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A Conformational Restriction in the Influenza A Virus Neuraminidase
Binding Site by R152 Results in a Combinational Effect of 1222T and

H274Y on Oseltamivir Resistance

Lan Huang,®? Yang Cao,* Jianfang Zhou,® Kun Qin,® Wenfei Zhu,? Yun Zhu,? Lei Yang,® Dayan Wang,® Hong Wei,® Yuelong Shu?

Chinese National Influenza Center, National Institute for Viral Disease Control and Prevention, China CDC, Beijing, People’s Republic of China?; Department of
Neonatology, Children's Hospital of Chongging Medical University, Chongging, People’s Republic of China® Center of Growth, Metabolism, and Aging, Key Laboratory of
Bio-resource and Eco-environment, Ministry of Education, College of Life Sciences, Sichuan University, Chengdu, People’s Republic of China“

The 1222K, 1222R, and 1222T substitutions in neuraminidase (NA) have been found in clinically derived 2009 pandemic influ-
enza A/H1IN1 viruses with altered susceptibilities to NA inhibitors (NAls). The effects of these substitutions, together with the
most frequently observed resistance-related substitution, H274Y, on viral fitness and resistance mechanisms were further inves-
tigated in this study. Reduced sensitivities to oseltamivir were observed in all three mutants (1222K, 1222R, and 1222T). Further-
more, the 222K and 1222T substitutions had a combinational effect of further increasing resistance in the presence of H274Y,
which might result from a conformational restriction in the NA binding site. Of note, by using molecular dynamics simulations,
R152, the neighbor of T222, was observed to translate to a position closer to T222, resulting in the narrowing of the binding
pocket, which otherwise only subtends the residue substitution of H274Y. Moreover, significantly attenuated NA function and
viral growth abilities were found in the 1222K+H274Y double mutant, while the 1222T+H274Y double mutant exhibited
slightly delayed growth but had a peak viral titer similar to that of the wild-type virus in MDCK cells. The relative growth advan-
tage of the I222T mutant versus the 222K mutant and the higher frequency of 1222T emerging in N1 subtype influenza viruses
raise concerns necessitating close monitoring of the dual substitutions 1222T and H274Y.

I nfluenza viruses are highly contagious in the human population
and result in acute respiratory infectious diseases ranging from
mild to severe. Since most of currently circulating influenza vi-
ruses have been found to be resistant to M2 ion channel blockers
(1), neuraminidase inhibitors (NAIs), such as oseltamivir and
zanamivir, which target the NA glycoproteins of influenza A and B
viruses, are widely used in the prophylaxis and treatment of influ-
enza virus infections. In 2009, a novel triple reassortant swine-
origin influenza A(HIN1) virus that was naturally resistant to
adamantanes emerged and quickly spread worldwide (2). Al-
though NAIs are effective against A(HIN1)pdm09, and <2% of
the oseltamivir-resistant viruses harboring an H274Y substitution
in NA were detected (3), the outbreak of a cluster infection of
H274Y A(HIN1)pdm09 in New South Wales in 2011, as well as
the emergence of multidrug-resistant clinical isolates with novel
genotypes, raised global concerns (4, 5).

NAI resistance is mostly related to influenza NA mutations in
or around the active site (6). The active site is composed of 8
functional residues (R118, D151, R152, R224, E276, R292, R371,
and Y406) and 11 framework residues (E119, R156, W178, S179,
D198, 1222, E227, H274, E277, N294, and E425) (7). To our
knowledge, the amino acid substitutions in the functional residues
are rare, and only substitutions at D151, R292, and R371 have
been detected in clinic specimens or field isolates (8, 9). Neverthe-
less, those substitutions usually result in decreased NA activity or
impaired fitness in MDCK cells (10-12). Substitutions in the
framework site of NA, such as residues 119, 198, 222, 274, and 294,
are relatively more common and diverse in their presentation (8,
13). Those framework substitutions usually reduce the NAI sus-
ceptibilities of the viruses by interrupting the binding of NAIs and
NA. Some of the substitutions spread widely due to their minor
effects on NA activity or viral fitness (6, 14, 15). For example, the
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well-studied substitution H274Y was found to confer oseltamivir
resistance in the seasonal HIN1 virus in 2008 to 2009 (16). The
substitutions on residue 222 have also been regarded to be key
markers in the monitoring of the ability of a strain to increase drug
resistance by combining with H274Y (17). Until now, at least
seven types of NA substitutions in A(HIN1)pdm09 have been
identified to be drug resistant in response to NAI treatment (see
Table S1 in the supplemental material).

Some of the NAI resistance-related substitutions are subtype
specific and drug specific. It has been reported that the H274Y
substitution is oseltamivir resistant in the N1 subtype, and D151V
(8,9) is zanamivir resistant in the N2 subtype. Some substitutions,
however, are not type/subtype specific. For example, substitutions
at residue 222 confer reduced susceptibility in N1, N2, and type B
viruses (18, 19). The amino acid substitutions at residue 222 of NA
are varied, including substitutions of 1222T/V in type B, 1222V/
M/T/R in N1, and 1222V in N2 (18-25), and these exhibit varied
effects on the enzymatic properties of NA and NAI susceptibility.
They emerged either naturally or after oseltamivir treatment or
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prophylaxis. I1222R increases the 50% inhibitory concentration
(ICs,) of oseltamivir and zanamivir relative to the wild-type (WT)
strain in A(HIN1)pdm09 and has a combinational effect on resis-
tance to oseltamivir and zanamivir when combined with the
H274Y substitution (5, 21, 26, 27). The 1222T substitution results
in moderately reduced susceptibility of influenza B virus to osel-
tamivir but not zanamivir (18). 1222T can be found in a wide host
range, which has been detected in A(HIN1)pdm09, H5N1, and
type B viruses (see Tables S2 and 3 in the supplemental material).
It has been reported that most B viruses with the 1222T substitu-
tion were isolated from untreated patients, which indicates that
1222T may occur naturally without NAI selective pressure (18).
The 1222K substitution was detected in A(HIN1)pdm09, result-
ing in significant oseltamivir resistance and moderate zanamivir
resistance (28). Although the viral fitness and NA enzymatic prop-
erties of A(HIN1)pdm09 viruses have been studied in several sin-
gle substitutions (such as 1222V or 1222R) and double substitu-
tions (I222V/R combined with H274Y) (29, 30), the features of
1222T and 1222K mutants have not yet been determined. To ad-
dress this issue, in this work, we generated recombinant
A(HIN1)pdmO09 viruses containing 1222T and 1222K NA substitu-
tions with or without H274Y and then compared their NAI resistance
phenotypes and in vitro replicative capacities. Furthermore, we stud-
ied the resistance mechanisms involved in the various impacts of
1222T substitutions on NA biological functions of A(HIN1)pdm09
using molecular dynamics simulations.

MATERIALS AND METHODS

Cell culture. Madin-Darby canine kidney (MDCK) and human embry-
onic kidney (293T) cells were obtained from the American Type Culture
Collection as reported previously (31). The 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad,
CA, USA), and MDCK was maintained in minimum essential medium
(MEM) (Invitrogen), supplemented with 10% fetal bovine serum (FBS)
(Invitrogen) and 2 mM glutamine (Invitrogen).

Generation of recombinant viruses and virus titrations. All eight
gene segments of influenza virus strain A/California/04/2009 (HIN1;
CA04) were amplified by real-time PCR (RT-PCR) and cloned into a
modified version of the bidirectional expression plasmid pCQI, derived
from pHW2K. Mutations were introduced into the pCQI plasmid
containing the NA segment using the appropriate primers and the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA,
USA), according to the manufacturer’s instructions. The nucleotide
changes were I/ATA to K/AAA (1222K), I/ATA to R/AGA (1222R), I/ATA
to T/ACA (1222T), and H/CAC to Y/TAC (H274Y). Based on the
H274Y-NA gene, we introduced a second mutation. All plasmids were
sequenced to ensure the presence of the introduced mutations and the
absence of undesired mutations. The eight bidirectional plasmids were
cotransfected into a 293T/MDCK coculture monolayer using the Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad, CA), according to the man-
ufacturer’s instructions. All the recombinant viruses were sequenced and
then titrated by the 50% tissue culture infective dose (TCID5,). As previ-
ously reported (31), the TCID,, was measured on MDCK cells. A log,,.5
dilution of the virus was inoculated on monolayer MDCK cells. After virus
adsorption for 1 h at 35°C, unadsorbed virus was removed by washing
with phosphate-buffered saline (PBS). The infection medium, containing
2 mg/liter N-tosyl-L-phenylalanine chloromethyl ketone-treated (TPCK)
trypsin (Sigma, St. Louis, MO, USA), was added. The cytopathogenic
effect (CPE) was observed daily and confirmed by a hemagglutination
assay with 0.5% turkey red blood at 96 h postinfection. The TCID,, was
calculated by the Reed-Muench formula (32).

NA inhibitor assays. The rescued viruses were tested for suscepti-
bility to oseltamivir and zanamivir by NA inhibition assays using
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the 4-methylumbelliferyl-N-acetyl-a-p-neuraminic acid (MUNANA)
(Sigma, St. Louis, MO) substrate (23), with minor modifications.
Briefly, recombinant viruses were standardized to an NA activity level
10-fold higher than that of the background. Forty microliters of virus
was mixed with various concentrations of inhibitor (final concentra-
tions of NA inhibitors, 0.01 nM to 10,000 nM) in black microtiter
plates. The virus-inhibitor mixture was incubated at 37°C for 45 min
prior to the addition of 40 .l of MUNANA substrate (final concentra-
tion, 100 wM) and then incubated at 37°C for 60 min. The reaction was
terminated by the addition of 80 pl of the stop solution. The IC,, for each
drug was performed using the GraphPad Prism software version 5.

Michaelis constant measurement. The NA enzyme kinetics was mea-
sured at pH 6.5 with 33 mM 2-(N-morpholino)ethanesulfonic acid hy-
drate (MES) (Sigma-Aldrich, St. Louis, MO, USA), 4 mM CaCl,, and the
fluorogenic substrate MUNANA (final substrate concentration, 1.5625 to
200 nM). The same titer of 10>® TCID4,/ml of the virus particles was used
in the measurement of the Michaelis constant (K,,,). The reaction was
conducted at 37°C in a total volume of 100 pl, and the fluorescence of
released 4-methylumbelliferone was measured every 60 s for 90 min by
Infinite 200 PRO (Tecan, Medford, MA), using excitation and emission
wavelengths of 360 and 465 nm, respectively. The Michaelis constant (K,,)
kinetic parameters were calculated by fitting the data to the appropriate
Michaelis-Menten equations by using nonlinear regression in the Graph-
Pad Prism 5 software (GraphPad Software, La Jolla, CA).

Expression of NA at the surface of virus-infected cells, and total NA
activity. The expression of NA at the surface of virus-infected MDCK cells
was determined as previously described (6). In brief, the rescued viruses
were diluted in appropriate medium containing 2 mg/liter TPCK-trypsin
to infect confluent MDCK 48-well plates at a multiplicity of infection
(MOI) of 1 50% tissue culture infectious dose (TCID,,) per cell. All media
and viruses were maintained at 4°C and then incubated with MDCK cells
for 1 h at 35°C to allow the viruses to bind to the surface of the cells. Then
inocula were disposed and placed in freshly working medium (200 pwl/
well). The plates were incubated at 35°C under 5% CO,. At 12 h postin-
fection, the cells were digested with 0.25% EDTA-trypsin and collected
together. The cells were washed three times with PBS and then divided
into 3 parts: one for NA surface staining, one for the detection of total NA
activity, and one for neuropilin (NP) staining. The cells for the total NA
activity assay were lysed by an appropriate volume of passive lysis buffer
and then mixed with 400 puM MUNANA. The mixtures were incubated at
37°C. The fluorescence value of released 4-methylumbelliferone was de-
tected 30 min later. Specific A/New Caledonia/20/1999 strain NA mono-
clonal antibody (Immunotech, Suzhou, China) was added at a dilution of
1:100 in PBS, and the plates were incubated 1 h at room temperature. The
cells were washed three times as previously described. Fluorescein isothio-
cyanate (FITC)-conjugated goat anti-mouse IgG (ZSGB-Bio, Beijing,
China) was added at a dilution of 1:100 in PBS, and the tubes were incu-
bated 1 h at room temperature. After a last washing step, the cells were
suspended by 500 pl PBS and were detected by flow cytometry. Blank
corrected data were normalized against the quantity of infected cells re-
flected by the relative quantity of NP expressed in the cells, determined by
the same assays performed in parallel after permeabilization of the in-
fected cells.

Growth curves. In vitro MDCK cells were infected with recombinant
viruses at a multiplicity of infection (MOI) of 0.001 TCID,, per cell and
incubated in the appropriate medium containing 2 pg/ml TPCK-trypsin
at 35°C. The supernatants were collected at 12, 24, 48, and 72 h postinoc-
ulation (hpi), and the virus titers in the supernatants were determined by
titration in MDCK cells by daily observation for cytopathogenic effect
(CPE) after incubation for 96 h at 35°C; these were confirmed by a hem-
agglutination assay performed with 0.5% turkey chicken red blood. The
TCIDs, was calculated by the Reed-Muench formula (32).

Bioinformatics analysis. The wild-type NA crystal structure (PDB
code 4B7R) was obtained from the Protein Data Bank (33). NA mutants
were first produced by using the side-chain modeling software CISRR.
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TABLE 1 Enzymatic characteristics of the NA of recombinant A(HIN1)pdmO09 viruses

K,, (uM) (mean *

IC5, (nM) for indicated drug

Oseltamivir Zanamivir

Mean * SD? (fold Mean *+ SD? (fold

NA substitution(s)* SD? [fold change]) change®) change®)

WT 19.14 * 2.50 (1.0) 0.69 *+ 0.05 (1.0) 0.28 =+ 0.01 (1.0)
H274Y 41.65 + 4.377 (2.2) 396.2 + 15.56 (574.2) 0.3 £ 0.03 (1.1)
1222K 26.73 * 2.05 (1.4) 20.48 * 1.73°(29.7) 0.87 + 0.15 (3.1)
1222T 47.61 + 5.729(2.5) 4.42 = 0.86 (6.4) 0.55 = 0.03 (2.0)
1222R 64.66 + 12.837 (3.4) 22.07 = 2.27°(32) 2.27 +0.18 (8.1)
1222K+H274Y 148.64 *+ 20.35%2 (7.8) 3,974 * 477.58%¢ (5,759) 1.99 * 0.03° (7.1)
1222T+H274Y 97.44 + 16.9% (5.1) 950.15 = 47.73%/ (1,377) 0.57 = 0.09 (2.0)
1222R+H274Y 174.63 + 3.18%¢ (9.1) 3,936 + 336.7°¢ (5,704) 3.74 + 1.099 (13.4)

“ All substitutions are in N2 numbering.

Y Data from three independent experiments.

¢ Compared to that of WT (wild type).

@ P value of <0.05, unpaired ¢ test against wild type.

¢ P value of <0.01, unpaired t test against wild type.

7P value of <0.05, unpaired f test against the H274Y mutant.
¢ Pvalue of <0.01, unpaired t test against the H274Y mutant.

Next, the modeling structures were optimized by molecular dynamics
simulations using NAMD (34) (version 2.9) and CHARMM?22 force fields
(35). The parameters for oseltamivir were generated by SwissParam (36).
The molecules were solvated with TIP3P water in a cubic box, where the
minimal distance between the atoms in the complex and the edges of the
box was set to 12 A. A switch distance of 10 A and a cutoff distance of 12 A
were used for nonbonded interactions. Particle mesh Ewald (PME) was
chosen to calculate the long-range electronic interactions. The simula-
tions were conducted at 310 K and a constant pressure of 1 bar. They were
first minimized for 2,000 steps and then equilibrated in the isothermal-
isobaric (NPT) ensemble for 1.8 ns, with an integration time step of 1 fs.
The simulations were repeated twice.

Statistical analysis. The IC,s, K,,;s, NA surface expression levels, NA
activities, and viral titers of the mutants were compared with those of the
wild type (WT) or H274Y mutant by using an unpaired two-tailed f test in
the GraphPad Prism 5 software package (GraphPad Software, USA). A P
value of <0.05 was considered to indicate statistical significance.

RESULTS

Enzymatic properties of the recombinant viruses. To determine
the impact of the substitutions of H274Y, 1222K, and 1222T on the
enzymatic properties of the viruses, we generated the recombinant
WT and five variants (1222K, 1222T, H274Y, 1222K+H274Y, and
1222T+H274Y) by reverse genetics in the context of the A/Cali-
fornia/04/2009 virus. The 1222R and 1222R+H274Y mutants
were also generated for comparison. To characterize the NA en-
zymatic parameters of these viruses, the Michaelis constant (K,,,),
which reflects NA affinity for the substrate, was determined using
MUNANA as a substrate. Except for 222K, all single substitutions
significantly decreased enzymatic affinity (2.2 to 3.4-fold increase
in K,,;; P < 0.05). The substitution 1222K resulted only in a minor
reduction of affinity (1.4-fold increase in K,,; P = 0.072) com-
pared with the WT. The enzymatic affinities of all double mutants
decreased further, especially for the 1222R+H274Y mutant (9-
fold increase; P = 0.0001) (Table 1).

Susceptibilities of the recombinant viruses to neuraminidase
inhibitors. As expected, the recombinant WT virus was sensitive
to the two NAIs tested (oseltamivir and zanamivir), while the
H274Y mutant was resistant to oseltamivir (mean 574-fold in-
crease in ICs,) but susceptible to zanamivir. The 1222T mutant
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showed only a 6-fold reduction in susceptibility to oseltamivir and
had almost no impact on the susceptibility to zanamivir. Interest-
ingly, the combination of 1222T and H274Y induced a mean
1,377-fold increase in the ICs, of oseltamivir compared to that of
the WT virus (P < 0.01).1222K was also associated with a low level
of resistance to oseltamivir and with a small reduction in zanami-
vir susceptibility (29- and 3-fold increases in the ICs,, respec-
tively). The 1222R substitution conferred moderate resistance to
oseltamivir and reduced susceptibility to zanamivir (32- and
8-fold increases in the ICs, respectively). The ICy,s of the double
mutants 1222K+H274Y and 1222R+H274Y were further in-
creased >5,000-fold in oseltamivir and >7-fold in zanamivir
compared to the recombinant WT virus (Table 1).

Replicative capacity of recombinant viruses in vitro in MDCK
cells. A multicycle growth assay of recombinant viruses was per-
formed in MDCK cells at an MOI of 0.001 TCIDs, per cell, the
supernatants were harvested at 12, 24, 48, and 72 h after infection,
and the viral titers were determined on MDCK cells. Viral growth
was slightly impaired for the H274Y mutant, while there was al-
most no difference in growth for the 1222T mutant. The initial
virus replication rates were similar for the single-residue-substi-
tution variants, except for [222R, whose titer was below the lower
limit of detection. The peak points of replication of the 1222R and
1222K mutants were delayed to 48 hpi, with lower peak titers than
that of the WT virus (Fig. 1A). A significantly lower level of viral
growth was seen for the [222R+H274Y and 1222K+H274Y mu-
tants, with peak titers of ~10' to 10*> TCIDs,/ml lower than that
of WT (P < 0.05). Their viral titers maintained the lower levels
throughout the time points. Although the 1222T+H274Y mutant
reached its peak at 48 hpi, 24 h later than the WT virus, their peak
titers were comparable, with 10°>> TCID,/ml for the WT virus
and 10%'* TCID,y/ml for the 1222T +H274Y mutant (Fig. 1B).

NA total activity and NA surface expression. To understand
what is responsible for the varied viral fitness of different amino
acid substitutions at the NA 222 residue, we detected the levels of
NA activity and surface expression in the mutants. The surface-
expressed NA protein levels on the infected cells of the 1222K,
1222R, and H274Y mutants were decreased but without a signifi-
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FIG 1 Replication kinetics of recombinant influenza A(HIN1)pdm09 viruses in MDCK cells. Confluent MDCK cells were inoculated with rescued viruses at an
MOI of 0.001. Supernatants were collected at 12, 24, 48, and 72 hpi at 35°C and titrated by a TCIDs, assay using MDCK cells. (A) WT, 1222R, 1222K, 1222T, and
H274Y mutants. (B) WT, 1222R+H274Y, 1222K+H274Y, and 1222T+H274Y mutants. Each data point represents the yield of a virus tested in three separated
experiments (mean = SD of TCID,,/ml). *, P value of <0.05, and **, P value of <0.01 for differences in viral titers between the mutant and WT viruses as

determined by an unpaired t test. The dotted line indicates the lower limit of detection.

cant difference relative to that of the wild type (P > 0.05) (Fig. 2A).
The 1222R and 1222K mutants had very low total NA activity,
which represented 25.4% and 26.2% of that of the wild type, re-
spectively (P = 0.02 and 0.017, respectively). The H274Y mutant
also showed decreased NA activity, with 61% of that of the wild
type (P = 0.03) (Fig. 2B). Surprisingly, the 1222T substitution,
alone or with the H274Y substitution, had little impact on total
NA activity and NA surface expression compared to that of the
wild type (P> 0.07), while the [222R+H274Y and [222K+H274Y
mutants showed significantly reduced total NA activity (P < 0.02)
and NA surface expression (P < 0.05).

Molecular simulations for the inhibitor resistance mutants.
The above results show that the 1222K, 1222T, 1222K+H274Y,
and [222T+H274Y substitutions have obvious impacts on oselta-
mivir susceptibility, but what is responsible for this phenomenon?
Crystal structure studies have demonstrated that I222R results in
shrinkage at the edge of the active site pocket that accommodates
the hydrophobic pentoxyl group of oseltamivir (37). The H274Y
substitution perturbs the position and reorientation of the side
chain of E276, which further restricts the binding of oseltamivir in

150+

NA surface expression X>

the opposite direction (38, 39). We suppose the mechanism for
the 1222K and 1222K+H274 substitutions is similar, because
lysine (K) is similar to arginine (R) in its size and biochemical
properties (Fig. 3A and B). However, unlike R or K, threonine (T)
does not possess a bulky side chain, so why does it perform simi-
larly regarding resistance to NAI? If it is because of the loss of
hydrophobic effects for polar threonine (T) replacing hydropho-
bic isoleucine (I), how does the combinational effect take place?
To investigate its mechanism, we employed the molecular dynam-
ics simulations for three systems, the wild-type NA complexed
with oseltamivir and the 1222K and 1222T mutants each com-
plexed with oseltamivir. The three systems equilibrated in the
NPT ensemble for 1.8 ns. We analyzed the conformational
changes of residue 222 and discovered that there is an obvious
difference at their surrounding residues. Compared to the wild
type and 222K mutant, R152, the neighbor of T222, tends to
translate to a closer position to T222 (Fig. 3C), driven by the form-
ing of hydrogen bonds between two residues and waters. If we use
the average distances between the terminal nitrogen (NH1) of
R152 and carbon (CB) of I/K/T222 as a descriptor, it is 5.8 A for

w

150+

Total NA Activity

AEHTTTHTHhT
AANNIINNNNINNNNNNN

2

FIG 2 Expression of NA at the surface of infected MDCK cells, and total NA activity of recombinant A(HIN1)pdmO09 virus. MDCK cells were infected with
rescued viruses at an MOI of 1 and collected at 12 hpi. The level of NA surface expression and NA total activity were expressed as a percentage of that of the
wild-type viruses. (A) Expression of all the recombinant virus NAs at the surface of infected cell surface. (B) Total NA activity of all the recombinant viruses
determined by fluorometric assays using MUNANA as a substrate. The mean = SD values are from three independent assays. *, P value of <0.05, and **, P value
of <0.01 versus the wild type.
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FIG 3 Structure modeling of 1222K and 1222T mutants. 1222K and 1222T mutants were generated from the crystal structure of the NA of HIN1 2009 pandemic
influenza A virus (PDB code 4B7R) by using the side-chain modeling software CISRR. The structures of the wild-type and mutant viruses were further performed in
1.8-ns molecular dynamics simulation. The side-chain conformations of Y274 and E276 were obtained from the crystal structure of an NA mutant (PDB code 3CL0) after
the structural alignment. NAs binding with oseltamivir are represented in green (wild-type residues) and light gray (mutant residues). The distances between the terminal
nitrogen (NH1) of R152 and the carbon (CB) of I/T/K222 are shown by the dotted lines. The structural figures were generated by PyMOL (Delano Scientific, Palo Alto,
CA). (A) Wild-type conformation of residue 222 and oseltamivir. (B) Conformation of K222 and oseltamivir. The substitution of K for I results in relatively close contact
(represented as a yellow spark) between the terminal atom of K222 and oseltamivir, which restricts the reorientation of oseltamivir upon H274Y substitution. (C)
Conformation of T222 and oseltamivir. The substitution of T for I leads to a conformational change in R152, which turns to contact T222 closely. Meanwhile, the distance
between the terminal atom of R152 and oseltamivir is shortened, restricting the reorientation of oseltamivir. (D) Distances between the terminal nitrogen (NH1) of R152
and the carbon (CB) of I/T/K 222 in the 1.8-ns simulations. The x axis shows the time (ps) of the molecular dynamic simulation, and the y axis shows the distance (&)
between NH1 and CB. The dark yellow, blue, and red lines are the distance values between NH1 and CB of the 1222, K222, and T222 mutants, respectively. The average
distance of T222 (blue) is shorter than those of 1222 (dark yellow) and K222 (red).

the WT, 5.6 A for 1222K, and 4.8 A for 1222T in the simulations
(Fig. 3D). By superimposing the modeling structures on the crys-
tal structure, we found that the terminal group of R152 translated
much closer to the hydrophobic pentoxyl group of oseltamivir (Fig.
3C). Their distance decreases from 4.1 A in the wild type to 3.3 A in
the 1222K mutant, which means there is steric hindrance to the bind-
ing of oseltamivir to the mutant NA. With reference to the coopera-
tive restricting effect of the 1222R+H274Y substitutions, we suggest
that the double substitution perturbs the side chain of R152 by the
smaller threonine (T) and of E276 by the bulkier tyrosine (Y), result-
ing in shrinkage at the edge of the active site pocket in two opposite
directions. Thus, the double mutant has a combinational effect that
has a much lower ICs, than either of the two single mutants.

DISCUSSION

Influenza A virus has led to significant morbidity and mortality in
humans and global societal costs every year. To combat the bur-
den of disease caused by influenza virus, vaccination and antiviral
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drugs are the main strategies. However, when vaccine efficacy is
low or a vaccine is unavailable, antiviral drugs are an important
line of defense. Two classes of anti-influenza drugs, M2 ion chan-
nel blockers and neuraminidase inhibitors, were approved for the
treatment of influenza. NAIs were the first-line drugs available for
combating 2009 pandemic A(HIN1) virus for its natural resis-
tance to adamantine. Early administration of oseltamivir was
shown to improve clinical outcomes in infant, adult, and pregnant
woman patients infected by A(HIN1)pdm09 (40). Apart from
oseltamivir, inhaled zanamivir and intravenous peramivir were
also used in patients who experienced failed oseltamivir treatment
(41). Since the NAIs are more widely used, antiviral resistance to
these drugs is monitored and a cause for concern.

The amino acid isoleucine (I) at residue 222 around the NA
active site interacts with the pentoxyl group of oseltamivir or the
N-acetyl and glycerol groups of zanamivir to facilitate NA binding
to the drugs (37). Substitutions at residue 222 may result in re-
duced binding of NA to oseltamivir or/and zanamivir. The
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A(HIN1)pdmO09 I222R or 1222R+H274Y variants were already
detected in immunocompromised patients after treatment with
oseltamivir (5, 21, 22). Consistent with earlier reports, we found
that a single substitution of I222R conferred only moderate resis-
tance to oseltamivir and zanamivir, while its combination with
H274Y led to a sharply increased NAI IC,, (Table 1). The im-
paired growth of both 1222R and [222R/H274Y variants in MDCK
cells detected in this study (see Fig. 1) and LeGoff et al. (26) indi-
cates that the 1222R substitution may be harmful to the viral fit-
ness of the variants. However, contradictions were also reported.
The discrepancies might originate from the different strains used
in the experiments (30). The [222K and 1222K+H274Y mutants
were observed in a clinical case (28). This study and previous
reports show that the 1222K substitution confers resistance to os-
eltamivir and zanamivir similar to that conferred by the 1222R
substitution, and it enhances resistance to oseltamivir and zana-
mivir when combined with the H274Y substitution. Our study
also indicates that the 222K substitution decreased the affinity of
NA to substrate and impaired viral fitness; especially, the
1222K+H274Y dual substitutions had a marked negative effect on
the replicative kinetics of A(HIN1)pdm2009.

Our molecular dynamics simulations further indicate that the
varied combinational effect of the [222T substitution might attri-
bute to a distinct resistance mechanism. We found that the aver-
age distance between the terminal atoms of R152 and T222 is
shorter than that in wild type, which leads to the narrowing of the
binding pocket. As the conformational change of R152 is in the
opposite direction of residue 274, the double substitutions 1222T
and H274Y have a combinational effect on oseltamivir binding
(Fig. 3).

Furthermore, the replication capacities of the mutants with
1222T or [222T+H274Y were comparable to that of the recombi-
nant WT virus, indicating that the substitution I222T is not harm-
ful to the viral fitness of A(HIN1)pdmO09. It is generally accepted
that the immune status of infected hosts correlates with the emer-
gence and persistence of NAI-resistant mutants with fitness defi-
cits, such as 1222R (5). Unlike 1222R or 1222K, the I222T substi-
tution seemed to occur naturally, as most of the viruses harboring
this substitution were isolated from patients not treated with NAIs
(18). Based on the fact that the 1222T mutant has been frequently
detected in current subtype viruses infecting humans, this substi-
tution in A(HIN1)pdmO09 should cause much concern.

In summary, the substitutions of I to R or K at residue 222
conferred a multidrug-resistant phenotype in A(HIN1)pdmO09 vi-
ruses with significantly impaired viral fitness. However, the [222T
substitution exhibited a combinational effect with H274Y with
regard to oseltamivir resistance, without compromising viral fit-
ness. Our molecular dynamics simulations suggest that the dis-
placement of R152 toward T222 plays a key role in NA resistance
to NAIs. Coupled with its higher frequency in N1 and natural
emergence, the potential emergence or possible community trans-
mission of 1222T+H274Y requires close monitoring and investi-
gation regarding the clinical usage of antiviral drugs.
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