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Neuraminidase inhibitors (NAls) are antivirals designed to target conserved residues at the neuraminidase
(NA) enzyme active site in influenza A and B viruses. The conserved residues that interact with NAIs are under
selective pressure, but only a few have been linked to resistance. In the A/Wuhan/359/95 (H3N2) recombinant
virus background, we characterized seven charged, conserved NA residues (R118, R371, E227, R152, R224,
E276, and D151) that directly interact with the NAIs but have not been reported to confer resistance to NAls.
These NA residues were replaced with amino acids that possess side chains having similar properties to
maintain their original charge. The NA mutations we introduced significantly decreased NA activity compared
to that of the A/Wuhan/359/95 recombinant wild-type and R292K (an NA mutation frequently reported to
confer resistance) viruses, which were analyzed for comparison. However, the recombinant viruses differed in
replication efficiency when we serially passaged them in vitro; the growth of the R118K and E227D viruses was
most impaired. The R224K, E276D, and R371K mutations conferred resistance to both zanamivir and osel-
tamivir, while the D151E mutation reduced susceptibility to oseltamivir only (~10-fold) and the R152K
mutation did not alter susceptibility to either drug. Because the R224K mutation was genetically unstable
and the emergence of the R371K mutation in the N2 subtype is statistically unlikely, our results suggest
that only the E276D mutation is likely to emerge under selective pressure. The results of our study may

help to optimize the design of NAIs.

Analysis of the influenza virus neuraminidase (NA) active
site revealed residues that are conserved in all NA subtypes
(6), including catalytic sites (R118, D151, R152, R224, E276,
R292, R371, and Y406) (in N2 numbering) that directly inter-
act with the substrate and framework sites (E119, R156, W178,
S179, D/N198, 1222, E227, H274, E277, N294, and E425) that
support the catalytic residues (3, 7, 8, 16). The design of NA
inhibitors (NAIs) was based on the conserved structure of the
NA active site (36). NAIs interrupt the virus replication cycle
by preventing the release of virus from infected cells and may
interfere with the initiation of infection (6, 24).

The optimal design of an antimicrobial compound requires
an understanding of the molecular mechanisms that confer
resistance to that agent. NAIs interact with multiple residues in
the NA active site, but NA mutations selected from in vitro or
in vivo experiments are limited to several conserved or semi-
conserved residues: R292K and E119G/A/D/V in N9 and N2
subtypes; H274Y in the N1 subtype; and E119G, D198N,
R152K in influenza B virus NA (12, 26, 27). Influenza virus
variants with the N294S mutation in NA were recently isolated
after oseltamivir treatment from patients infected with either
H3N2 or H5N1 influenza viruses (20, 21). In addition, broad
screening for the susceptibility of influenza virus to NAIs also
identified viruses with natural variations at several conserved
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or semiconserved NA residues (25; Neuraminidase Inhibitor
Susceptibility Network, unpublished data), suggesting that mu-
tations at other NA residues may also confer resistance.
With increasing clinical use and stockpiling of NAIs for
pandemic preparedness, it is important to further elucidate the
possible causes of resistance to this class of drugs. The poten-
tial ability of other conserved and/or semiconserved NA resi-
dues to confer resistance to NAIs requires further exploration,
and additional information about the biological properties of
the conserved NA residues will also help to refine the design of
existing NAIs. Mutagenesis studies of the conserved NA resi-
dues using expressed NA proteins of A/Tokyo/3/67 (H2N2)
and B/Lee/40 viruses showed that amino acid substitutions at
conserved NA residues may decrease NA enzymatic activity
(10, 22, 23, 37). As an aid to drug design, site-directed mu-
tagenesis has been used to investigate the effect of mutation of
conserved NA residues of B/Lee/40; however, the NAI sensi-
tivity of the expressed NA proteins was not assayed (10).
Amino acid substitution of residues 119 and 227 in the N9
glycoprotein of NWS-G70c virus can decrease NA enzymatic
activity, and expressed NA with E119Q/T/G/A/V mutations
showed reduced sensitivity to 4-guanidino-Neu5Ac2en (zana-
mivir) (11). However, all of these studies were based on anal-
ysis of expressed NA proteins; the effect of the NA mutations
on the biological viability of the virus was not studied. Al-
though reverse genetics has been used to generate recombi-
nant viruses carrying NA mutations in the influenza A virus
H3N2 background (38), the HIN1 background (1), and the
influenza B virus background (19), the main focus of those
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studies was to characterize the conserved or semiconserved
NA residues previously reported to be associated with NAI
resistance. The role of other conserved or semiconserved NA
residues in NAI resistance is still not clear.

We previously studied the effect of two clinically derived NA
mutations (E119V and R292K) in A/Wuhan/359/95 (H3N2)
recombinant virus background (38). We observed that different
NA mutations may result in different levels of NAI resistance
and NA functional loss (38). In the present study, we used a
similar approach to characterize conserved NA residues that
have not been associated with NAI resistance in the N2 sub-
type. We created mutations based on hypotheses arising from
structural analysis of the NA active site rather than on the
resistance mutations that have been identified clinically. Seven
mutations (R118K, R371K, E227D, D151E, R152K, R224K,
and E276D) studied here have never been reported to confer
resistance in the N2 background (D151E has been reported as
a natural variation [25]). The recombinant wild-type virus and
a recombinant virus carrying the previously characterized
R292K mutation were included as controls. The NA enzymatic
activity, NAI resistance, viability, and genetic stability of re-
combinant A/Wuhan/359/95 (H3N2) viruses carrying these NA
mutations were characterized.

MATERIALS AND METHODS

Compounds. The NAI oseltamivir carboxylate (oseltamivir) [GS4071; 4-N-
acetyl-5-amino-3-(1-ethylpropoxy)-1-cyclohexane-1 carboxylic acid] was pro-
vided by Hoffmann-La Roche, Inc. (Nutley, NJ). Zanamivir (GG167; 4-gua-
nidino-Neu5Ac2en) was provided by the R. W. Johnson Pharmaceutical
Research Institute (Raritan, NJ). The compounds were dissolved in distilled
water, and aliquots were stored at —20°C until they were used.

Cells. MDCK and human embryonic kidney 293T cells were obtained from the
American Type Culture Collection (Manassas, VA). MDCK cells were main-
tained in minimal essential medium (MEM) with 5% fetal bovine serum and
antibiotics antimycotics (antibiotics/antimycotics; 100 U of penicillin, 0.1 mg of
streptomycin, and 0.25 pg of amphotericin B per ml) (Sigma, St. Louis, MO).
293T cells were maintained in OptiMEM (Invitrogen, Carlsbad, CA) with 5%
fetal bovine serum and antibiotics/antimycotics. MEM with 0.3% bovine serum
albumin, antibiotics/antimycotics, and 1 pg of TPCK (tolylsulfonyl phenylalanyl
chloromethyl ketone)-treated trypsin (Worthington, Lakewood, NJ) per ml was
used as an infection medium for MDCK cells.

Generation of A/Wuhan/359/95-like viruses by reverse genetics. Wild-type
A/Wuhan/359/95-like (H3N2) influenza virus (referred to hereafter as A/Wuhan/
359/95 virus) provided by Hoffmann-La Roche, Inc., was used as the backbone of
recombinant viruses generated in the present study. Eight plasmids were con-
structed, each containing the cDNA of one of the eight gene segments of the
wild-type virus, as described previously (38). Mutations at conserved NA catalytic
residues (R118K, DI51E, R152K, R224K, E227D, E276D, and R371K) were
separately introduced into the NA plasmids by using a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). The constructed plasmids were
sequenced to ensure their identity to the field strain. Recombinant viruses that
were identical with the exception of a single amino acid change in a conserved
NA residue were rescued in parallel in the presence or absence of 2 mU of
Clostridium perfringens NA (Sigma, St. Louis, MO) per ml in the supernatant by
transfecting 293T cells (17). Transfection allowed the generation of the recom-
binant virus even with a large deletion in the coding region of the NA, as shown
previously (9). The recombinant viruses generated by reverse genetics were
designated the R118K, DI151E, R152K, R224K, E227D, E276D, and R371K
viruses. The NA plasmid containing the R292K mutation (constructed previ-
ously) and the wild-type NA plasmid were used to generate recombinant R292K
and wild-type viruses for comparison (38). The HA and NA genes of all recom-
binant viruses were verified by sequence analysis.

Passage of the recombinant viruses in MDCK cells. Mutations at conserved
NA residues may impair NA stability and/or enzymatic activity. To assay the
genetic stability and growth of the recombinant viruses, we rescued each in the
presence or absence of 2 mU of C. perfringens NA per ml and subsequently
passaged it five times at 37°C for 72 h in MDCK cells in the presence or absence
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of 2 mU of C. perfringens NA per ml. Because storage and freezing-thawing
procedures might further damage NA protein, we conducted nonstop serial
passages of the recombinant viruses in MDCK cells. Since plaque assay as a
method for the determination of the multiplicity of infection (MOI) requires a
3-day incubation period, we determined the virus dose for the next passage based
on the hemagglutinin (HA) agglutination/unit, except a 1:50 dilution of trans-
fection supernatant was used for all recombinant viruses at the first passage. We
previously determined the correlation of the HA titer and PFU per ml of the
A/Wuhan/359/95 recombinant wild-type virus, and the dilution factor based on
HA titer will give a corresponding MOI at ca. 0.0001 to 0.01 PFU/cell, which is
within the dose range of a multicycle infection. The HA titers were determined
with 0.5% turkey red blood cells at 4°C for 30 min. The virus yield (in PFU/ml)
and plaque morphology were recorded for each passage separately.

Plaque assay in MDCK cells. Confluent MDCK cells were incubated for 1 h
at 37°C with 10-fold serial dilutions of virus in 1 ml of infection medium. The
cells were then washed and overlaid with freshly prepared MEM containing 0.3%
bovine serum albumin, 0.9% Bacto agar, and 1 ug of TPCK trypsin/ml. The
plaques were visualized after incubation at 37°C for 3 days by staining with a
0.1% crystal violet solution containing 10% formaldehyde.

Concentration of the viruses. The concentrated virus preparations were made
after three passages in MDCK cells in the presence of 2 mU of C. perfringens NA
per ml. The genetic stability of the recombinant viruses was monitored by plaque
morphology. Only R118K and E227D viruses were not able to maintain a ho-
mogeneous virus population, and thus the concentrated virus preparation of
these two recombinant viruses was not used to determine their NA activity and
sensitivity to NAIs. The culture supernatants were clarified by centrifugation at
450 X g for 30 min. Virus particles were pelleted at 57,000 X g for 1.5 h at 4°C
and purified by centrifugation through a continuous 25 to 70% sucrose gradient
at 76,000 X g for 2.5 h at 4°C. Fractions containing virus particles were collected
and centrifuged at 76,000 X g for 2.5 h at 4°C. Virus pellets were resuspended in
STE buffer (0.05 M Tris-HCI, 0.01 M EDTA, 0.1 M NaCl), and aliquots were
stored at —70°C.

NA activity and NA inhibition assays. A modified fluorometric assay was used
to determine the NA activity of the viruses after the third passage in MDCK cells
(15, 30). The NA assay was done in 33 mM morpholineethanesulfonic acid
(Sigma) and 4 mM CaCl, with the fluorogenic substrate 2’-(4-methylumbel-
liferyl)-a-D-N-acetylneuraminic acid (MUNANA; Sigma) at a final concentration
of 100 uM. The pH of the enzyme buffer was adjusted to 7.2 to assay the NA
activity in order to resemble the pH of MDCK cell culture media. The reaction
was incubated at 37°C for 30 min and stopped by the addition of 150 pl of stop
solution (0.014 M NaCl and 0.1 M glycine in 25% ethanol; pH 10.7). The
fluorescence of the released 4-methylumbelliferone was measured in a Fluoros-
kan II (Labsystems, Helsinki, Finland) spectrophotometer using excitation and
emission wavelengths of 355 and 460 nm, respectively. Before the determination
of NA activity, the concentrated recombinant virus preparations were standard-
ized on the basis of the intensity of the M1 protein band by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis in a 12% polyacrylamide gel. Enzyme
activity was expressed as the quantity of substrate (in picomoles) converted
during 30 min of incubation at 37°C per ng of M1 protein. The NA inhibition was
assayed with viruses standardized to the equivalent NA enzyme activity and
incubated with oseltamivir or zanamivir at concentrations of 0.00005 to 10 uM
(16). The drug concentration required to inhibit 50% of the NA enzymatic
activity (ICs) was determined by plotting the percent inhibition of NA activity as
a function of the compound concentration calculated from the dose-response
curve.

RT-PCR and sequencing. The NA genes of viruses that formed plaques that
differed in morphology were sequenced as follows. The plaques were visualized
by staining with 0.01% neutral red and were individually picked and incubated
overnight at 4°C with 250 pl of infection medium. The RNeasy Kit (QIAGEN,
Chatsworth, CA) was used to extract VRNA, and the One-Step RT-PCR kit
(QIAGEN) was used for reverse transcription-PCR (RT-PCR) according to the
protocol provided. Universal primers were used for amplification (18). A TOPO
TA cloning kit for sequencing (Invitrogen) was used to analyze the viral se-
quences obtained after the fifth passage in MDCK cells. Viral RNAs were
extracted from the culture supernatant, and one-step RT-PCR was done as
described above. PCR products were gel purified with the QIAquick gel extrac-
tion kit (QIAGEN), ligated to the pCR4-TOPO vector (Invitrogen), and used for
the transformation of TOP10 cells (Invitrogen). Plasmid DNA was prepared by
using the QIAprep Spin Miniprep Kit (QIAGEN). Ten plasmids of the NA
genes were sequenced for each virus. The HA genes of the recombinant viruses
were also amplified by RT-PCR and sequenced without cloning into the TOPO
TA cloning vectors. The sequences were determined by the Hartwell Center for
Bioinformatics and Biotechnology at St. Jude Children’s Research Hospital by
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FIG. 1. Structure of the complex between A/Tokyo/3/67 (H2N2)
influenza virus NA and sialic acid (PDB code: 2bat). The conserved
NA residues (R118, D151, R152, R224, E227, E276, R292, and R371)
addressed in the present study were drawn together with sialic acid.
Hydrogen bonds are shown as green dotted lines, and a conserved
water molecule is drawn as a magenta sphere. The picture was drawn
by using PyMol application software.

using BigDye terminator (v. 3) chemistry and synthetic oligonucleotides. Samples
were analyzed on Applied Biosystems 3700 DNA analyzers.

RESULTS AND DISCUSSION

Generation of the recombinant viruses by reverse genetics.
We studied seven charged, conserved NA residues that directly
interact with the NAIs but have not been reported to be asso-
ciated with NAI resistance. To evaluate the ability of the mu-
tations to confer clinical resistance, we included recombinant
virus carrying R292K mutation in an NA as a control. R292K
mutation is one of the mutations most frequently reported to
be associated with NAI resistance (16, 26). Previously, we
observed that recombinant virus with this mutation showed
compromised fitness and transmissibility in ferrets (38). The
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wild-type recombinant virus, which was also characterized pre-
viously (38), was included for comparison. The location of the
conserved residues characterized in the present study (R118,
R292, R371, E227, R152, R224, E276, and D151) and their
interaction with other NA residues is shown in Fig. 1 with the
structure of A/Tokyo/3/67 (H2N2) NA complexed with sialic
acid [The RCSB Protein Data Bank (PDB) code: 2bat; http:
/www.rcsb.org/pdb/].

The use of site-directed mutagenesis and plasmid-based re-
verse genetics allowed us not only to evaluate the effect of
conserved residues on NAI resistance but also to assay the
viability of the recombinant viruses carrying mutations of those
residues. In the seven new recombinant viruses generated in
the present study, the NA residues were substituted with amino
acids that possess side chains having similar properties (R<> K
and E<> D) in order to maintain their original charge. Only
one nucleotide change was required to encode the amino acid
changes at these locations, with the exception of R—K at
position 371, which required three nucleotide changes (CGC—
AAG) (Table 1).

The NAIs were structure-based designed, and each has mod-
ifications that differentiate them from the natural substrate,
sialic acid. Zanamivir is modified at C4, where the hydroxyl
group of sialic acid is substituted with a guanidino group (21).
Oseltamivir has not only a cyclohexene ring instead of a sugar
ring but also modifications at both C4 (hydroxyl group —
amino group) and C6 (glycerol side chain — pentyl ether
group) (27). Table 1 summarizes the interactions of the NAI
functional groups with each of the mutant conserved catalytic
residues that were characterized.

We were able to rescue all of the recombinant viruses from
transfected 293T cells as described previously (17). We per-
formed plaque assay with the transfection supernatant and
observed that all recombinant viruses formed pinpoint-sized
plaques (mean = the standard deviation [SD]; 0.3 = 0.2 mm in
diameter); in particular, the R118K and E227D viruses form
unclear plaques that are not easily recognized. On the other
hand, the wild-type virus formed significantly larger plaques
(2.0 = 0.2 mm in diameter) (P < 0.05) (38). We showed before
that a single R292K mutation in the NA can significantly re-
duce the plaque size due to decreased NA enzymatic activity
(38). The fact that all recombinant viruses formed significantly
smaller plaques suggested that the seven mutations that were

TABLE 1. Recombinant influenza viruses generated by reverse genetics for this study and their interactions with NAIs*

Recombinant virus” Nucleotide changes

Interaction of the residue with:

Oseltamivir carboxylate Zanamivir

Sialic acid
R118K AGA—AAA Carboxylate group
R292K AGA—AAA Carboxylate group
R371K CGC—AAG Carboxylate group
E227D GAG—GAT No direct interaction®
R152K AGG—AAG Amide nitrogen
R224K AGG—AAG Glycerol side chain
E276D GAG—GAT Glycerol side chain
DIS1E GAT—GAG Acid/base catalyst

Carboxylate group
Carboxylate group
Carboxylate group
Amino group
Amide nitrogen
Pentyl ether group
Pentyl ether group
Acid/base catalyst

Carboxylate group
Carboxylate group
Carboxylate group
Guanidino group
Amide nitrogen
Glycerol side chain
Glycerol side chain
Acid/base catalyst

“ The interactions of the residues with sialic acid, oseltamivir carboxylate, or zanamivir were based on previously published results (27, 31, 33).
 Each recombinant virus contained a mutation at one of the eight charged conserved NA residues that interact directly with NATs.
¢ E227 interacts indirectly with sialic acid by hydrogen bonding to a water molecule that hydrogen bonds to the amide of the sialic acid N-acetyl group.
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TABLE 2. Characterization of R292K, R371K, and R118K viruses”
Growth of the virus in MDCK cells”
s ICso (NM)°
Revetse First passage Third passage Fifth passage NA activity (‘T‘ea“ 0
genetics C. perfringens mell/30 min
virus NA Virus  Plaque  Virus Plaque Virus Plaque ng' + SD) Oseltamivir 7 .
titer  size (%) titer size (%) titer size (%) carboxylate anamuir
Wild type - 7.4 L (100) 7.7 L (100) 7.5 L (100) 2,861.4 = 107.2 0.5 2.8
R292K - 3.4 S (100) 7.3 S (100) 75 S97),L3) 171.6 = 33.9 >30,000 (+++) 199
+ 5.6 S (100) 7.3 S (100) 7.6 S (100)
R371K - 4.0 S (100) 7.3 S (100) 7.0 S (100) 742 =254 234 (+) 46.3 (+)
+ 5.0 S (100) 7.4 S (100) 6.9 S (100)
RI118K - <1.0 NAV <1.0 NAV <1.0 NAV ND ND ND
+ 2.8 S (100) 5.8 S(99.3), L (0.7) 7.7 S (67.9), L (32.1)

¢ Data for the second and fourth passages were determined but are not shown for the sake of brevity. ND, not determined due to compromised growth of the virus.
> The recombinant viruses were grown in the presence (+) or absence (—) of 2 mU of C. perfringens NA/ml during the five serial passages in MDCK cells. NAV,
not available. Virus titers were determined by plaque assay in MDCK cells in the absence of C. perfringens NA and expressed as the log,, PFU/ml. Plaque sizes: S, small
(0.2 to 0.6 mm in diameter); L, large (1.0 to 2.0 mm in diameter), as determined by the Finescale comparator (Los Angeles, CA). The percentage of small or large

plaques is shown in parentheses.

¢ Drug resistance is expressed as a multiple of the ICs, of the wild-type virus as determined by NA inhibition assay: +, multiple > 10; ++, multiple > 100; +++,

multiple > 1,000.

introduced individually into the recombinant viruses reduced
the NA enzymatic activity of the viruses.

Residues 118, 292, and 371 that interact with the carboxy-
late group of sialic acid, oseltamivir carboxylate, or zanamivir.
Three conserved arginines (R118, R371, and R292) form a
triad that interacts with the carboxylate group of the substrate
(Table 1). Residue 292 (R—K) is frequently substituted among
clinically derived NAl-resistant influenza variants in the N2
subtype (16, 26). No reports have been published regarding
R118 and R371 being associated with NAI resistance in any
NA subtype.

(i) Growth in MDCK cells. To assay the growth and genetic
stability of the recombinant viruses in vitro, we serially pas-
saged each virus five times in MDCK cells. Serial passages
were done in parallel in the presence or absence of 2 mU of C.
perfringens NA/ml to determine whether the recombinant vi-
ruses would require additional NA activity for growth in
MDCK cells. We observed that both R292K and R371K vi-
ruses had sufficient NA activity to replicate efficiently in
MDCK cells: (i) the virus yields at each passage did not differ
significantly in the absence or in the presence of C. perfringens
NA since the second passage (due to differences in transfection
efficiency, slight difference in viral yield was observed in the
first passage), and (ii) both R292K and R371K viruses main-
tained the small-plaque phenotype in the absence of bacterial
NA (Table 2). However, R118K virus was unable to grow in the
absence of C. perfringens NA: growth was not detectable in the
culture supernatant by plaque assay (detection limit < 10 PFU/
ml) or by RT-PCR assay (Table 2). Although R118K virus does
grow in the presence of C. perfringens NA, it was unable to
maintain a homogeneous small-plaque phenotype: large
plaques were observed at the third passage (0.7%), and the
wild-type population continued to increase during the subse-
quent passages (14.3 and 32.1% for fourth and fifth passages,
respectively) (Table 2).

(ii) Sequence analysis. To determine whether the recombi-
nant viruses remained genetically stable after serial passage in
MDCK cells, we sequenced their NA genes after the fifth

passages in the absence of C. perfringens NA. The NA genes of
the recombinant viruses were amplified by RT-PCR and
cloned into TOPO TA cloning vectors. Sequencing of the plas-
mids allowed us to avoid the genetic dominant sequence and to
obtain broader information about genetic differences within
the virus population. All 10 clones from R292K and all 10
clones from R371K viruses maintained the introduced muta-
tions. The R118K virus was not analyzed due to its inability to
grow in the absence of C. perfringens.

The HA sequence of the recombinant viruses was also ana-
lyzed after the fifth passage in MDCK cells in the absence of C.
perfringens. Instead of cloning the amplified HA gene into
TOPO TA cloning vectors, we sequenced the RT-PCR prod-
uct. Neither the R371K nor the R292K virus contained any
amino acid changes in HA after five serial passages in MDCK
cells.

(iii) Sensitivity to NAIs and NA activity. The R371K virus
conferred resistance to both oseltamivir carboxylate (~45-
fold) and zanamivir (~15-fold) (Table 2), while the sensitivity
of R292K virus to these drugs was comparable to that reported
previously (16, 38). The NA activity of R292K and R371K
viruses was significantly lower than that of the wild-type virus
(Table 2). However, R292K virus had a significantly higher NA
activity (171.6 = 33.9 pmol/30 min ng ') than the R371K virus
(74.2 = 25.4 pmol/30 min ng ') (Table 2). We were not able to
assay the NA activity of R118K virus due to its inability to
maintain a homogeneous virus population even in the presence
of bacterial NA. Therefore, a homogeneous concentrated virus
preparation could not be made for this virus.

(iv) Structure analysis. The R371 was previously considered
the most important residue among the three arginines that
interact with the carboxylate group of sialic acid (5) (Fig. 1).
However, the distinct growth efficiency of the R118K, R292K,
and R371K recombinant viruses suggests that conserved resi-
due R118 is actually the most important of the three, since its
growth is severely compromised in MDCK cells. The structure
of the complex formed by A/Tokyo/3/67 (H2N2) influenza
virus NA and sialic acid (Fig. 1) confirms the importance of



VoL. 80, 2006 MUTAGENESIS STUDY OF NAI RESISTANCE 8791
TABLE 3. Characterization of E227D virus®
Growth of the virus in MDCK cells”
iy 1C5o (nM)
Rever.se First passage Third passage Fifth passage NA activity (rpean *
genetics perfringens pmf)ll/BO min
virus NA Virus Plaque Virus Plaque Virus Plaque ng~' + SD) Oseltamivir Zanamivir
titer size (%) titer size (%) titer size (%) carboxylate
E227D - <1.0 NAV <1.0 NAV 2.0 S (100) ND ND ND
+ 4.0 S (100) 73 S (88.1), L (11.9) 6.8 S (72), L (28) ND ND ND

¢ Data for the second and fourth passages were determined but are not shown for the sake of brevity. ND, not determined due to compromised growth of the virus.
> The recombinant viruses were grown in the presence (+) or absence (—) of 2 mU of C. perfringens NA/ml during the five serial passages in MDCK cells. NAV,
not available. Virus titers were determined by plaque assay in MDCK cells in the absence of C. perfringens NA and expressed as the log,, PFU/ml. Plaque sizes: S, small
(0.2 to 0.6 mm in diameter); L, large (1.0 to 2.0 mm in diameter), as determined by the Finescale comparator (Los Angeles, CA). The percentage of small or large

plaques is shown in parentheses.

residue R118, which via its Ne group forms a salt bridge with
EA425; this interaction is conserved in all NA subtypes. R118
(through its Nm1 group) also interacts with E119, which in turn
interacts with R156. Therefore, there is a salt-bridge complex,
or relay, from E425 to R118 to E119 to R156. Mutation of
R118 to a lysine probably disrupts this network, since the N{
group of a lysine is probably unable to span the E425 and E119
interactions (Fig. 1). On the other hand, R292K, frequently
reported to confer resistance to NAIs in vitro or in vivo (16,
26), would probably have little effect on the structure around
position 292. The amino group would still be in a position to
interact with the side chains of N294, E277, and Y406. We also
found the R292K virus to possess the highest NA activity and
genetic stability among the recombinant viruses assayed, sug-
gesting that the ability to maintain a certain level of NA enzy-
matic activity is an important determinant of the emergence of
NAl-resistant variants from the viral quasispecies in nature.
The genetic stability of R371 can also be explained structurally.
R371 forms a bifurcated interaction with the carboxyl group of
the ligand. As a lysine, the C{ position would be replaced by an
amino group that would still be able to participate in a salt-
bridge interaction with the carboxylate. However, alignment of
N2 sequences from influenza viruses of an avian, swine, or
human origin revealed that the predominant nucleotide se-
quence encoding residue 371 is CGC, although CGT, CGA,
and CGG were present in some isolates. At least two nucleo-
tide changes (CGA—AAA) are required to produce a virus
with this NA mutation. Therefore, an amino acid change from
R to K at position 371 is unlikely to occur in nature and indeed
has not been reported among naturally occurring NAI-resis-
tant variants.

Residue 227 that interacts with the C4 group of zanamivir
and oseltamivir carboxylate. Glutamic acid at residues 119 and
227 interacts with the C4 guanidino group of zanamivir (36)
and possibly with the C4 amino group of oseltamivir (Table 1).
Therefore, both E119 and E227 are under selective pressure of
the NAIs. Amino acid substitution of E119 is associated with
resistance to zanamivir (E119A/D/G) (2, 13, 26, 28) and osel-
tamivir (E119V) (4). We further analyzed recombinant virus
with the E227D mutation because there is no information
about the role of this mutation in NAI resistance.

(i) Growth in MDCK cells. The growth of the E227D virus
was compromised in the absence of C. perfringens NA, since
growth was not detected by plaque assay (detection limit < 10
PFU/ml) until the fourth passage (data not shown). The

E227D virus grew in the presence of C. perfringens NA, but it
was not able to maintain a homogeneous small-plaque pheno-
type: large plaques were observed at the third passage, and the
wild-type population continued to increase during the subse-
quent passages (Table 3).

(ii) Sequence analysis. Because the E227D virus showed
significantly compromised growth in the absence of C. perfrin-
gens in MDCK cells, we did not assay its genetic stability, since
this mutation had already significantly impaired NA function.

(iii) Sensitivity to NAIs and NA activity. We were not able to
assay the NA activity and sensitivity of E227D virus because it
did not maintain a homogeneous virus population even in the
presence of C. perfringens NA.

(iv) Structure analysis. The severe growth defect of E227D
virus in vitro may explain why resistant variants with this mu-
tation have not been isolated in nature. Examination of the NA
structure (Fig. 1) shows that E227 has an important role in
stabilizing the structure of the NA active site. E227 has several
roles: (i) through one of its carboxyl oxygens, it hydrogen
bonds to the Oy of S179 and the main-chain amide of D180;
(ii) through the other carboxyl oxygen, E227 hydrogen bonds
to a water molecule that sits beneath, and hydrogen bonds
with, the amide of the N-acetyl group of the substrate; and (iii)
the same water molecule forms a hydrogen bond with E277
(Fig. 1). Shortening this side chain to an aspartic acid would
disrupt several of these interactions. Overall, the significantly
impaired growth of the E227D virus suggests that E227 may
provide a good target for NAI refinement, since this conserved
residue could not tolerate the most conserved amino acid sub-
stitution (E—=D).

Residue 152 that interacts with the oxygen of the N-acetyl
moiety of sialic acid and NAIs. The R152K mutation in NA is
reportedly associated with zanamivir and oseltamivir resistance
in influenza B viruses (14, 16, 19), but amino acid changes at
this conserved residue have not been observed in influenza A
viruses. We evaluated here its potential to confer resistance to
NAIs in the N2 background.

(i) Growth in MDCK cells. The R152K mutant was able to
grow in the absence of C. perfringens. However, a mixture of
small and large (wild-type revertant) plaques was detected at
the fourth passage, and the large plaque population increased
from 6.8% (data not shown) to 14.1% in the fifth passage
(Table 4). In the presence of additional NA activity, R152K
virus was able to maintain a homogeneous small-plaque phe-
notype throughout the five serial passages (Table 4).
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TABLE 4. Characterization of R152K virus®
Growth of the virus in MDCK cells”
s ICs, (NM)°
Rever.se First passage Third passage Fifth passage NA activity (‘T‘ea“ 0 €
genetics C. perfringens pmf)ll/30 min
virus NA Virus Plaque Virus Plaque Virus Plaque ng~' = SD) Oseltamivir Zanamivir
titer size (%) titer size (%) titer size (%) carboxylate
R152K - 6.5 S (100) 7.1 S (100) 7.3 S (85.9), L (14.1) 50.1 = 10.6 0.6 2.3
+ 7.7 S (100) 6.9 S (100) 7.0 S (99.2), L (0.8)

“ Data for the second and fourth passages were determined but are not shown for the sake of brevity.

® The recombinant viruses were grown in the presence (+) or absence (—) of 2 mU of C. perfringens NA/ml during the five serial passages in MDCK cells. Virus titers
were determined by plaque assay in MDCK cells in the absence of C. perfringens NA and expressed as the log;, PFU/ml. Plaque sizes: S, small (0.2 to 0.6 mm in
diameter); L, large (1.0 to 2.0 mm in diameter), as determined by the Finescale comparator (Los Angeles, CA). The percentage of small or large plaques is shown in
parentheses.

¢ Drug resistance is expressed as a multiple of the ICs, of the wild-type virus as determined by NA inhibition assay: +, multiple > 10; ++, multiple > 100; +++,

multiple > 1,000.

(i) Sequence analysis. Among 10 clones of the R152K virus
that were analyzed, one (10%) showed wild-type NA sequence
and nine (90%) maintained the introduced mutation. The per-
centage of wild-type NA (10%) was consistent with the per-
centage of large plaques (14.1%) in the fifth passage (Table 4).
We also sequenced the HA of the R152K virus and did not find
amino acid changes in the HA1 region.

(iii) Sensitivity to NAIs and NA activity. R152K virus
showed lower NA activity (50.1 X 10.6 pmol/30 min ng™ ")
(Table 4) compared to most recombinant viruses assayed; how-
ever, the differences in NA activity are not significantly differ-
ent compared to E276D, R371K, and D151E viruses (Tables 2,
5, and 6). In addition, R152K in the N2 background did not
confer resistance to oseltamivir or zanamivir. This result sup-
ports the idea that the resistance of each NA subtype should be
considered separately (25, 39).

(iv) Structure analysis. Since R152K was previously re-
ported to confer resistance in the influenza B background (14),
we overlaid the structures of influenza A/Tokyo/3/67 (H2N2)
virus NA (PDB code: 2bat) and influenza B/Beijing/1/87 virus
NA (PDB code: 1nsb) to compare them. Previously, recombi-
nant B/Beijing/1/87 virus with R152K mutation in NA was
shown to confer resistance to NAIs (19). We found no appar-
ent difference between the N2 and B NA, since R152 has the
same interactions with conserved residue D198. More detailed

structural analysis of the complex formed by N2 NA and in-
fluenza B virus NA with NAIs is required for further insight.

Residues 224 and 276 that interact with the glycerol side
chain of sialic acid and zanamivir and the pentyl ether group
of oseltamivir carboxylate. The hydrophobic faces of R224,
1222, and A246 form a hydrophobic pocket to accommodate
the glycerol side chain of sialic acid and zanamivir, while
E276 forms a hydrogen bond with the O8 and O9 hydroxyls
of the glycerol group (33, 34). The interaction of R224 and
E276 with oseltamivir is different in that the glycerol side
chain is substituted by a pentyl ether group (Table 1). Pre-
vious reports (32) suggest that E276 and R224 must form a
salt bridge to accommodate the large hydrophobic pentyl
ether group of oseltamivir.

(i) Growth in MDCK cells. R224K virus showed inefficient
growth in MDCK cells without C. perfringens NA activity: the
viral yield was low for the first three passages (<10° PFU/ml).
A mixture of small and large (wild-type revertant) plaques was
detected at the third passage, and the large-plaque phenotype
became predominant in the fourth and fifth passages (Table 5).
In the presence of supplemental NA, R224K virus was genet-
ically more stable and replicated efficiently, although a mixture
of small and large plaques was detected at the fifth passage
(Table 5).

E276D virus showed significantly better growth efficiency

TABLE 5. Characterization of R224K and E276D viruses®

Growth of the virus in MDCK cells”

P 1C5o (nM)°
Rever‘se First passage Third passage Fifth passage NA activity (‘?ea“ o (M)
genetics ¢ oringens pmf)ll/S(] min
virus NA Virus  Plaque  Virus Plaque Virus Plaque ng~' = SD) Oseltamivir Zanamivi
titer  size (%) titer size (%) titer size (%) carboxylate anamivir
R224K - 1.3 S(00) 28 S@O13),L@®7) 81 SO),LO 171 £32 >2,000 (+++) 161.5(+)
+ 49 S (100) 7.5 S (100) 75 S (84.1), L (15.9)
E276D 6.5 S(100) 7.1 S (955),L(45) 69 S (71.4), L (28.6) 95.4 £439 8.9 (+) 463.8 (++)

+ 76 S (100) 7.0 S (100) 7.0

S (100)

¢ Data for the second and fourth passages were determined but are not shown for the sake of brevity.

® The recombinant viruses were grown in the presence (+) or absence (—) of 2 mU of C. perfringens NA/ml during the five serial passages in MDCK cells. Virus titers
were determined by plaque assay in MDCK cells in the absence of C. perfringens NA and expressed as the log;, PFU/ml. Plaque sizes: S, small (0.2 to 0.6 mm in
diameter); L, large (1.0 to 2.0 mm in diameter), as determined by the Finescale comparator (Los Angeles, CA). The percentage of small or large plaques is shown in
parentheses.

¢ Drug resistance is expressed as a multiple of the ICs, of the wild-type virus as determined by NA inhibition assay: +, multiple > 10; ++, multiple > 100; +++,
multiple > 1,000.
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TABLE 6. Characterization of D151E virus”

Growth of the virus in MDCK cells”

s ICsy (NM)°
Rever.se 1st passage 3rd passage Sth passage NA activity (’T‘ea“ 0
genetics C. perfringens pmf)ll/30 min
virus NA Virus Plaque Virus Plaque Virus Plaque ng~' = SD) Oseltamivir Zanamivir
titer size (%) titer size (%) titer size (%) carboxylate
DI151E - 1.3 S (100) 2.8 S (100) 79 S (95.1), L (4.9) 623 £8.7 54(+) 6.2
+ 5.0 S (100) 7.5 S (100) 7.6 S (87.2), L (12.8)

“ Data for the second and fourth passages were determined but are not shown for the sake of brevity.

® The recombinant viruses were grown in the presence (+) or absence (—) of 2 mU of C. perfringens NA/ml during the five serial passages in MDCK cells. Virus titers
were determined by plaque assay in MDCK cells in the absence of C. perfringens NA and expressed as the log;, PFU/ml. Plaque sizes: S, small (0.2 to 0.6 mm in
diameter); L, large (1.0 to 2.0 mm in diameter), as determined by the Finescale comparator (Los Angeles, CA). The percentage of small or large plaques is shown in
parentheses.

¢ Drug resistance is expressed as a multiple of the ICs, of the wild-type virus as determined by NA inhibition assay: +, multiple > 10; ++, multiple > 100; +++,
multiple > 1,000.

and genetic stability than the R224K virus (Table 5). It was must form a salt bridge to accommodate the large hydrophobic
able to replicate and reached a viral yield of >10° PFU/ml in pentyl ether group of oseltamivir; since there is room for both
the absence of C. perfringens NA, although the percentage of residues to move, it is likely that the salt bridge between D276
large plaques increased gradually (Table 5). In the presence of and R224 could still form, perhaps explaining why E276D virus
supplemental NA, E276D virus was genetically stable, since it is only slightly resistant to oseltamivir.

was able to replicate efficiently in MDCK cells and maintain a Residue 151 as an acid/base catalyst. Natural variations
homogeneous small-plaque phenotype throughout the five se- (G/V/N/E) at residue D151 have been identified in N1, N2, and
rial passages (Table 5). influenza B NA in a large-scale influenza virus NAI suscepti-

(ii) Sequence analysis. All 10 clones of the R224K virus that bility screening, suggesting that D151 may not be as conserved
were analyzed (100%) showed the wild-type NA sequence. In as previously thought (25). In influenza virus NA, D151 is
addition, the HA sequence of the R224K virus was found to be proposed to act as the acid catalyst for the initial step involving
identical to the original sequence. For E276D virus, 2 of 10 sialyl-enzyme formation, since it is well located to hydrogen
clones (20%) showed a wild-type NA sequence, and 8 of 10 bond with the glycosidic oxygen (34). The role of residue D151
clones (80%) maintained the E276D mutation. No amino acid in NAI resistance was also evaluated.
change was found in the HA1 of the E276D virus after five (i) Growth in MDCK cells. The growth of D151E virus in the
serial passages in MDCK cells. absence of C. perfringens NA was not dramatically impaired

(iii) Sensitivity to NAIs and NA activity. R224K virus pos- compared to the growth of R118K or E227D viruses; however,
sessed the lowest NA activity among the recombinant viruses it was not able to grow to the titer of >10° PFU/ml while
assayed (P < 0.05) (Tables 2 to 6), except for the R118K and maintaining a homogeneous small-plaque phenotype (Table
E227D viruses, which were not assayed. The significantly lower 6). In the presence of supplemental NA activity, it was more
NA activity correlates well with the compromised growth and stable and replicated more efficiently, although a mixture of
genetic instability of the R224K virus in MDCK cells (Table 5). small and large (wild-type revertant) plaques was observed at
R224K virus showed reduced NA sensitivity to both oseltamivir the fifth passage (Table 6).

(>4,000-fold) and zanamivir (>50-fold). (ii) Sequence analysis. All 10 clones of the D151E virus that

On the other hand, we observed that E276D virus possessed were analyzed maintained the D151E mutation in NA. How-
the second highest NA activity among the recombinant viruses ever, the HA sequence obtained at the fifth passage in the
assayed (except for the wild type, R292K virus possessed the absence of C. perfringens NA showed one amino acid change
highest NA activity) (Table 2 and 5). It also conferred resis- (Y—H) at residue 98. Conserved residue Y98 is located at the
tance to both oseltamivir (~15-fold) and zanamivir (~160- bottom of the receptor binding site; therefore, this amino acid
fold) (Table 5). change may interfere with the binding affinity of the virus. The

(iv) Structure analysis. The guanidino group of R224 reacts presence of YO98H HA mutation may contribute to the in-
on one side with the backbone carbonyl of G244 and on the creased viral yield at the fifth passage. However, the detail
other side with the Oy of T242. R224 plays a vital role in that effect of this HA mutation requires further studies.
its methylene groups at CB, Cy, and C3 form part of the (iii) Sensitivity to NAIs and NA activity. D151E virus pos-
hydrophobic pocket that accommodates the methyl group of sessed NA activity comparable to that of the R152K virus
the N-acetyl moiety of the ligand. Therefore, the vital role of (Tables 4 and 6). It was only slightly resistant to zanamivir and
R224 is confirmed by the compromised fitness of the R224K oseltamivir, since the drug sensitivity decreased 2.2- and 10.8-
virus in MDCK cells. fold, respectively. We observed that D1S1E showed a slight

As mentioned above, E276 forms a hydrogen bond with the decrease in sensitivity to NAIs; this result is similar to that
08 and O9 hydroxyls of the glycerol group of sialic acid or reported previously when natural variation at residue D151
zanamivir. Reducing the side chain to aspartic acid would was identified in circulating influenza viruses (25).
probably remove these hydrogen bonds, thus conferring resis- (iv) Structure analysis. Within the sialyl-enzyme intermedi-
tance to zanamivir. A more detailed crystal structure analysis is ate, D151 is well positioned to function as the general base
required to fully elucidate the mechanism. E276 and R224 catalyst, assisting nucleophilic attack by the hydroxyl group of
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a water molecule. Mutation to a glutamic acid would unbal-
ance the role of this group. The longer side chain of E151
could turn to form a salt bridge with the adjacent R152 or
interfere with the negative charge on the substrate carboxylate.
However, the exact role of D151 will require a more detailed
structural analysis.

Conclusion. This study focused on seven charged conserved
NA residues that directly interact with NAIs and have not been
reported to confer resistance to NAIs. We hypothesized that
the NA residues we studied are under strong a selective pres-
sure of the drug and are the residues most likely to confer
resistance to NAIs; on the other hand, mutations at these
residues could also be the most lethal to the virus. Other
conserved or semiconserved NA residues or residues near the
receptor binding site of HA also have the potential to confer
resistance and may require further exploration. With a single
mutation at the conserved NA enzymatic site, all seven recom-
binant viruses that we studied showed significantly decreased
NA activity compared to the recombinant wild-type and
R292K viruses; however, they differed in their ability to repli-
cate in MDCK cells. In general, we observed that the NA
activity assayed at pH 7.2 correlates with the growth efficiency
of the recombinant viruses; the higher the NA activity is, the
better the growth. However, it is possible that our assays still
have certain limitations so that some differences in enzyme
activity between the recombinant viruses are not statistically
significant. Preparation of concentrated recombinant viruses
by ultracentrifugation may lead to the loss of the NA tetramer
structure. In addition, a structurally unstable NA may not be
able to tolerate temperature and pH changes as well as the
wild-type NA.

Mutations in the present study that did not significantly
compromise the growth of the recombinant viruses in MDCK
cells and that conferred NAI resistance warrant heightened
awareness, such as R371K and E276D viruses that were able to
replicate with similar efficiency as the R292K virus. These
mutations may have the potential to emerge after NAI treat-
ment. Although the R292K mutation has been identified by
various in vitro and in vivo studies (16, 26), the E276D muta-
tion has not been reported to confer resistance to NAIs either
in vitro or in vivo. One possible explanation is the relatively
infrequent clinical use of zanamivir. E276D virus was observed
to be only slightly resistant to oseltamivir, but its sensitivity to
zanamivir was reduced by a factor of approximately 160. Zana-
mivir is administered by inhalation and is not as frequently
prescribed as oseltamivir phosphate, which is taken orally.
Monitoring amino acid changes should be considered at this
position in patients treated with zanamivir.

The compromised growth of most recombinant viruses and
the significant reduction in NA enzymatic activity of all of the
recombinant viruses support the strategy originally proposed
by Varghese et al. in 1998 (35) of designing an inhibitor that is
as closely related as possible to the natural ligand of the target
(29). Future NAI design may target those residues that are
least likely to be substituted, such as R118 and E227. One
possibility might be a modification of the acetamido group of
the current inhibitors to include a functionality that emulates
the conserved water molecule linking E227 and E277. Release
of this bound water would also be thermodynamically favor-
able, potentially adding to the affinity of such analogues. Al-

J. VIROL.

though our results may not be able to extrapolate to other NA
subtypes, the use of site-directed mutagenesis and reverse ge-
netics in tandem should be considered for future related stud-
ies of other NA subtypes (especially N1) of influenza A virus
and influenza B virus NA with the ultimate goal of NAI re-
finement.
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