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ABSTRACT

Influenza virus neuraminidase (NA) drug resistance is one of the challenges to preparedness against epidemic and pandemic
influenza virus infections. NA N1- and N2-containing influenza viruses are the primary cause of seasonal epidemics and past
pandemics. The structural and functional basis underlying drug resistance of the influenza virus N1 NA is well characterized. Yet
drug resistance of the N2 strain is not well understood. Here, we confirm that replacement of N2 E119 or 1222 results in multi-
drug resistance, and when the replacements occur together, the sensitivity to NA inhibitors (NAI) is reduced severely. Using
crystallographic studies, we showed that E119 replacement results in a loss of hydrogen bonding to oseltamivir and zanamivir,
whereas 1222 replacement results in a change in the hydrophobic environment that is critical for oseltamivir binding. Moreover,
we found that MS-257, a zanamivir-oseltamivir hybrid inhibitor, is less susceptible to drug resistance. The binding mode of MS-
257 shows that increased hydrogen bonding interactions between the inhibitor and NA active site anchor the inhibitor within
the active site and allow adjustments in response to active-site modifications. Such stability is likely responsible for the observed
reduced susceptibility to drug resistance. MS-257 serves as a next-generation anti-influenza virus drug candidate and serves also
as a scaffold for further design of NAls.

IMPORTANCE

Oseltamivir and zanamivir are the two major antiviral drugs available for the treatment of influenza virus infections. However,
multidrug-resistant viruses have emerged in clinical cases, which pose a challenge for the development of new drugs. N1 and N2
subtypes exist in the viruses which cause seasonal epidemics and past pandemics. Although N1 drug resistance is well character-
ized, the molecular mechanisms underlying N2 drug resistance are unknown. A previous report showed that an N2 E119V/I222L
dual mutant conferred drug resistance to seasonal influenza virus. Here, we confirm that these substitutions result in multidrug
resistance and dramatically reduced sensitivity to NAI. We further elucidate the molecular mechanism underlying N2 drug resis-
tance by solving crystal structures of the N2 E119V and 12221 mutants and the dual mutant. Most importantly, we found thata
novel oseltamivir-zanamivir hybrid inhibitor, MS-257, remains more effective against drug-resistant N2 and is a promising can-
didate as a next-generation anti-influenza virus drug.

nfluenza virus is the causative agent of seasonal and pandemic

flu infections and therefore poses a great threat to humanity.
Currently, only M2 ion channel inhibitors and influenza virus
neuraminidase (NA) inhibitors have been fully developed as spe-
cific anti-influenza virus drugs. However, M2 ion channel inhib-
itors are no longer recommended for use due to serious problems
with drug resistance (1-4), leaving influenza virus NA as the most
successful anti-influenza virus drug target. Yet influenza virus NA
also develops various types of drug resistance (5-12). Therefore,
understanding the molecular mechanisms of influenza virus NA
drug resistance is critical for directing drug development and pre-
paredness against potential future influenza epidemics and pan-
demics.

NA from influenza A virus, the causative agent of all known
influenza pandemics, is classified into two phylogenetic groups:
group 1, containing N1, N4, N5, and N8, and group 2, containing
N2, N3, N6, N7, and N9 (13). So far, the structures of all subtypes
have been solved (13-19). Influenza viruses containing N1 and N2
(i.e., HIN1, H3N2, and H2N2) are the most common types that
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infect humans and are therefore a great threat to public health
(20-23). The structural and functional basis of N1 drug resistance
has been thoroughly explored (24, 25). Yet comprehensive studies
of N2 drug resistance or that of any group 2 NAs remain unre-
ported.

Replacement of residue E119, yielding drug resistance, was
commonly observed in N2 (26, 27). Five substitutions (Gly,
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TABLE 1 Data collection and refinement statistics

Value(s) for:

N2 wild E119V mutant- E119V mutant- 12221 12221 mutant-
Parameter type E119V mutant oseltamivir zanamivir mutant oseltamivir
Data collection statistics
Space group C222, C222, C222, C222, P2,2,2 P2,2,2

Unit cell dimensions (a, b, ¢)
Unit cell dimensions («, B, )

114.8,139.5, 140.1
90.00, 90.00, 90.00

114.5,139.4,139.9
90.00, 90.00, 90.00

113.7,139.1, 140.1
90.00, 90.00, 90.00

114.8,138,8, 139.6
90.00, 90.00, 90.00

131.0, 136.2, 135.7
90.00, 90.00, 90.00

131.0, 136.7, 135.5
90.00, 90.00, 90.00

Resolution range (A) 50.00-1.80 50.00-2.40 50.00-2.50 50.00-2.10 50.00-2.20 50.00-1.90
(1.86-1.80) (2.49-2.40) (2.59-2.50) (2.18-2.10) (2.28-2.20) (1.97-1.90)
Riperge (%) 10.2 (54.7) 15.8 (59.4) 17.1 (50.9) 13.8 (47.5) 16.7 (54.0) 11.2 (53.1)
Ilo 17.6 (2.5) 11.3 (3.3) 11.6 (3.9) 11.7 (3.7) 12.8 (3.8) 19.4 (4.3)
Redundancy 6.2 (5.9) 52(5.2) 6.2 (6.0) 52(5.1) 7.0 (6.9) 7.7 (7.5)
Completeness (%) 96.0 (98.1) 99.7 (100) 98.0 (99.8) 99.7 (100) 100 (100) 99.9 (99.9)
Refinement
Resolution (A) 37.5-1.8 88.5-2.0 88.1-2.5 88.5-2.1 136.3-2.2 136.7-1.9
Ry Riyee (%) 16.0/17.8 24.5/26.3 20.1/24.2 21.3/24.5 22.2/25.7 22.9/24.9
RMSD*
Bond length (A) 0.006 0.006 0.006 0.006 0.006 0.006
Bondangle (°) 1.199 1.107 1.175 1.114 1.110 1.094

“ RMSD, root mean square deviation.

Asp, Ala, Val, and Ile) have been reported to be associated with
NA inhibitor resistance either in vivo or in vitro (26, 28-32). An
E119V/Ivariant has been isolated from oseltamivir-treated and
untreated patients. However, two clinical isolates containing
the same E119V substitution exhibited different levels of osel-
tamivir resistance (32, 33), and the molecular mechanism re-
mains unknown. E119G, E119A, and E119D mutations have
also been selected in vitro by passaging influenza virus in the
presence of zanamivir (28-30). Mutations at E119 have also
been observed in influenza B viruses (34) but not in influenza A
N1 viruses.

Multiple drug-resistant substitutions in N2 have been re-
ported. Of particular interest is the dual replacements of residues
E119 and 1222, resulting in multidrug resistance with enhanced
resistance to oseltamivir (27, 35). E119V has been found in natu-
rally isolated influenza viruses, while the 12221 and the E119V/
12221 double substitutions have been studied using reverse genet-
ics (35). Moreover, an E119V/1222V double substitution has also
been identified from a natural influenza virus isolate which shows
oseltamivir resistance (27). In this study, we determined the struc-
tural and functional basis of these substitutions using highly pu-
rified recombinant N2 proteins. Our results, at the soluble protein
level, confirm that dual replacement of 1222 and E119 results in
severe oseltamivir resistance and a milder effect for zanamivir.
Analysis of the crystal structures of the N2 12221 and E119V mu-
tants and the N2-1222L/E119V dual mutant reveals that a loss of a
salt bridge due to the E119V substitution and a change in the

hydrophobic environment due to the 1222L substitution likely
confer multidrug resistance. However, we found that this drug
resistance can be overcome by a novel hybrid inhibitor, MS-257,
which has both the guanidino group of zanamivir and hydropho-
bic pentyloxy group of oseltamivir (36, 37). Previously, our group
has reported the reduced susceptibility of MS-257 to a known
oseltamivir resistance mutation, H274Y (HIN1) (38). The change
in position of the double bond in comparison with oseltamivir
and the H-bonding networks made by the guanidinium function
were shown to be responsible for the reduced resistance suscepti-
bility of MS-257 against the H274Y mutant in the N1 subtype.
Moreover, MS-257 does not exhibit cross-reactivity with hu-
man neuraminidase isoforms, NEU3 and NEU4 (39), further
supporting its role as a leading, next-generation influenza virus
NA inhibitor.

MATERIALS AND METHODS

Cloning, expression, and purification of influenza virus NAs. The ect-
odomain (residues 83 to 469 in N2 numbering) of N2 protein from A/RI/
5+/1957 (H2N2) clone X 7FINA12 and the mutations were expressed in a
baculovirus system for structural and functional analyses. The E119V,
12221, and E119V/I222L mutations were constructed based on p57N2.
The cDNAs corresponding to the N2 ectodomain were inserted into
pFastBacl vector with an N-terminal gp67 signal peptide, a 6 X His tag, a
tetramer sequence, and a thrombin cleavage site. The constructed plas-
mids were used to transform DH10bac competent bacterial cells (Invitro-
gen), and the recombinant bacmid was identified by blue-white receptor
selection. The recombinant baculovirus was obtained by following the

TABLE 2 Enzyme kinetics and inhibitory activities of three NA inhibitors against N2 wild-type and mutant enzymes

Relative K;*
Enzyme K, (uM) Oseltamivir Zanamivir MS-257
Wild type 11.2 (9.37-13.0) 1.0 1.0 1.0
E119V mutant 10.8 (6.24-15.4) 50.5 3.50 4.83
12221 mutant 95.1 (82.4-108) 4.29 2.14 2.79
E119V/I222L mutant 51.9 (43.0-60.9) 232 37.6 36.0

“ Relative K; is K; of the mutant/K; of the wild type. The K;s of the wild type for oseltamivir, zanamivir, and MS-257 are 0.21 nM, 0.14 nM, and 0.18 nM, respectively.
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TABLE 1 (Continued)

A Hybrid Inhibitor Is Effective against N2 Mutants

Value(s) for:

12221 mutant- Dual Dual mutant- Dual mutant- N2 wild E119V mutant— 12221 mutant— Dual mutant—
zanamivir mutant oseltamivir zanamivir type-MS-257 MS-257 MS-257 MS-257
C222, C222, P2, C222, C222, C222, C222, P2,2,2

114.4,139.3,139.8
90.00, 90.00, 90.00

114.1, 139.5, 140.0
90.00, 90.00, 90.00

90.4, 140.0, 90.4
90.00, 100.63, 90.00

114.5,139.3,139.8
90.00, 90.00, 90.00

50.00-2.10 50.00-1.70 50.00-1.80 50.00-2.10
(2.18-2.10) (1.76-1.70) (1.86-1.80) (2.18-2.10)

13.8 (47.5) 5.7 (20.7) 9.2 (39.5) 11.7 (3.7)

11.7 (3.7) 46.8 (16.3) 23.0 (6.4) 13.8 (47.5)

5.2 (5.1) 14.8 (14.4) 8.4 (8.1) 5.2 (5.1)

99.7 (100) 99.0 (98.0) 99.9 (99.8) 99.7 (100)

88.46-1.9 88.35-1.7 135.9-1.8 135.7-1.8

18.7/21.3 20.5/21.9 19.5/21.2 20.8/21.8

0.005 0.005 0.005 0.005

1.046 1.003 1.003 1.010

115.2,139.7, 140.2
90.00, 90.00, 90.00

114.2,138.9, 140.0
90.00, 90.00, 90.00

114.0, 140.0, 140.0
90.00, 90.00, 90.00

131.4,137.4,135.4
90.00, 90.00, 90.00

50.00-1.90 50.00-2.20 50.00-2.00 50.00-1.90
(1.97-1.90) (2.28-2.20) (2.07-2.00) (1.97-1.90)

12.8 (51.4) 152 (51.2) 12.7 (46.6) 9.0 (47.8)

17.1 (5.0) 14.9 (3.8) 13.8 (3.7) 19.3 (4.0)

7.1(7.3) 7.4(7.2) 7.1 (6.9) 6.0 (5.5)

99.7 (100) 100 (100) 95.3 (92.6) 99.0 (96.5)

38.8-1.90 88.2-2.2 88.2-2.0 135.4-1.9

15.5/17.8 21.5/24.2 19.5/21.8 20.6/22.0

0.007 0.006 0.006 0.005

1.161 1.190 1.154 1.038

manufacturer’s protocol. Virus stocks were amplified with three sequen-
tial infections of sf9 cells. For N2 expression, Hi5 cells grown at 300 K were
infected at a density of 2 X 10°/ml with high-titer fourth-passage (P4)
recombinant baculovirus stock. After culture in suspension for 60 h at 300
K, Hi5 cells were removed by centrifugation, and supernatants containing
secreted, soluble NAs were applied to a HisTrap HP 5-ml column (GE
Health) and then eluted using 20 mM Tris-HCI (pH 8.0), 50 mM NaCl
with 20 mM imidazole, 50 mM imidazole, and 200 mM imidazole. The
target proteins were digested with thrombin to remove the 6 XHis tag and
the tetramer sequence. The cleaved N2 proteins were further purified by
size exclusion chromatography on a Superdex 200 10/300 GL column (GE
Healthcare) with 20 mM Tris-HCI (pH 8.0) and 50 mM NaCl. High-
purity NA fractions were pooled and concentrated using a 10-kDa-cutoff
concentrator (Millipore).

Crystallization, drug soaking, data collection, and structure deter-
mination. Crystals of NAs were obtained by hanging drop vapor diffusion
at 291 K. Initial screening was performed using a commercial kit (Hamp-
ton Research). Diffraction quality crystals of p57N2 (wild type) were ob-
tained as described previously (18) using 0.1 M bis-Tris propane (pH 9.0)
and 10% (vol/vol) Jeffamine ED-2001 (pH 7.0). N2 E119V mutant crys-
tals were obtained using 0.1 M bicine (pH 8.5) and 15% (wt/vol) polyeth-
ylene glycol 1500. Quality N2-1222L mutation at 7 mg/ml was crystallized
in 0.1 M HEPES (pH 7.5) and 12% (wt/vol) polyethylene glycol 3350. The
crystals of E119V/I222L protein were obtained using 5% (vol/vol) *-2-
methyl-2,4-pentanediol, 0.1 M HEPES (pH 7.5), and 10% (wt/vol) poly-
ethylene glycol 10000. NA crystals were incubated in mother liquor
containing 20 mM oseltamivir, zanamivir, or 10 mM MS-257 and then
flash-cooled at 100 K. Diffraction data for the p57N2 wild type and E119V
mutant were collected at KEK beamlines NE-3A and BL-5A, respectively,
while 12221 and E119V/1222L mutant data were collected at SSRF beam-
line BL-17U. Data for all crystals were indexed, integrated, and scaled with
HKL2000 (40).

The structures of mutations were determined by molecular replace-
ment using Molrep (41) from the CCP4 program with the structure of
1957 pandemic H2N2 neuraminidase (PDB code 4K1H) as the search
model. Initial restrained rigid-body refinement was performed using
REFMACS5 (42). Further rounds of refinement were performed using phe-
nix (43), and model building was carried out with the program Coot (44).
The stereochemical quality of the final model was assessed with the pro-
gram PROCHECK (45) in CCP4. Final statistics for all the structures are
summarized in Table 1.

Sialidase inhibition assay. Sialidase enzymatic activity was mea-
sured using the fluorogenic substrate 4-methylumbelliferyl-N-acetyl-
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neuraminic acid (4-MUNANA) according to previously reported meth-
ods (17, 18, 46, 47). Briefly, the appropriate protein concentrations were
chosen after several rounds of preliminary tests. Ten microliters of puri-
fied protein was mixed with 10 pl of serial dilution inhibitors (at least five
concentrations at an appropriate range) were incubated for 30 min at 308
K. Then 30 pl of 167 pM 4-MUNANA in 33 mM morpholineethanesul-
fonic acid (MES) and 4 mM CaCl, (pH 6.0) was added to the solution to
start the reaction at the same time. Both positive and negative controls
were included in each assay. Fluorescence was read with a SpectraMax M5
(Molecular Devices); the excitation wavelength was 355 nm, and the emis-
sion wavelength was 460 nm. To measure the inhibitory effects of the
compounds, proteins and inhibitors were preincubated for 30 min at
37°C, and the substrate was then added. All inhibition assays were done in
triplicates and over three inhibitor concentrations and four concentra-
tions of the substrate. The kinetic parameters were calculated by fitting the
data to the appropriate Michaelis-Menten equations using GraphPad
Prism.

RESULTS

The N2 E119V/I222L dual mutant displays multidrug resis-
tance. In this study, wild-type N2 and three recombinant mutant
proteins were generated using a baculovirus expression system
according to previously reported methods (14, 18, 48). All NA
proteins displayed stable sialidase activity using a standard 4-
MUNANA-based fluorescence assay originally developed by
Portier etal. (47). The Michaelis-Menten constants (K,,,) of the N2
wild type and E119V, 1222L, and E119V/I222L mutants are 11.2
pM, 10.8 uM, 95.1 uM, and 51.9 wM, respectively, which are
consistent with values obtained in the virus-based assay using
MUNANA (35).

The inhibitory constants (K;) of MS-257, oseltamivir, and
zanamivir were determined for the wild type and mutant N2s
using the same fluorescence-based assay. The inhibitory constants
are listed in Table 2. The hybrid inhibitor showed excellent inhib-
itory properties in neuraminidase inhibition assays. The data re-
vealed that MS-257 has better inhibition against the N2 E119V
mutant than oseltamivir. Among the three inhibitors tested, os-
eltamivir showed the highest inihibitory activity against the
E119V mutant, a 50-fold increase in K; value, whereas zanami-
vir and MS-257 showed only 3.8- and 4.8-fold increases in K;
values, respectively. A similar trend was observed in the case of
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A [Tl N2 wt-Oseltamivir carboxylate
N2 E119V-Oseltamivir carboxylate

M

B [ N2 wt-Zanamivir
[ N2 E119V-Zanamivir

— ~ N T ‘ N

Zanamivir

Oseltamivir carboxylate

(

FIG 1 Antiviral resistance mechanism of the E119V mutant. (A) E119V causes oseltamivir resistance by losing the hydrogen bond between side chain of residue
119 and oseltamivir caboxylate amino group. The wild-type N2-oseltamivir and E119V mutant-oseltamivir are shown as limon and light blue sticks, respectively.
For the water molecule distribution, the interactions between water molecules and oseltamivir amino group are stronger in the N2 wild type than in the E119V
mutant. Water molecules are displayed as spheres. (B) The guanidino group of zanamivir forms more interactions with environmental residues (E227, W178, and
D151), which compensate the loss of interaction due to E119V. The wild type-zanamivir and E119V mutant-zanamivir are shown as orange and silver sticks,
respectively.

the E119V/I222L double mutant as well. For oseltamivir, the K;
value against the E119V/I222L mutant is 232-fold higher than
the value against wild-type N2, while the K; values are only
37-fold and 36-fold higher in the cases of zanamivir and MS-
257, respectively. It is interesting that the I1222L mutation alone
did not bring significant resistance to any of the three inhibi-
tors tested (Table 2), but when present together with the E119V

A 7] N2 wt-Oseltamivir carboxylate
N2 1222L-Oseltamivir carboxylate

mutation (double mutant), it brings significant resistance to
oseltamivir. The profiles of inhibition for zanamivir and MS-
257 against these mutants are similar.

Structures of the N2 E119V mutant in complex with oselta-
mivir and zanamivir. To understand the molecular basis of the
resistance caused by E119V, crystal structures of the N2 E119V
mutant were obtained in complex with oseltamivir and zanamivir.

B [ N2 wt-Zanamivir
N2 1222L-Zanamivir

Zanamivir

FIG 2 The polarity group of zanamivir enables inhibition of the 1222L mutant. (A) Oseltamivir resistance caused by 2221 mutant. In wild type-oseltamivir
(limon), 1222 is in an optimal position to form a hydrophobic interaction with the oseltamivir 3-pentyloxy group and N-acetyl carbon, while in 1222L
mutant-oseltamivir (wheat), the interactions between one of the L222 terminal C-y atom and the oseltamivir carboxylate 3-pentyloxy group and N-acetyl group
are weaker. (B) The zanamivir binding modes of the wild type (yellow) and 12221 mutant (orange) are nearly the same. In both the wild-type and 1222L mutant
structures, the interactions among zanamivir glycerol moiety, E276, and R224 are nearly the same, which is the key factor to stable the zanamivir binding.
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The N2 wild type-oseltamivir structure overlays almost exactly
with the N2 E119V-oseltamivir structure, with a subtle reposi-
tioning of the cyclohexene ring and the hydrophobic group. The
salt bridge between the oseltamivir amino group and the side
chain of E119 is replaced by hydrogen bonds between the oselta-
mivir amino group and two water molecules because of the E119V
substitution (Fig. 1).

Comparison of the structures of the N2 wild type and N2
E119V mutant in complex with zanamivir shows that the in-
hibitors display nearly the same orientation, with a minor re-
positioning of the C-7 atom. N2-E119 forms a salt bridge with
the zanamivir 4-guanidino group; however, the distance is fur-
ther (3.33 A) than that of the oseltamivir amino group (2.87 A).
Moreover, unlike the oseltamivir amino group, the zanamivir
guanidino group displaces a water molecule beneath the 150
loop and forms additional interactions with the E227 carbox-
ylate and the main-chain carbonyl of W178. After substitution
of N2-E119 with valine, zanamivir also loses the salt bridge
between residue 119 and the 4-guanidino group. However, the
zanamivir 4-guanidino group still retains its typical interac-
tions with E227, W178, and D151, which helps to explain
why the E119V mutation results in only mild zanamivir resis-
tance.

Weaker hydrophobic interactions in the 1222L mutant result
in oseltamivir resistance. The oseltamivir 3-pentyloxy group
binds to a hydrophobic pocket formed by 1222, W178, and
A246, as well as the carbon stems of the E276 and R224 side
chains. These hydrophobic interactions are critical for oselta-
mivir potency, and the most common oseltamivir-resistant
mutations interfere with these interactions (24, 49, 50). In
wild-type N2, 1222 is in an optimal position with its terminal
C-3 4.15 A from the oseltamivir 3-pentyloxy group, and its
C-y2 carbon of 4.14 A from the oseltamivir 3-pentyloxy and
3.97 A from the oseltamivir N-acetyl carbon. However, in the
12221 mutant, one of the terminal C-y carbons is 3.60 A from
the 3-pentyloxy group, while the other terminal C-v is 5.35 A
and 5.47 A away from the 3-pentyloxy group and N-acetyl
group, respectively (Fig. 2A).

Although we did not observe any significant resistance to zana-
mivir, the binding mode was also slightly better in the wild-type
N2 structure relative to the 12221 mutant. In the wild-type struc-
ture, 1222 is 3.79 A (molecule B, 3.77 A) away from the zanamivir
N-acetyl carbon, whereas in the 12221 mutant, 1222 is 5.15 A
(molecule B, 5.10 A) away. Yet in the 12221 structure, the zanami-
vir glycerol moiety still retains its important interactions with
E276 and R224 (Fig. 2B).

The E119V/I1222L dual mutant results in severe resistance to
oseltamivir but mild resistance to zanamivir. In order to deter-
mine the structural basis of E119/1222 group 2 NA resistance, we
also solved crystal structures of the E119V/I222L dual mutant.
Consistent with the single E119V and 1222L substitutions, in the
double mutant complex structure with oseltamivir, we observed
the loss of the salt bridge with the amino group as well as weaker
hydrophobic interactions between L222 and the 3-pentyloxy side
chain (Fig. 3a). The presence of both substitutions therefore in-
terferes with binding of all oseltamivir functional groups, with
exception of the carboxylate group, and accordingly, the level of
oseltamivir resistance is amplified significantly. In order to extrap-
olate these findings to the N2 E119V/1222V natural isolate, we
replaced L222 with valine in our structure and observed a similar
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structural effect (Fig. 3b). In the N2 E119V/I222L-zanamivir
complex structure we also observed a combination of the
changes observed in the single mutant complex structures with
no significant change in the positions of V119 and L222. Al-
though the L222 single substitution resulted in a weakening of
the hydrophobic interaction with the zanamivir N-acetyl group
in the single mutant, it did not confer significant drug resis-
tance in the single mutant. However, when the 1222L mutation
was present in combination with the E119V mutation (double
bond), its effect seemed to be amplified in combination with
the loss of the salt bridge between the residue 119 and the
guanidino group.

MS-257, a novel oseltamivir-zanamivir hybrid, is effective
against multidrug-resistant N2. Previously we found that os-
eltamivir can induce the opening of the N2 150 loop (16);
however, this was never observed using zanamivir, which has a
more positively charged guanidino group (51). Therefore, we
hypothesized that the zanamivir guanidino group can help to
overcome drug resistance through increased hydrogen bond-
ing interactions with the NA active site. We recently reported
a novel carbocycle, MS-257, which contains an oseltamivir
3-pentyloxy group in combination with a zanamivir 4-guanidino
group (Fig. 4) (36-38). MS-257 is also similar to oseltamivir in
that it is a carbocycle, yet it contains its double bond in the regioi-
someric position corresponding to zanamivir. Inhibition assays
indicate that MS-257 is both more potent than zanamivir and
oseltamivir and resilient to drug-resistant mutations as predicted
(Table 2).

In order to gain more insight into the structural basis, we
solved the complex structures of MS-257 with wild-type N2 and
our various E119V/I222L N2 mutants (Fig. 5). Despite its having
its double bond in the zanamivir position, it is difficult to see any
difference in the conformation of the MS-257 ring compared to
our oseltamivir complex structures. As expected, in both the
12221 and E119V/1222L complex structures, MS-257 also has
weakened hydrophobic interactions in the same manner as osel-
tamivir. Furthermore, in the E119V and E119V/1222L complex
structures, MS-257 still retains its salt bridges with E227 and
D151, indicating that these additional interactions are critical for
overcoming drug resistance. Interestingly, when bound to the
E119V single mutant, the lipophilic pentyloxy group of MS-257
adopted a novel conformation.

DISCUSSION

In this study, we first confirmed, using highly purified recom-
binant NA, that replacement of E119 and 1222 in N2 results in
multidrug resistance. Previous studies have found different ef-
fects on NA activity and inhibitor binding when comparing
virus and recombinant NAs. For example, the Wilson research
group at Scripps Institute showed that recombinant N2 D151G
mutants showed significantly decreased activity (52), which
contrasted with the findings with complete influenza virus.
Richard et al. concluded that passage of live influenza virus in
the laboratory likely resulted in a reversion of some virus pop-
ulation to the wild type, leading to a rescue of NA activity (35).
This illustrates that our results, which are consistent with pre-
vious results (35), are important for confirming that resistance
due to substitution of E119 and 1222 is a real phenomenon.
Interestingly, when N2 E119V and 1222L substitutions occur
together, the dual mutations result in both oseltamivir and zana-
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a [ N2 wt-Oseltamivir carboxylate
N2 E119V/I1222L-Oseltamivir carboxylate

C I N2 wt-Zanamivir
[ N2 E119V/1222L-Zanamivir

Zanamivir

b = N2 wt-Oseltamivir carboxylate
[ N2 E119V/1222V-Oseltamivir carboxylate

E119V

d [ N2 wt-Zanamivir
Il N2 E119V/I222V-Zanamivir

Zanamivir

FIG 3 Structural basis of N2 dual resistance mutants. (a) The E119V/I222L dual mutant causes synergistic oseltamivir resistance. The wild type-
oseltamivir and E119V/I222L mutant-oseltamivir are shown by limon and light pink sticks, respectively. (b) Model of the N2 E119V/1222V dual
mutant-oseltamivir. The oseltamivir binding mode of the N2 E119V/I222V mutant (magenta) is similar to that of the E119V/1222L mutant. (c) The
E119V/1222L dual mutant results in mild zanamivir resistance. The N2 wild type-zanamivir and E119V/I222L-zanamivir are colored orange and cyan,
respectively. (d) Model of the N2 E119V/1222V dual mutant-zanamivir. The zanamivir binding mode of the E119V/1222V mutant (sky blue) is similar to

that of the E119V/1222L mutant.

mivir resistance, with oseltamivir resistance at a much higher
level. Previous reports show that the N1 drug-resistant substitu-
tions 1223R (N1 numbering), S247N, and I1117V/M also exhibit
similar effects when combined with H275Y (N1 numbering) (53).
However, zanamivir sensitivity is not significantly affected by the
S247N and 1117V/M N1 substitutions (5, 54). Similar to the case
with N2 E119 and 1222 substitution, zanamivir is also more effec-
tive than oseltamivir against the multidrug-resistant N1 with
1223R and H275Y substitutions (25).

In all three N2 mutant complex structures, the oseltamivir
amino group and zanamivir guanidino group both form salt
bridges with D151. Yet the zanamivir guanidino group is larger
and more positively charged and also engages in additional

HOOC o)
. ; “NHAG
HzNY NH ~
N, CFsCOO

MS-257

Zanamivir

Oseltamivir carboxylate

FIG 4 Chemical structures of influenza virus NA inhibitors.

10698 jvi.asm.org

Journal of Virology

interactions with E227 and the main-chain carbonyl of W178
(16). Furthermore, we have previously observed that oseltami-
vir sometimes loses its interaction between its amino group and
D151 (1), although in all of our complex structures and all
other reported zanamivir structures, the 150 loop does remain
closed (13, 17, 18). Therefore, we propose that these additional
polar interactions with zanamivir are a major factor as to why
the zanamivir resistance resulting from E119V and 1222L in N2
is relatively mild.

In our previous study on the oseltamivir-induced opening of
the N2 150 loop, we proposed that strengthening the interaction
between the inhibitor and the 150 loop may help to overcome
drug resistance (16). Therefore, we also included the structural
and functional analyses of the novel inhibitor MS-257 (36, 37),
which is essentially a hybrid between oseltamivir and zanamivir
and contains a guanidino group with a binding site below the 150
loop. In accordance with our hypothesis, MS-257 remained very
resilient toward the drug resistance substitutions relative to osel-
tamivir while retaining the same oseltamivir pentyloxy interac-
tions and zanamivir guanidine interactions. Therefore, MS-257,
which also shows no cross-reactivity with human NAs, serves as a
lead scaffold for next-generation antiviral agents with reduced
susceptibility to drug resistance.
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L1222 )\

FIG 5 Effective mechanism of hybrid inhibitor MS-257. (a) Binding mode of
MS-257 in wild-type N2 (yellow). (b) The binding mode of MS-257 in N2
E119V mutant (cyan) is similar to that of wild-type N2. (c) MS-257 also has
weakened hydrophobic interactions in the 1222L mutant N2 (green), which is
similar to the case with oseltamivir. (d) Binding mode of MS-257 in the N2
E119V/1222L dual mutant (magenta).
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