and 90 nM oseltamivir carboxylate. When the final
selection step, the 14th passage in study I (550 �M oseltamivir
carboxylate) and the 11th passage in study II (400 �M oselta-
mivir carboxylate), respectively, was reached, the susceptibili-
ties of the virus pools to oseltamivir carboxylate were examined
in plaque reduction assays. Both virus pools displayed a dra-
matically decreased (4,000-fold) susceptibility to oseltamivir
carboxylate in plaque reduction assays. Genotypic analysis of
plaque-purified variants did not detect any mutation in the
hemagglutinin gene but revealed a single mutation in the NA
gene, resulting in a His3Tyr substitution at amino acid 274
(His274Tyr). This conserved His residue is located very near
the conserved residue Glu276 in the enzyme active site (see
Fig. 5).

The effect of the His274Tyr NA mutation on the properties
of the NA enzyme was determined by comparing the wild-type
and mutant enzyme activity in an in vitro assay using the
fluorogenic substrate MUNANA. As shown in Fig. 2A and
Table 1, the affinity of the mutant NA for the substrate was
reduced by less than twofold relative to that for the wild-type

TABLE 2. Fifty percent inhibitory concentrations for the inhibition
of NA by oseltamivir carboxylatea

Virus IC50 (nM)b

Native viral NA (A/WS/33, H1N1)
Wild type .................................................................................... 1.0
His274Tyr ................................................................................... 300

Recombinant NA (A/WS/33, H1N1)
Wild type .................................................................................... 1.1
His274Tyr ................................................................................... 200

Recombinant NA (A/Tokyo/3/67, H3N2)
Wild type .................................................................................... 0.4
His274Tyr ................................................................................... 1.0

a Values were means of data from three or more independent
experiments. Standard deviations were less than 8% of the mean
value.

b IC50, 50% inhibitory concentration.

TABLE 3. Summary of recognition of substrate (Km) and inhibitors (Ki) by wild-type and mutant influenza A/WS/33 (H1N1) NAa

Type of recombinant
NAb (A/WS/33 H1N1)

Km (�M) of
MUNANA

Ki (nM)

Oseltamivir carboxylate Zanamivir 4-Amino-Neu5Ac2en

Wild type (His274) 31 0.3 0.1 50
His274Gly 100 0.2 5.7 1,140
His274Ser 110 0.1 14.9 890
His274Asn 133 0.1 6.0 1,250
His274Gln 125 0.5 3.8 940
His274Phe 57 86 0.4 130
His274Tyr 55 105 0.3 150

a Values were means of data from three or more independent experiments. Standard deviations were less than 10% of the mean value.
b In ascending order of amino acid side chain volume.
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enzyme as indicated by the increase in Km. The His274Tyr
mutation also affected the activity of the enzyme, causing a
twofold decrease in the turnover rate as indicated by measure-
ments of Vmax. These assays were performed with a standard-
ized amount of detergent-solubilized virus based on measure-
ments of total virus protein and hemagglutinating activity.
Based on these data, the catalytic efficiency (Vmax/Km) of the
mutant NA was approximately 30% of that of the wild-type
enzyme.

The sensitivity of the wild-type and mutant NA to inhibition
by oseltamivir carboxylate and zanamivir was also determined.
As shown in Table 1, the inhibition constant (Ki) for oseltami-
vir carboxylate was 300-fold higher for the mutant enzyme than
for the wild-type enzyme. In contrast, there was only a three-
fold increase in the Ki for zanamivir.

Characterization of recombinant influenza NA expressed in

mammalian cells. In order to understand the biochemical
mechanism of drug resistance of NA containing the His274Tyr
mutation, an in vitro heterologous expression system was es-
tablished to express NA in mammalian cells. The wild-type
recombinant influenza A/WS/33 (H1N1) NA expressed in
HeLa cells displayed substrate binding affinity similar to that of
the native viral NA (Table 1; also see Table 3).

The recombinant wild-type influenza A/WS/33 (H1N1) NA
displayed susceptibility to oseltamivir carboxylate similar to
that of the native viral NA (Fig. 2A and B). Replacement of
His274 with Tyr in A/WS/33 (H1N1) recombinant NA resulted
in a 200-fold reduced susceptibility to oseltamivir carboxylate,
which is comparable to the reduced sensitivity observed with
the mutant viral enzyme (Table 2). However, replacement of
His274 by Tyr in A/Tokyo/3/67 (H3N2) recombinant NA did
not affect the susceptibility of N2 NA to oseltamivir carboxy-

FIG. 3. Influenza NA recognition of substrate (MUNANA) (A) and inhibitors oseltamivir carboxylate (B), zanamivir (C), and 4-amino-
Neu5Ac2en (D) is affected by the side chain volume of amino acid at position 274 in A/WS/33 (H1N1).
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late (Fig. 2C and Table 2). These data suggest that the involve-
ment of His274 in the binding of oseltamivir carboxylate to N2
NA is different from that in N1 NA.

Effect of side chain volume on Km and Ki. To understand the
mechanism of reduced susceptibility to oseltamivir carboxylate
due to the His274Tyr mutation in N1 NA, we systematically
replaced His274 with amino acids containing either a basic side
chain (Arg), an acidic side chain (Asp), uncharged polar side

chains (Asn, Gln, Ser, and Thr), or uncharged nonpolar side
chains (Ala, Val, Gly, and Phe). NA variants containing the
His274Ala, His274Val, His274Thr, His274Arg, and His274Asp
mutations did not display NA activity, possibly due to reduced
protein expression, disruption of protein conformation, or
posttranslational processing as a result of the mutations.

As shown in Table 3, the binding affinity for the substrate
(Km) to the NA active site is dependent on the side chain
volume of amino acid at position 274, with smaller side chains
(Gly, Ser, Asn, and Gln) displaying Km values approximately
twofold higher than do larger side chains (Tyr and Phe) (41).
The wild-type NA with His at position 274 displays the highest
substrate binding (lowest Km) (Fig. 3A).

In contrast to the effect seen on binding affinity of the sub-
strate, the opposite effect of a mutation at position 274 is seen
for binding of oseltamivir carboxylate to NA (Table 3). As
shown in Fig. 3B, replacement of His274 with residues bearing
side chains with larger volumes (Tyr or Phe) resulted in 200- to
300-fold-reduced sensitivity to oseltamivir carboxylate, where-
as replacement of His274 with residues bearing side chains with
smaller volumes (Gly, Asn, Ser, or Gln) resulted in either
unchanged or slightly increased sensitivity to oseltamivir car-
boxylate.

Slow-binding inhibition of oseltamivir carboxylate. Previous
studies have shown that oseltamivir carboxylate is a slow-bind-
ing inhibitor of both influenza A N2 NA and influenza B NA
(12, 20, 37, 42). As shown in Fig. 4A, oseltamivir carboxylate is
a slow-binding inhibitor of influenza A N1 NA. The apparent
kon and koff values for the wild-type A/WS/33 NA were 5.8 

105 M�1 s�1 and 5.7 
 10�4 s�1 (Table 4,) respectively, which
are comparable with those reported previously for A/Tokyo/
3/67 and B/Memphis/3/89 NA (12, 20, 37).

Therefore, the effect of mutations of His274Tyr, His274Gly,
His274Ser, His274Asn, and His274Gln on the slow-binding
inhibition behavior of oseltamivir carboxylate was investigated.
As shown in Fig. 4B, His274Tyr mutant NA did not display
slow-binding inhibition by oseltamivir carboxylate, lacking the
time-dependent change in the rate of substrate hydrolysis in
reactions containing oseltamivir carboxylate. All other four
substitutions with smaller side chain volumes at position 274
(Gly, Ser, Asn, and Gln) displayed slow-binding inhibition by
oseltamivir carboxylate. For example, the kinetics of the slow-
binding inhibition of His274Asn mutant NA by oseltamivir
carboxylate is shown in Fig. 4C.

FIG. 4. Evaluation of the slow-binding inhibition kinetics of wild-
type (inhibitor concentrations of 0, 1.9, 2.5, and 6.3 nM) (A), H274Y
mutant (inhibitor concentrations of 0, 125, 250, and 1,250 nM) (B), and
H274N mutant (inhibitor concentrations of 0, 5, 10, and 20 nM) (C) re-
combinant NA of A/WS/33 (H1N1) by oseltamivir carboxylate.

TABLE 4. Summary of kinetic parameters for the interaction of
oseltamivir carboxylate with different variants of influenza N1 NAb

Mutation kon (M�1 s�1) koff (s�1) Ki (nM)a

Wild type (His274) 5.8 
 105 5.7 
 10�4 1.0 (0.3)
His274Asn 1.7 
 106 1.8 
 10�4 0.1 (0.1)
His274Gly 1.8 
 106 3.7 
 10�4 0.2 (0.2)
His274Ser 1.1 
 106 5.8 
 10�4 0.5 (0.1)
His274Gln 1.7 
 106 5.7 
 10�4 0.3 (0.5)

a The values in parentheses were obtained from experiments designed for
direct measurement of Ki.

b Values were means of data from three or more independent experiments.
Standard deviations were less than 7% of the mean value.
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DISCUSSION

A mutation in influenza A virus containing N1 NA,
His274Tyr, has been identified in our in vitro selection studies
with oseltamivir carboxylate. In the two independent in vitro
selection studies, influenza A/WS/33 (H1N1) virus developed a
His274Tyr mutation in the NA gene. The mutant NA enzyme
exhibited 300-fold-reduced sensitivity to oseltamivir carboxy-
late. However, we were not able to select the His274Tyr mu-
tation in influenza A N2 NA despite our extensive in vitro drug
selection studies.

The establishment of an in vitro expression system for NA
provided us a means to explore the molecular mechanisms of

drug resistance in N1 NA containing the His274Tyr mutation
and to assess whether the susceptibility of N2 NA to oseltami-
vir carboxylate would be affected by the His274Tyr mutation.
Our data indicated that the replacement of His274 with Tyr in
influenza A/WS/33 (H1N1) recombinant NA resulted in a 200-
fold-reduced susceptibility to oseltamivir carboxylate, whereas
the same replacement (His274 with Tyr) in influenza A/Tokyo/
3/67 (H3N2) recombinant NA did not affect the susceptibility
to oseltamivir carboxylate. These data explain our in vitro
selection observation that the influenza A variant containing
His274Tyr mutation in NA could only be selected in influenza
A viruses with N1 NA but not with N2 NA.

These in vitro observations of a difference between N1 and
N2 NA in terms of resistance profile are consistent with the
observations from in vivo studies that resistance mutations to
NAI in influenza NA are subtype specific and that the resis-
tance profile from in vitro analysis is highly predictive of that of
viruses derived from clinical studies (38, 39).

Our data indicated that the catalytic activity (Vmax/Km) of
the His274Tyr mutant NA was only 30% of that of the wild-
type enzyme, suggesting that the infectivity and replicative
capacity of the mutant virus containing the His274Tyr substi-
tution in NA may be compromised in vivo. Not surprisingly, a
purified clinical isolate (influenza A/Texas H1N1) containing
the His274Tyr mutation in NA derived from a challenge study
(9) has been shown to have substantially reduced infectivity
and pathogenicity in mice and ferrets (18).

The observations from systematic substitutions of His274
with amino acid residues containing different side chain
properties (charge, polarity, and volume) led us to hypoth-
esize that introducing amino acid residues with different
side chain volumes at position 274 would shift the equilib-
rium between the two orientation states of the side chain of
Glu276, as illustrated in Fig. 5. Introducing a bulky side
chain residue at position 274 would block the reorientation
of Glu276 required for the high-affinity binding of oseltami-
vir carboxylate to NA, resulting in reduced sensitivity to
oseltamivir carboxylate. Conversely, introducing a smaller
side chain residue at position 274 would create the confor-
mation of NA favoring the reorientation of Glu276 even in
the absence of oseltamivir carboxylate, which would result in
an unfavorable binding pocket for substrate MUNANA due
to the hydrophobicity of the pocket. If this hypothesis
stands, we would expect to observe an opposite effect of side
chain volume on sensitivity to zanamivir and 4-amino-
Neu5Ac2en, since both of these compounds possess glycer-
ol-like moiety that is the same as for the natural substrate,
sialic acid (Fig. 1). As predicted, replacement of His274 with
residues bearing side chains with smaller volumes (Gly, Asn,
Ser, and Gln) resulted in substantially reduced sensitivity to
zanamivir (Fig. 3C) and 4-amino-Neu5Ac2en (Fig. 3D),
whereas replacement of His274 with residues bearing side
chains with larger volumes (Tyr or Phe) resulted in slightly
decreased sensitivity to zanamivir and 4-amino-Neu5Ac2en.

As shown in Fig. 5, a hydrogen bond is formed between
His274 and reoriented Glu276 in the cocrystal structure of
oseltamivir carboxylate and N9 NA. However, our mutagenesis
studies suggested that the binding affinity of oseltamivir car-
boxylate to N1 NA is determined by the side chain volume of
amino acid residue at position 274, not by the capability of

FIG. 5. Interaction of oseltamivir carboxylate (brown) and zanami-
vir (green) with amino acid residues located in the active site of
influenza A NA (N9).
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hydrogen-bonding formation. This observation suggests that
analysis of resistance to NAI in N9 NA might not be used to
predict NAI resistance in other NA subtypes.

According to the above results, one would expect that an-
other mutation at position 274, His274Phe, could arise from
the in vitro selection studies with oseltamivir carboxylate. We
reasoned that the failure to isolate the His274Phe mutation
might be due to the fact that switching from His to Tyr requires
only one nucleotide change in a viral codon, whereas switching
from His to Phe requires two nucleotide changes in a codon.

Previous studies have shown that oseltamivir carboxylate is a
slow-binding inhibitor of both influenza A N2 NA and influ-
enza B NA. Our data indicated that oseltamivir carboxylate is
also a slow-binding inhibitor to influenza A N1 NA. It has been
shown previously that an Arg292Lys mutation of influenza A
N2 NA reduced the sensitivity of the mutant NA to oseltamivir
carboxylate and also abolished the slow-binding inhibition of
the mutant NA by oseltamivir carboxylate (42). It has been
postulated that the reduced sensitivity to oseltamivir carboxy-
late and the loss of the slow-binding inhibition by oseltamivir
carboxylate of the Arg292Lys mutant NA might be due to the
lack of conformational change of Glu276 upon oseltamivir
carboxylate binding. This might be a result of the interaction
between the side chain of the Lys292 residue and the side chain
of the Glu276 residue in the Arg292Lys mutant NA being
stronger than in the wild-type NA.

As stated earlier, the side chain volume of amino acid resi-
due at position 274 affects the sensitivity of NA to oseltamivir
carboxylate and this might be due to the conformational
change of the Glu276 residue upon oseltamivir carboxylate
binding. Therefore we hypothesized that mutations at position
274 would also have an effect on the kinetics of inhibition by
oseltamivir carboxylate. Our data indicated that the His274Tyr
mutation abolished the slow-binding inhibition of NA by osel-
tamivir carboxylate. Conversely, all the mutations with smaller
side chain volumes at positions 274, His274Gly, His274Ser,
His274Asn, and His274Gln displayed slow-binding inhibition
by oseltamivir carboxylate. These observations are consistent
with the hypothesis that the conformational change of Glu276
upon binding of oseltamivir carboxylate to NA is required for
the slow-binding inhibition of NA by oseltamivir carboxylate.

Both the wild-type and the His274Tyr mutant NA of influ-
enza A/Tokyo/3/67 (H3N2) virus displayed slow-binding inhi-
bition by oseltamivir carboxylate (data not shown), suggesting
that the conformational change of Glu276 upon oseltamivir
carboxylate binding might still occur in the His274Tyr mutant
N2 NA. These data further suggest that the microenvironment
surrounding the active site in N2 NA might be different from
that in N1 NA.

The apparent kon and koff for the wild-type and mutant NA
of influenza A/WS/33 suggest that the conformational change
of Glu276 required for the slow-binding inhibition by oselta-
mivir carboxylate is dependent on the side chain volume of
amino acid 274. Blocking the reorientation of Glu276 due to a
steric hindrance introduced by specific substitutions at position
274 is a possible mechanism leading to a decreased suscepti-
bility to oseltamivir carboxylate.

Oseltamivir carboxylate and zanamivir represent a new class
of anti-influenza therapeutic agents, which specifically inhibit
the essential NA function through binding to the enzyme active

site. The amino acid residues that line the active site are highly
conserved among all NA of different influenza strains; there-
fore, mutations in the active site are expected to alter the
substrate binding affinity. It would be expected that mutations
in the active site that display reduced sensitivity to oseltamivir
carboxylate would also have decreased affinity for substrate
binding. Extensive studies on the identification and character-
ization of drug-resistant NA mutations have been conducted,
which indicate that resistance development is a rare event,
since the loss in NA function that accompanies active-site
mutation is costly in terms of viral fitness. Therefore, resistance
to the NAI is unlikely to be of clinical significance.
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