
Antiviral Research 53 (2002) 47–61

Detection of influenza virus resistance to neuraminidase
inhibitors by an enzyme inhibition assay

Larisa V. Gubareva a,*, Robert G. Webster b,c, Frederick G. Hayden a,d

a Department of Internal Medicine, Di�ision of Epidemiology and Virology, Uni�ersity of Virginia School of Medicine,
P.O. Box 800473, Charlottes�ille, VA 22908-0473, USA

b Department of Virology and Molecular Biology, St. Jude Children’s Research Hospital, Memphis, TN, USA
c Department of Pathology, Uni�ersity of Tennessee School of Medicine, Memphis, TN, USA

d Department of Pathology, Uni�ersity of Virginia School of Medicine, Charlottes�ille, VA, USA

Received 3 May 2001; accepted 13 August 2001

Abstract

We previously characterized influenza viruses whose selection in the presence of neuraminidase (NA) inhibitors
resulted in a substituted residue (position 119, 152, 274, or 292) in the NA active center. To identify the most
favorable conditions for detecting NA inhibitor-resistant viruses we compared the results of four modifications of the
NA inhibition assay utilizing a fluorogenic substrate. The IC50 values were highly dependent upon assay conditions,
and most mutant enzymes were more sensitive to changes in assay conditions (e.g. addition of PO4

3−, Ca2+, DMSO,
or EDTA) than wild-type enzymes or a mutant NA with an Arg292 � Lys substitution. Although the levels of
resistance to zanamivir, oseltamivir carboxylate, and BCX-1812 (RWJ-270201) for each mutant varied among assays,
mutants with substitutions at framework residues 119 or 274 exhibited sensitivity to at least one inhibitor. Viruses
with substitutions at catalytic residues 152 or 292 were resistant to each inhibitor in all assays. Monitoring resistance
in a clinical setting will require a panel of resistant viruses to ensure that assay conditions are favorable for detecting
variants with substituted residues in the NA active center. Because variants selected in the presence of one NA
inhibitor could be variably resistant to other inhibitors, all three inhibitors should be used in drug susceptibility
testing. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Until recently, only two drugs, amantadine and
its derivative rimantadine, were available for the
treatment of influenza infections. These drugs in-
hibit replication of influenza A virus during the
early stage of viral infection by blocking the ion
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channel formed by the M2 protein (Hay et al.,
1991). Influenza B viruses lack the M2 protein
and therefore are not susceptible to M2 inhibitors.
Amino acid substitution(s) within the transmem-
brane domain of the M2 protein confers resis-
tance to M2 inhibitors. At least five amino acid
residues of M2 protein have been implicated in
resistance. The involvement of another viral
protein, hemagglutinin (HA), in amantadine resis-
tance was demonstrated for certain avian influ-
enza A viruses but not for strains circulating in
humans (Steinhauer et al., 1991). Virus resistance
to M2 inhibitors is usually monitored by cell
culture assays, such as ELISA or assays measur-
ing the inhibition of virus plaque formation; the
results of these assays are often supplemented by
sequence or restriction analysis of the M gene
(Kimberlin et al., 1995). Resistance to amantadine
or rimantadine emerges rapidly in vitro and in
vivo (Hayden, 1996). The resistant strains appear
to be genetically stable, cross resistant, fully
pathogenic, and transmissible by close contact
(Hayden, 1996). Therefore, it is important to de-
tect and characterize the influenza mutants se-
lected in the presence of the new anti-influenza
drugs.

The enzymatic activity of viral neuraminidase
(NA) is the target of a new class of anti-influenza
drugs. Influenza virus NA acts extracellularly by
cleaving the terminal neuraminic acid from cellu-
lar receptors recognized by HA. NA inhibitors
prevent the release of virus from an infected cell
and therefore limit the spread of virus to neigh-
boring cells (Palese and Compans, 1976;
Gubareva et al., 1996). Each identical subunit
that makes up the influenza virus NA tetramer
contains an enzyme active site formed by highly
conserved amino acid residues (Colman, 1989).
‘Functional’ residues interact directly with the
substrate, neuraminic acid, whereas ‘framework’
residues provide the structural support for func-
tional residues (Colman et al., 1993).

Two NA inhibitors, zanamivir and oseltamivir,
have been approved for use in humans (Gubareva
et al., 2000). Zanamivir is administered by inhala-
tion to the predominant site of virus replication,
whereas oseltamivir (GS4104), the ethyl ester pro-
drug form of oseltamivir carboxylate (GS4071), is

the first orally bioavailable NA inhibitor. The NA
inhibitor BCX-1812 (Babu et al., 2000; Smee et
al., 2001; Sidwell et al., 2001) is also bioavailable
upon oral administration and is currently under-
going clinical evaluation.

Although resistance to NA inhibitors does not
frequently occur in vivo, two mechanisms of resis-
tance have been recognized in in vitro studies
(McKimm-Breschkin, 2000). One mechanism in-
volves a reduction in the HA-binding efficiency of
receptors; the lower efficiency results in a reduc-
tion in the virus’s dependence on NA activity
during virus release from infected cells. Substitu-
tions in the HA have been identified in viruses
selected in the presence of NA inhibitors
(McKimm-Breschkin, 2000), although sequence
analysis of the HA gene itself is a poor predictor
of the drug-related phenotype of the virus. The
second mechanism of resistance involves the sub-
stitution of the conserved residues within NA;
such substitutions can reduce the affinity of the
active site for the inhibitor. At the present time,
substitutions at one of four amino acid residues,
specifically, residues 119, 152, 274, or 292 of the
enzyme’s active center (N2 numbering), have been
identified in the mutants selected in the presence
of the NA inhibitors in vitro or in vivo (Table 1).

In immunocompetent adults whose influenza
infection was treated with NA inhibitors, the inci-
dence of drug resistance emergence is very low or
not observed depending on the drug tested (Bar-
nett et al., 2000; Hayden et al., 2000a,b; Gubareva
et al., 2001). The monitoring of resistance relies
mainly on the results of NA enzyme assay (Tis-
dale, 2000). With the escalating use of NA in-
hibitors, routine monitoring of clinical isolates for
drug resistance will require reliable and relatively
simple assays. However, the currently available
cell culture-based assays could not be used for
detecting NA inhibitor-resistant variants selected
in humans (Woods et al., 1993; Gubareva et al.,
1998, 2001; Tisdale, 2000).

Several laboratories around the world have
adopted the assay developed by Potier et al.
(1979) to test the susceptibility of viruses to these
inhibitors. Modifications of this assay employed
in different laboratories have included changes in
the buffer system, in the concentration of the
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Table 1
Drug-resistant influenza viruses with mutant NAs selected in the presence of NA inhibitors

NA inhibitorbType of residue Reference Mutants used in theSubstitution in the Type ofNA
NA active sitea selection present studytype/subtype

YesIn vitroZanamivir Gubareva et al., 1996, 1997A/N2Glu119�GlyFramework
NoA/N9 Zanamivir In vitro Blick et al., 1995; Staschke et

al., 1995
Staschke et al., 1995; Barnett et NoIn vitroZanamivirB
al., 1999

Glu119�Ala Gubareva et al., 1996, 1997 YesA/N2 Zanamivir In vitro
Glu119�Asp Gubareva et al., 1996, 1997 YesA/N2 Zanamivir In vitro

NoGlu119�Val Whitley et al., 2001In vivoOseltamivirA/N2

In vitro Gubareva et al., 1996 YesFunctional Arg292�Lys A/N2 Zanamivir
McKimm-Breschkin et al., 1998 NoIn vitroA/N9 6-Carboxamide derivative

of zanamivir
Tai et al., 1998 NoA/N2 Oseltamivir In vitro
Whitley et al., 2001 NoA/N2 Oseltamivir In vivo

NoBantia et al., 2000In vitroBCX-1812A/N2

In vitro Wang et al., 2000a NoFramework A/N1His274�Tyr Oseltamivir
YesOseltamivir Gubareva et al., 2001In vivoA/N1

Functional YesArg152�Lys B Zanamivir In vivo Gubareva et al., 1998

a Number indicates the location of the conserved residue in the N2 enzyme (Colman, 1989).
b The virus variants with mutated NAs were selected in the presence of the indicated NA inhibitor in vitro or recovered from drug-treated patients.
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substrate, and in the concentration of the Ca2−

ions. Refinements of the methods and of the
ability to interpret results of the NA inhibition
assays are necessary for more reliable detection of
mutants in clinical samples.

The aim of the present study was to investigate
whether different NA inhibition assays would
provide different estimated levels of resistance and
cross-resistance for a virus with a mutated NA

2. Materials and methods

2.1. Compounds

The NA inhibitors oseltamivir carboxylate
(GS4071), zanamivir (GG167), and BCX-1812
were provided by the R.W. Johnson Pharmaceuti-
cal Research Institute, Raritan, NJ. Stock solu-
tions of compounds diluted in distilled water were
stored at −20 °C.

2.2. Viruses

Viruses were propagated in Madin-Darby ca-
nine kidney (MDCK) cells by a standard proce-
dure before they were used in the NA assays. The
zanamivir-resistant mutants and corresponding
wild-type viruses were from the repository of St.
Jude Children’s Research Hospital, Memphis, TN
(Table 1). The oseltamivir-resistant mutant was
recovered from a patient who was experimentally
infected with A/Texas/36/91 (H1N1) and treated
with oseltamivir (Hayden et al., 1999). All viruses
were stored at −70 °C before they were used in
the assays.

2.3. NA enzyme acti�ity assay

Virus in cell culture supernatants was cleared of
cellular debris by centrifugation at 800× g for 10
min and was used as a source of NA. We used the
fluorometric assay developed by Potier et al.
(1979) to measure influenza NA activity in the
absence or presence of antiviral drugs. The assay
measures the amount of 4-methylumbelliferone
that is cleaved by the influenza virus NA from the
fluorogenic substrate 2�-(4-methylumbelliferyl)-�-

D-N-acetylneuraminic acid (MUNANA; Sigma,
St. Louis, MO). We used the four most common
modifications of the assay for measurement of
influenza virus NA activity. Certain steps and
materials (e.g. substrate, plastic ware, standard,
stop solution, and equipment) were identical for
all assays.

Because of the variation among viruses, the NA
activity of each virus was determined before the
NA inhibition assays were performed. Substrate
and serial dilutions of virus were mixed in 96-well
black plates (Corning Costar, Corning, NY) and
incubated at 37 °C for 30 min. Reactions were
stopped by the addition of 150 �l of 0.1 M glycine
buffer, pH 10.7, containing 25% ethanol. Various
volumes (5, 10, 20, and 40 �l) of a 40-�M solution
of free 4-methylumbelliferone in 0.9% NaCl were
used in parallel to determine the linear range of
detection. Fluorescence was measured by an HTS
7000 Bio Assay Reader (Perkin-Elmer, Norwalk,
CT). The excitation wavelength was 365 nm, and
the emission wavelength was 460 nm.

2.4. NA inhibition assay

We determined the IC50 values, which are the
concentrations of NA inhibitors that are required
to inhibit enzyme activity by 50%, by assaying the
NA activity of a standard amount of virus in the
presence of serial half-log dilutions (from 10 to
0.00001 �M) of NA inhibitor. After equal vol-
umes of virus and inhibitor had been mixed and
incubated at room temperature for 30 min, sub-
strate was added, and the reaction mixture was
then incubated for 1 h at 37 °C. The reaction was
stopped by the addition of the stop solution (de-
scribed in the preceding paragraph), and the
fluorescence was measured. The relationship be-
tween the concentration of inhibitor and the per-
cent fluorescence inhibition was determined by
graphing, and the IC50 values were obtained by
extrapolation of the data.

2.5. Modified NA inhibition assays

In the first type of NA inhibition assay (assay
I), the working virus dilution was made in the
buffer containing 154 mM NaCl, 16.5 mM
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H3BO4, 1.36 mM Na2B4O7, pH 5.9, and 6.8 mM
CaCl2. Five microliters of the virus dilution was
mixed with 5 �l of NA inhibitor diluted in dis-
tilled water. After the mixture had been incubated
at room temperature for 30 min, 10 �l of the
substrate (final concentration in the reaction mix-
ture, 1 mM in 0.1 M sodium phosphate buffer)
was added. To evaluate the effect of the substrate
concentration on the IC50 values, we also used
final concentrations of substrate of 10 and 100
�M in assay I.

In the second type of modified NA assay (assay
II), the virus was diluted in a solution of 33 mM
MES (2-[N-morpholino]ethanesulfonic acid), pH
6.5, and 4 mM CaCl2. Twenty microliters of the
virus dilution was mixed with 20 �l of the NA
inhibitor diluted in the same buffer supplemented
with 12.5% (v/v) DMSO (dimethyl sulfoxide,
Sigma). After the mixtures had been incubated for
30 min at 37 °C, 30 �l of substrate, which had
been diluted in a solution of 33 mM MES, pH 6.5
and 4 mM CaCl2 was added to the reaction. The
final concentration of substrate was 100 �M, and
that of DMSO was 2.5%.

In the third type of modified NA assay (assay
III), the virus was diluted in a solution containing
33 mM MES, pH 6.5, and 4 mM CaCl2. Twenty
microliters of the virus dilution was mixed with 20
�l of NA inhibitor diluted in the same buffer and
incubated for 30 min at room temperature. Sub-
strate diluted in the same buffer was added to the
mixture; the final concentration of substrate was
75 �M.

In the fourth type of modified NA assay (assay
IV), the dilutions of virus and inhibitor were
made in a solution of 0.1 M sodium acetate, pH
6.5, and 10 mM CaCl2. The mixture was incu-
bated at room temperature for 30 min. The sub-
strate, which was diluted in the same buffer, was
then added to the mixture of the virus and in-
hibitor. The final concentration of substrate was
100 �M.

2.6. EDTA and NA inhibition assays

Viruses that were grown in cell culture and not
further modified were used as a source of NA
activity. The NA activities of the wild-type viruses

B/Memphis/20/96 and A/turkey/MN/833/80
(H4N2) and their zanamivir-resistant variants
were normalized by diluting viruses in 33 mM
MES, pH 6.5. Twenty microliters of the working
dilution of each virus was mixed with 20 �l of the
same buffer containing no ethylenediaminete-
traacetic acid (EDTA, Sigma) or 0.6, 0.8, or 1.0
mM of EDTA. After the mixtures had been incu-
bated for 30 min at 37 °C, we added substrate
diluted in buffer containing the same concentra-
tion of EDTA as the virus dilutions to be assayed.
The final mixtures were incubated for 1 h at
37 °C. The NA activities of virus in the buffer
containing EDTA (0.6, 0.8, or 1.0 mM) were ex-
pressed as percentages of the NA activity of virus
in the buffer lacking EDTA (33 mM MES, pH
6.5).

3. Results

Clear-cut thresholds for defining reduced sus-
ceptibility or resistance to NA inhibitors have not
been established or validated with respect to an-
tiviral effects in vivo. A virus is considered to
have reduced susceptibility based on NA inhibi-
tion assay if the IC50 (50% inhibitory concentra-
tion) determined for its enzyme is consistently
higher than for the wild type counterpart. An-
other way of expressing this difference is by deter-
mining the fold difference in IC50 values
compared to the corresponding wild type virus.

3.1. Assessment of resistance to zanami�ir in NA
inhibition assays

The sensitivities of the influenza viruses and
their NA inhibitor-resistant counterparts (Table
1) were tested in four NA inhibition assays (Table
2). The results indicated that there was no sub-
stantial difference in zanamivir sensitivity of the
wild-type A (N1 and N2) and B viruses (�3-fold
difference in IC50 values). Like wild-type, the os-
eltamivir-selected variant with an NA containing
a His274 � Tyr substitution was sensitive to
zanamivir in each of the four assays (Table 3).
The zanamivir-selected mutant with an Arg292 �
Lys replacement in its NA exhibited a low level
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of zanamivir resistance (8–12-fold greater IC50

than of the wild-type virus) in each of the assays;
the IC50 values ranged from 18 to 35 nM (Table
3). The mutants with substitutions at position 119
were zanamivir-resistant, although the level of
resistance indicated by the different assays varied
substantially (Table 3). The IC50 value that was
measured by assay I for the virus with the
Glu119 � Gly mutation was 10-fold greater than
that measured by assay III (Table 3). Over 20-fold
differences existed between the results of assays I
and III for the mutant whose NA contained a
Glu119 � Ala substitution (417-fold difference in
IC50 values of the mutant and wild type virus in
assay I, and 20-fold difference in assay III). Over
50-fold difference existed between the results of
assays I and III for the mutant whose NA con-
tained a Glu119 � Asp replacement (3333- vs.
60-fold). The data indicate that assay I was more
sensitive than assay III. The sensitivity of the
assays II and IV for these mutants was intermedi-
ate between the assays I and III.

In addition, assay I detected the greatest level
of resistance for the mutant with an NA possess-
ing an Arg152 � Lys substitution (3125-fold),
whereas the levels of resistance estimated in assays
III and IV were substantially lower (approxi-
mately 30-fold). Therefore, assay I was approxi-
mately 100-fold more sensitive than assays III and
IV in detecting resistance of viruses with muta-
tions at NA residue 152.

3.2. Assessment of resistance to oseltami�ir
carboxylate in NA inhibition assays

The Glu119 � Val substitution in the N2 en-
zyme was detected in the virus recovered from a
patient treated with oseltamivir (Whitley et al.,
2001). Because this mutant enzyme exhibited an
approximately 20-fold decrease in sensitivity to
oseltamivir carboxylate, we tested the sensitivity
of the mutants with substitutions at NA residue
119 (Glu � Gly, Ala, or Asp) to oseltamivir car-
boxylate; each of these mutants was originally
selected in the presence of zanamivir (Table 1).
The wild-type virus (N2) and the mutants whose
NA contained a Glu119 � Gly substitution were
sensitive to oseltamivir carboxylate in each assay
(Table 4); the IC50 values ranged from 0.2 to 1.0
nM. Compared with wild-type virus, the mutant
with the NA possessing the Glu119 � Ala substi-
tution exhibited a 27-fold decrease in sensitivity to
oseltamivir carboxylate in assay I and a 15-fold
decrease in sensitivity in assay II but minimal
changes (approximately three-fold) in assays III
and IV. The mutant containing the Glu119 �
Asp replacement exhibited a decreased level of
sensitivity to oseltamivir carboxylate in assay II
(approximately seven-fold greater IC50 values)
and assay IV (nine-fold greater IC50 values than
for the wild-type virus) but not in assay I or III.
The mutant with the Arg292 � Lys substitution
was highly resistant to oseltamivir carboxylate

Table 2
Modifications of the NA inhibition assay developed by Potier et al. (1979)

ReferenceOtherAssay Buffer system MUNANACa2+, mM
componentssubstrate, �M

0.1 M sodium Gubareva et al., 1997, 1998; Mitnaul et al., 1996;6.8a 1000 NoneI
phosphate, pH Goto et al., 1997
5.9
0.033 M MES,II Relenza™: Zanamivir Laboratory Manual, 20004 100 2.5% DMS
pH 6.5

None754 Bantia et al., 20000.033 M MES,III
pH 6.5
0.1 M sodium Blick et al., 1995; McKimm-Breschkin et al., 1998IV 10 100 None
acetate
0.033 M MES, Woods et al., 1993; Barnett et al., 2000; Tai et al.,NDb 4 10–100 None
pH 6.5 1998; Li et al., 1998

a Concentration in the buffer used to dilute virus.
b ND, no designation. The assays that were not assigned a roman numeral were not evaluated in the present study.
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Table 3
Assessment of zanamivir susceptibility of virus variants selected in the presence of zanamivir or oseltamivir

Amino acida Inhibition of NA activity by zanamivirNA type and subtype

Assay I Assay II Assay III Assay IV

IC50
b Foldc IC50 Fold IC50 Fold IC50 Fold

3.0 1.0 2.0A/N2 1.0Glu 119 Arg 292 (wt)d 2.5 1.0 3.0 1.0
1000 333 400 200Gly 119 Arg 292 100 40 210 70

Ala 119 Arg 292 1250 417 200 100 50 20 150 50
Asp 119 Arg 292 10,000 3333 700 350 150 60 350 117

35 12 18 9.0 20Glu 119 Lys 292 8.0 24 8.0

His 274 (wt)A/N1 2.0 1.0 0.9 1.0 1.5 1.0 1.5 1.0
2.5 1.3 1.0 1.1 1.8Tyr 274 1.2 2.0 1.3

B Arg 152 (wt) 3.2 1.0 3.2 1.0 3.3 1.0 3.0 1.0
Lys 152 10,000 3125 220 69 100 30 100 33

a Number indicates the location of the conserved residue in the N2 enzyme (Colman, 1989). Substitutions are shown in bold font.
b The average value of three or more measurements is shown.
c The concentration of inhibitor that requires for 50% inhibition of the NA activity.
d wt, wild-type.

(IC50 values, �1000 nM) in each of the four
types of assays (Table 4); this similarity in results
for this mutant resembles the pattern of results
reported by other groups (McKimm-Breschkin et
al., 1998; Tai et al., 1998). The oseltamivir-se-
lected mutant (His274 � Tyr) demonstrated re-
sistance to this inhibitor in each of the four
assays, and the IC50 values ranged from 350 to
more than 1000 nM (Table 4). In each assay, the
wild-type virus (N1) was sensitive to the drug
(range, 0.9–2 nM).

In contrast, the sensitivity of the wild-type B
virus to oseltamivir carboxylate was much lower
in assays I (40 nM) and II (28 nM) than in assays
III (4.3 nM) and IV (8.0 nM). Thus there was an
approximately 10-fold difference in the wild-type
enzyme’s sensitivity depending on assay condi-
tions. The mutant containing the Arg152 � Lys
substitution was highly resistant to oseltamivir
carboxylate in each assay.

3.3. Assessment of sensiti�ity to BCX-1812 in NA
inhibition assays

BCX-1812 demonstrated potent inhibitory ef-
fects against the wild-type enzymes of N1, N2,

and B viruses in each of the four assays; the IC50

values ranged from 0.4 to 2.0 nM (Table 5). In
addition, the mutants with either a Glu119 � Gly
or Glu119 � Ala substitution were sensitive to
BCX-1812 in the assays (highest IC50 value, 2.5
nM). The mutant containing the NA Glu119 �
Asp mutation showed a 7–9-fold decrease in
sensitivity in assays III and IV and an approxi-
mately 20–56-fold decrease in sensitivity in assays
I and II (Table 5). The mutant with Tyr274
exhibited a moderate level of resistance to BCX-
1812 in assays III and IV (42- and 50-fold, respec-
tively), but a high level of resistance (875-fold) in
assay I. The mutant whose NA contained an
Arg152 � Lys substitution was resistant to all
NA inhibitors, including BCX-1812.

3.4. Effects of substrate concentration and EDTA
on the measurement of NA acti�ity

The concentration of the substrate used in as-
say I was at least 10-fold higher than that used in
the three other assays. Therefore, we evaluated
the effect of reduced substrate concentration on
the inhibition of the mutant (Arg152 � Lys) NA
activity by zanamivir in assay I. When three 10-
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Table 4
Assessment of oseltamivir carboxylate susceptibility of influenza viruses selected in the presence of NA inhibitors

Amino acida Inhibition of NA activity by oseltamivir carboxylateVirus type and NA subtype

Assay IVAssay IIIAssay IIAssay I

IC50 Fold IC50 FoldIC50
b Foldc IC50 Fold

0.4 1.0 0.3 1.00.21.0 1.0A/N2 Glu 119 Arg 292 (wt)d 0.9
0.5 1.3 0.3 1.0Gly 119 Arg 292 1.0 1.1 0.6 3.0
1.1 2.8 1.0 3.3153.02724Ala 119 Arg 292

1.3 6.5 0.5 1.3 2.7 9.0Asp 119 Arg 292 3.0 3.3
3750 9375 5000 16,66615,000Glu 119 Lys 292 3000�1000�1000e

2.0 1.0 0.9 1.0A/N1 His 274 (wt) 2.0 1.0 0.9 1.0
450 225 350 390890Tyr 274 800�500�1000

28 1.0 4.3 1.0 8.0 1.0B 40Arg 152 (wt) 1.0
750 174 600 7554Lys 152 �1000 1500�25

a Number indicates the location of the conserved residue in the N2 enzyme (Colman, 1989).
b The concentration of inhibitor that reduces the NA activity by 50%.
c The average values for three or more measurements are shown. The ratio of the IC50 value for the mutant and the IC50 value for the wild-type virus.
d wt, wild-type. The wild-type virus with Glu119 also contained Arg292.
e The highest concentration of oseltamivir carboxylate tested in assay I was 1000 nM.
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fold dilutions of substrate (final concentration
equals 1000, 100, or 10 �M) were tested, the esti-
mated IC50 values were 10,000, 1500, and 400 nM,
respectively. Thus, when the same substrate con-
centration was used in all four assays (approxi-
mately 100 �M), the IC50 value determined for
this mutant in assay I was 15-fold higher than
that estimated in assay III or IV and approxi-
mately seven-fold higher than that estimated in
assay II.

Next, we compared the effect of EDTA on the
activity of the enzymes of the wild-type viruses
and on that of the enzymes of the mutants in the
absence of NA inhibitors. The depletion of Ca2+

by EDTA from the reaction buffer resulted in a
substantial reduction in the NA activity of the
mutants with substitutions at residue 119 and,
especially, at residue 152 (Table 6). In contrast,
the activity of the wild-type enzymes was less
sensitive to the addition of EDTA. In these exper-
iments, the signal/noise ratios for the mutant con-
taining Arg152 � Lys substitution were 9 and 6
in the absence of EDTA and in the presence of

0.6 mM of EDTA, respectively. In contrast, the
ratios signal/noise were similar (equals 9) for the
wild type virus. The enzymatic activity of the
mutant containing the Arg292 � Lys substitution
was even higher after addition of EDTA (up to 1
mM).

In addition, we tested the zanamivir susceptibil-
ity of the mutant whose NA possessed an
Arg152 � Lys substitution in the presence of
EDTA. We added EDTA at a concentration at
which enzyme activity was reduced but measur-
able (0.6 mM) (Table 6). Under this condition, the
estimated IC50 value for the mutant was 100 nM
and this was similar to those determined in assays
III and IV (100 nM) and was 15-fold lower than
that estimated in assay I (1500 nM; substrate
concentration equals 100 �M). Therefore, partial
depletion of Ca2+ from the reaction mixture by
EDTA caused reduction of the mutant NA activ-
ity but it did not increase sensitivity of the assay
compared to assay I and was similar to results of
assays in which the buffer was supplemented with
Ca2+.

Table 5
Assessment of BCX-1812 susceptibility of influenza viruses selected in the presence of zanamivir or oseltamivir

Virus type and NA subtype Amino acida Inhibition of NA activity by BCX-1812

Assay I Assay II Assay III Assay IV

FoldIC50FoldIC50FoldIC50FoldcIC50
b

1.0A/N2 1.1Glu 119 Arg 292 (wt)d 1.0 1.3 1.01.7 1.0 0.4
1.5 1.9 4.8 1.8 1.6 2.0 1.5Gly 119 Arg 292 2.5

2.3 1.6 1.5Ala 119 Arg 292 1.3 1.02.0 1.2 0.9
Asp 119 Arg 292 6.58.58.695 9.5208.056

2127273040161830Glu 119 Lys 292

1.0 0.4 1.0 1.2 1.0 0.8 1.0His 274A/N1 0.6
Tyr 274 525 875 40 100 50 42 40 50

B 1.01.01.02.0 1.01.81.0Arg 152 1.4
�500�1000eLys 152 1500 400 570 407 1000 555

a Number indicates the location of the conserved residue in the N2 enzyme (Colman, 1989).
b The concentration of inhibitor that requires for 50% inhibition of the NA activity. The average b values of three or

measurements are shown.
c The ratio of the mean IC50 value for the mutant and the IC50 value for the wild-type virus.
d wt, wild-type.
e The highest concentration of BCX-1812 tested in assay I was 1000 nM.
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Table 6
Effect of EDTA in the NA assays of wild-type and drug-resistant virus variants

Change (%) in NA activityaAmino acid in wild-type or mutant NA (virus type and NA subtype)

+0.8 mM+0.6 mM +1.0 mM EDTA
EDTAEDTA

+1+14 −31Arg152 (B)
−100Lys152 (B) −100−20

−4+4 −51Glu119, Arg292 (A/N2)
−50Gly119 (A/N2) NTb−26
−41−39 NTAla119 (A/N2)

−39Asp119 (A/N2) −56 −76
+36 +2+60Lys292 (A/N2)

a The change (%) in NA activity was determined by comparing the enzyme activity in solutions of 33 mM MES, pH 6.5, and
0.6, 0.8, or 1.0 mM EDTA with the enzyme activity in a solution of 33 mM MES, pH 6.5, that contained no EDTA. The average
values of three or more measurements are shown.

b NT, not tested. Substitutions are shown in bold font.

4. Discussion

The cell-based assays have been previously
shown unreliable for susceptibility monitoring of
viruses recovered from humans treated with the
novel anti-influenza drugs, neuraminidase in-
hibitors (Gubareva et al., 1998, 2001; Tisdale,
2000; Zambon and Hayden, 2001). The NA inhi-
bition assay is the primary assay for susceptibility
monitoring that allows detecting virus variants
with changes in the NA active site (McKimm-
Breschkin, 2000). In the present study we com-
pared the sensitivity of the four most commonly
used modifications of NA inhibition assay devel-
oped by Potier et al. (1979) and demonstrated
that they are not equally sensitive in detecting
resistant viruses of defined genotype. In our ex-
periments, the greatest differences in IC50 values
of wild-type and drug-selected mutants were usu-
ally seen in assays I and II (Table 2). The mutant
with NA containing replacement in the enzyme’s
active center Glu119 � Ala did not appear to be
resistant to oseltamivir carboxylate in assays III
and IV (Table 4), although this mutant did show
resistance in assays I and II. The mutant with the
replacement Glu119 � Asp was fully sensitive to
oseltamivir carboxylate based on assays I and III,
although it showed a low level of resistance in
assays II and IV. Our finding that residue 119
may be involved in the development of resistance

to oseltamivir has been corroborated by the iso-
lation of a mutant with a Glu119 � Val substi-
tution from a patient treated with an NA
inhibitor (Whitley et al., 2001). The mutants with
Gly or Ala at position 119 were sensitive to
BCX-1812 in each assay. This result suggested
that BCX-1812 could be effective against these
zanamivir-resistant mutants. However, the results
of assay I indicated that the mutant containing
the Glu119 � Asp substitution in its NA exhib-
ited a 60-fold increase in IC50 values to BCX-
1812. Therefore, despite the difference in the
design of the three inhibitors, treatment with any
of the NA inhibitors might result in the emer-
gence of mutants in which Glu119 is replaced.
The replacement of framework residue 274
(His � Tyr) in NA (N1 type) led to a decrease
in the virus’s sensitivity to oseltamivir carboxy-
late and BCX-1812. However, this oseltamivir-se-
lected mutant was uniformly sensitive to
zanamivir in all four assays. Wang et al. (2000b)
demonstrated that substitution of His274 with
Gly, Ser, Asn, or Gln resulted in resistance to
zanamivir but not to oseltamivir carboxylate.
Overall, substitutions at framework residues,
such as those at position 119 or 274, could lead
to resistance to any NA inhibitor (zanamivir,
oseltamivir carboxylate, or BCX-1812), but typi-
cally the mutant retains sensitivity to at least one
inhibitor.
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The resistance profile of the mutants with sub-
stituted functional residues in NA was different
from that of variants with substituted framework
residues. The Arg152 � Lys and Arg292 � Lys
substitutions resulted in cross-resistance to all
three NA inhibitors in each assay. Although the
mutant with the Arg292 � Lys substitution was
selected in the presence of zanamivir, it exhibited
a high level of resistance to oseltamivir carboxy-
late and a substantially lower level of resistance to
BCX-1812 (Tables 4 and 5). This result illustrated
that some mutants (e.g. those with NA containing
the Arg292 � Lys replacement) could be detected
more effectively with an inhibitor (e.g. oseltamivir
carboxylate) that is different from that used for
treatment (e.g. zanamivir or BCX-1812). Such
approach could allow early detection of minority
drug-resistant species emerging in the virus
population.

The replacement at position 292 is the most
common substitution in the NA of NA inhibitor-
selected mutants (Table 1). In contrast, the substi-
tution at residue 152 has been detected in a single
strain isolated from a patient treated with
zanamivir (Table 1). We previously reported that
the mutant NA with the Arg152 � Lys replace-
ment demonstrated substantially reduced enzy-
matic activity in vitro and reduced infectivity and
virulence in ferrets (L.V. Gubareva and R.G.
Webster, unpublished data; Gubareva et al.,
1998). In the present study, we also showed that
the NA activity of this mutant is more sensitive to
EDTA than is the wild-type enzyme (Table 6).

The mutant NA with the Glu119 � Gly substi-
tution is reportedly more sensitive to changes in
temperature, the presence of formaldehyde, and
other manipulations done with the purified en-
zyme than is the wild-type N9 enzyme (Sa-
hasrabudhe et al., 1998). We also reported that
the mutant NAs with Asp, Ala, or Gly substitu-
tions at residue 119 are less stable than the
parental enzyme at low pH and elevated tempera-
ture (Gubareva et al., 1997). The mutations in the
NA active site could alter the pH optimum of the
enzyme (Lentz et al., 1987; Gubareva et al., 1997).
Thus, it is possible that some components of the
reaction mixture could also affect the interaction
of the mutant enzyme with the inhibitor. The

presence of DMSO in the buffer could be respon-
sible for the difference between the IC50 values
determined in assay II compared to assay III for
the mutants with substitutions at position 119,
although DMSO had lesser effect on the IC50

values estimated for BCX-1812 (Table 5).
Ca2+ was present in the reaction buffer in

assays II, III, and IV but were absent in the buffer
(0.1 M sodium phosphate buffer) of the assay I. It
is known that Ca2+ specifically affects the inter-
action of substrate with NA (Chong et al., 1991).
Two distinct types of Ca2+ binding sites have
been found in the NA tetramer (Burmeister et al.,
1992, 1994). The site of weak affinity is located on
the four-fold axis (central Ca2+), and the sites of
high affinity are located near the active site (i.e. in
the vicinity of Arg292) of each subunit. This
central Ca2+ may be important in holding to-
gether the tetramer (Burmeister et al., 1992). Al-
though each monomer has an enzyme active
center, NA is enzymatically active only in the
form of a tetramer (Bucher and Kilbourne, 1972).
The binding of the central Ca2+ may promote a
conformational change in the enzyme active site.
Chong et al. (1991) speculated that the binding of
Ca2+ at the subunit interface causes the two
loops of the polypeptide chain of the enzyme to
move and that this movement results in the reori-
entation of the active-site residues Glu119,
Asp151, and Arg152. In this way, binding of
substrates and inhibitors is optimized (Burmeister
et al., 1994). It has also been demonstrated that
the central Ca2+ can be easily removed by EDTA
(Burmeister et al., 1994). Our results support this
earlier finding. The activity of the mutant enzymes
with substitutions at residues 119 or 152 was
much more sensitive to the addition of EDTA
than the activity of the wild-type NA. The mutant
with the NA containing the Arg292 � Lys substi-
tution near the high-affinity Ca2+ binding site
was not sensitive to EDTA (up to 1 mM), and
this mutant NA even exhibited increased activity
after the addition of EDTA (the pH of the reac-
tion buffer was unaltered). It is important to
notice that the media in which viruses were col-
lected contained Ca2+and Mg2+, and we did not
perform dialysis of virus preparations before the
measurement of NA activity.
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Zanamivir-selected mutants with substitutions
at residue 119 or 152 were more resistant to the
inhibitory effect of zanamivir in buffer containing
0.1 M sodium phosphate (assay I). However, the
zanamivir resistance of the mutant with the
Arg152 � Lys substitution was similar when the
assay was performed in buffer 33 mM MES, pH
6.5, supplemented with either 0.6 mM EDTA or 4
mM CaCl2. More detailed biochemical studies are
required to analyze the effect of phosphate ions
and other factors on the interaction of the mutant
enzymes with the substrate and inhibitors. The
practical consideration is that detection of the
mutant enzymes with substitutions at residues 119
or 152 could be more efficient in an NA inhibition
assay that uses the phosphate buffer and a high
concentration (1 mM) of substrate. Although a
high concentration of the substrate could aid in
the detection of the mutant NAs, it also could
increase the background noise (Zambon and
Hayden, 2001). A high concentration of substrate
was employed in the monitoring of resistance in
the clinical study with oseltamivir (Hayden et al.,
2000b).

Although the active site of NA is conserved
among influenza A and B viruses, there is a
notable degree of variability in the features of the
enzyme. The sensitivity of influenza B virus to
oseltamivir carboxylate was as much as 10-fold
lower in assays I and II than that of the same
virus in assays III and IV. This result indicates
that the assay conditions affected not only inter-
actions between the mutant enzymes and in-
hibitors but also interactions between certain
wild-type enzymes and inhibitors.

Monitoring virus resistance to NA inhibitors is
currently based on NA inhibition assays in which
the estimated IC50 values of viruses isolated be-
fore treatment are compared with those of viruses
isolated after treatment. Such an approach poses
certain difficulties in the interpretations of the
results of the analysis. For example, the 8–10-fold
decrease in zanamivir or BCX-1812 sensitivity of
the mutant with the Arg292 � Lys substitution
indicates that this variant has reduced susceptibil-
ity (McKimm-Breschkin, 2000). However, the
concentration of zanamivir required to inhibit the
activity of this mutant enzyme by 50% is only 20

nM (assay III). The same concentration of NA
inhibitor could be equal to IC50 values estimated
for certain wild-type enzymes, and such enzymes
would not be considered resistant to zanamivir. In
addition, the mutant with the Glu119 � Asp sub-
stitution exhibited a low level of resistance (ap-
proximately nine-fold) to oseltamivir carboxylate
in this study and could be considered drug-resis-
tant (Table 4). However, only 2.3 nM of this
inhibitor is required to inhibit 50% of the activity
of this mutant enzyme. It is important that the
assay used for monitoring is sensitive enough to
detect differences in the levels of inhibition of
wild-type and mutant NAs; however, the impact
of amino acid substitution in the NA on virus
fitness, and viral drug resistance should be evalu-
ated in experiments in vivo because it is not
practical to reproduce conditions existing at the
site of virus replication in the host respiratory
tract in in vitro experiments. Clinical conse-
quences of reduced susceptibility will be deter-
mined by examining antiviral effects and clinical
endpoints in vivo.

The accumulated experience in detection of the
mutants carrying resistance-associated mutations
in the NA with the use of a fluorometric assay
provide a good foundation for monitoring resis-
tance to NA inhibitors. We have demonstrated in
the present study that the use of the 0.1 M sodium
phosphate buffer (assay I) affords the highest
sensitivity of detection of mutated enzymes in
comparison to the other buffers examined. How-
ever, the NA enzymatic activity of the mutated
enzymes is often reduced in comparison to the
wild type viruses, which could pose certain prob-
lems in monitoring of resistance in the clinical
isolates. Thus, for the same virus preparation the
ratio signal/noise was at least two-fold lower in
assay I in comparison to other assays. Recently, a
more sensitive NA assay that employs a chemilu-
minescent substrate (1,2-dioxetane derivative of
sialic acid, NA-STAR) was developed (Buxton et
al., 2000). It substantially increases the limit of
detection of the NA activity. However, the buffer
system used in the chemiluminescent assay was
the same as in the fluorometric assay III which we
found to be the less favorable for detection of
resistant viruses. Therefore, the use of the 0.1M
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phosphate buffer in the chemiluminescent NA
assay may increase its sensitivity in detection of
resistance in clinical settings and this possibility
should be examined.

Regardless of which NA inhibition assay is
being adopted for monitoring of virus susceptibil-
ity to NA inhibitors, a use of a panel of well-char-
acterized mutants, included as positive controls,
would insure adequacy of the chosen assay
conditions.
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