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TOPICAL REVIEW — Soft matter and biological physics
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Neuraminidase (NA), a major surface glycoprotein of influenza virus with well-defined active sites, is an ideal plat-
form for the development of antiviral drugs. However, a growing number of NA mutations have drug resistance to today’s
inhibitors. Numerous efforts are made to explore the resistance mechanisms through understanding the structural changes
in mutated NA proteins and the associated different binding profiles of inhibitors, via x-ray, nuclear magnetic resonance,
electron microscopy, and molecular dynamics methods. This review presents the architectural features of mutated NA
proteins, as well as the respective inhibitor sensitivities arising from these spatial differences. Finally, we summarize the
resistance mechanisms of today’s neuraminidase inhibitors and the outlook for the development of novel inhibitors.
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1. Introduction

Influenza is an acute respiratory infectious disease caused
by influenza virus (A, B, and C types). A- and B-type in-
fluenza viruses give rise to human pandemics, while C type
is less common. ') Hemagglutinin (HA), neuraminidase (NA),
and matrix protein 2 (M2) exist on the surface of virus particles
and play an important role in virus proliferation.!"-?] Based on
antigenic determinants, 18 HA subtypes and 11 NA subtypes

09 N1

DOI: 10.1088/1674-1056/27/1/018704

have been identified from isolated influenza A strains.>*! The
11 NA subtypes could be further classified into three groups
based on their sequences and structures.®! As Fig. 1 shows,
group-1 contains N1, N4, N5, and N8; group-2 contains N2,
N3, N6, N7, and N9; group 3 has the newly identified NA-like
proteins N10 and N11.16-8] Two influenza A subtypes (HIN1
and H3N2) and one influenza B (Flu B) lineage are common
in seasonal influenza.”!

Fig. 1. (color online) Comparison of the various NA subtype active sites. Structures of the active site in 09N1 (PDB ID 3NSS),
VNO4N1 (PDB ID 2HTY), N2 (PDB ID 1NN2), N3 (PDB ID 4HZV), N4 (PDB ID 2HTV), N5 (PDB ID 3SAL), A/chicken/Nanchang
/7-010 /2000 (H3N6) N6, A/mallard/ALB/196/1996 (HI0ON7) N7, N8 (PDB ID 2HTS), N9 (PDB ID 7NN9), N10 (PDB ID 4FVK),
N11 (PDB ID 4K3Y), Flu B NA (B/Beijing /1/87; PDB ID 1NSB), and 09N 1-Ile223Arg (PDB ID 4B7M) (N1 numbering)."!
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Neuraminidase (NA) is generally considered to help virus
release and replication through selectively breaking the a-
glycosidic bond between sialic acid and glycoconjugate.[®10]

Therefore, inhibiting NA function by simply block-
ing its substrate-binding site can interfere with virus
replication.!%12] Currently, NA inhibitors (NAIs) are effec-
tive in therapy for influenza A and B virus infections, with the
aid of their competing for the NA binding site with sialic acids
(NA substrate). Among these, oseltamivir and zanamivir are
the most widely authorized inhibitors around the world, while
peramivir and laninamivir are approved in a few countries.
However, the emergence of drug-resistant NA mutants (e.g.,
H274Y and N294S) has aroused great concern among de-
velopers of next-generation agents.!'>!*l To our knowledge,
these inhibitors were designed based on the highly conserved
active sites of NA proteins.!'# Therefore, it is important for
drug designers to consider mutations at the catalytic or frame-
work residues that could alter the structures of NA active
sites.[15] Besides, the resistance mechanisms of mutations
have been studied by crystal structures and molecular dy-

[16-181 However, surveillance and

namics (MD) simulations.
cell-culture studies show that mutations away from the active
site of B type NA (Flu B) also reduce susceptibility to current
inhibitors. More specifically, these residues are located at the
interface of monomers.!'°! However, society needs to further

explore the mechanisms of resistance.

2. Spatial distinctions of various types of NAs

As Table 1 shows (right-hand side), the sequence similar-
ities of all available NA subtypes range from 37.9% to 95.3%,
and N10, N11, and B type NA have fewer sequence identities
than the other NAs. Especially noteworthy, the sequences of
N6, N9 and N4, N1 have more than 80% identities, belonging
to group-1 and group-2, respectively. Comprehensive struc-
tural alignment among all available influenza NA subtypes
shows that RMSD values range from 0.311 to 1.952 for Ca

atoms of single NA monomers (Table 1, left-hand side).?"!

According to the RMSDs, NA can be divided into four dis-
tinct groups. Generally, one subtype of NA exhibits more
similarity to the one from the same group than that of other
groups. For instance, Flu B, N10, and N11 all have low struc-
tural similarity with other NAs. However, N10 and N11 have
high structural similarity with each other. Another example is
that the group-1 NAs (N1, N4, N5, and N8) exhibit little simi-
larity to group-2 NAs (N2, N3, N6, N7, and N9). Despite the
significant structural differences among various NAs, there are
several conserved residues of N1-N9 forming a highly homol-
ogous active site. Among them, residues R118, D151, R152,
R224, E276, R292, R371, and Y406 (in N2 numbering) di-
rectly contact the substrate, while residues E119, R156, W178,
S179, D198, 1222, E227, H274, E277, N294, and E425 play a
key role in stabilizing the active site residues.[?!! Therefore, it
is reasonable to design inhibitors against influenza that work
by blocking the NA active site.[?”) However, there are substan-
tial conformational differences between group-1 and group-2
NAs that are observed mainly at the ‘150-loop’ (residues 147—
152) or the ‘150-cavity’.l?!! The 150-loop has successfully
been used to design NA inhibitors. Note that zanamivir and
oseltamivir are based on the group-2 NA structure, in which
the 150-loop is a closed conformation. Furthermore, molecu-
lar dynamics studies show that the 150-loop of group-1 NAs
is much more flexible than group-2 NAs, because in group-2
NAs, the 150-loop may form a salt bridge with 430-loop.>!
Hence, a group-1 NA holds a 150-cavity adjacent to the active
site, while a group-2 NA does not. As shown in Fig. 1, except
for wild-type 09N1 structures, all group-1 NAs (N1, N4, N5,
and N8) have a 150-cavity adjacent to the active site; how-
ever, group-2 NAs (N2, N3, N4, N6, and N9) do not have the
150-cavity.[>*! Interestingly, a distinct 340-loop (residues 342
to 347) in N6 and N7 forms a 340-cavity that does not exist
in any other NAs, including N2 and N5. Like the 150-cavity,
the 340-cavity is adjacent to the active site which suggests a

potential to impact substrate/inhibitor bindings.?"!

Table 1. Similarities of sequence & structures within various influenza viruses.3!! The percentage sequence identities are shown on
the right-hand side, and root mean square deviations of CA positions between monomers are given on the left.

NA PDB ID 09N1 VNO4N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 FluB
09N1 3NSS * 95.3 59.4 64.1 81.6 722 63.4 61.2 732 61.8 45.8 48.1 50.9
VNO4N1 2HTY  0.311 * 59.4 64.7 81.8 72.1 63.8 60.6 73.1 62.2 45.4 479 50.2
N2 INN2 0.734 0.910 * 66.5 58.8 61.6 67.1 66.6 62.6 66.2 42.5 43 472
N3 4HZV 0.713 0.765 0.566 * 63.8 62.6 65.6 65.3 62.6 66 45.2 442 50.6
N4 2HTV 0.434 0.371 0.865  0.817 * 73.3 62.7 61 75.7 59.1 47.2 49.4 50.5
N5 3SAL 0.536 0.540 0.815 0.791  0.544 * 65.2 61.7 83.4 60.1 45.8 46.8 51
N6 4QN4 0.738 0.787 0.706  0.731  0.806  0.862 * 76.7 66.4 80 413 45.1 47.8
N7 4QN3 0.761 0.823 0.683 0598 0887 0920 0.433 * 61.3 76.7 44.6 47 452
N8 2HTS 0.561 0.536 0.850 0.815 0547 0364 0.818 0916 * 61.8 44.3 473 51.4
N9 7NN9 0.714 0.536 0.726  0.722  0.561 0434 0337 0448  0.536 * 40.7 429 46.9
N10 4FVK 1.463 1.529 1.925 1.741 1.753 1.591 1.952 1.687 1.691 1.737 * 54.1 413
N11 4K3Y 1.471 1.586 1.544 1.479 1.359 1.602 1.572 1.686 1.390 1.408  0.903 * 37.9
FluB INSB 1.269 1.384 1.636 1.542 1.522 1.306 1.330 1.654 1.490 1.752 2557  2.161 *
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3. Inhibitor resistances induced by NA muta-
tions

Mutations in NA may alter the structure of the ac-
tive site and then reduce the binding abilities of NA in-
hibitors. The effect of NA mutations will be reviewed
in this article for the fact of clinical relevance.®! Ac-

cording to the substitution table made by the WHO

GISRS
(http://www.who.int/influenza/gisrs_laboratory/collaboratin),

antiviral susceptibility expert working group
we summarized the resistant mutations in Table 2 to com-
pare the resistance level in terms of mutation — subtype or
NALI It was found that the rate of oseltamivir resistance was
much higher than other NAIs, while resistance to laninamivir
was rarely detected. Thus, the situation of laninamivir is not

reviewed here.

Table 2. Neuraminidase amino acid substitutions associated with reduced inhibition by neuraminidase inhibitors (WHO).

N2 numbering HIN1pdm09 HINI1 H5N1 H3N2 FluB
110 [E105K%E)
116 [VI6A°7%)

E119D% E117A0Q)Z(Z)P
119 E119GZ/VOZ  E119VOQ@ZE  Rg9AOZ/GZP(R) 119197/ ][5 117D GOZ(]Z)E yor
136 [Q136KZ(Z)P] Q116L°Z [Q136KZ(2))
140 [Q138R%F]
141 [P139S97P)
142 [G140RO%E]
151 D151E°/[VZ/DZ]
152 [R150K %722y
155 [Y155H9Z)
198 D199G° D179G%% [D197ECP/NR(OZ(7) ;y0(0)ZPy
222 [1223K°/RO%] 1203M° [12211.92/T2(O)P)
224 R224K9%2
246 [S227N°] [A245TO%P)
274 [H275YP(®)] [H275Y9P] [H255YOP] [H273YR (0P )
276 E276DOZ
292 R293KZ [R292KOZ(ZZ)P()) R292K9ZP
294 N295S0P N295S0©)P [N275SCQZ@RPR) 1 N29480] [N294SOP]
371 R371K%Z [R374KOZ(Z)R)
390 [A395ECP]
429 [D432GP]

aSuperscript letters show the condition of reduced inhibition. © = reduced inhibition to oseltamivir; © = highly reduced inhibition to oseltamivir;

Q

b Amino acid position numbering is followed by N2 numbering.

= no reduced inhibition to oseltamivir. Zstands for zanamivir; Pstands for peramivir.

“Mutations between the square brackets are observed by surveillance or clinic. Mutations without square brackets are generated by reverse genetics,

cell-culture studies, or animal studies.

Interestingly, Flu B viruses include some specific resis-
tant mutations that were not observed in Flu A. This may
be explained by the remarkable structural differences between
Flu A and Flu B. As shown in Fig. 1 and Table 2, the predom-
inant mutation residues are located at the active site or frame-
work residues, and some mutations, especially specific Flu B
mutations are located at the monomer-monomer interface. Be-
sides the effect of single mutations, synergic effect by multi-
ple mutations sometimes significantly increases resistance to
NAIs. Taking H275Y for example, inhibition to oseltamivir
sharply reduces being accompanied by 1117V.[26]

3.1. Resistance to oseltamivir

Oseltamivir-resistant viruses were rarely detected during
the application of NAIs. During the first five years of NAI

use (1999-2004), only 0.33% (8/2287) of isolates in adults
(13 years) collected worldwide had a reduced inhibition in
susceptibility to oseltamivir, while the rate of that in chil-
dren (12 years) was 4.0%.2"-2°! During the 20072008 in-
fluenza season, an unexpectedly high rate of virus resistance
to oseltamivir was reported worldwide. During the subse-
quent season (2008-2009), a higher rate of resistance was re-
ported from North America and Europe due to the H274Y
mutation.3%! After the first wave of the 2009 pandemic, the
level of oseltamivir resistance in HIN1pdmO09 remained rela-
tively low:[*!] < 1% in the United States,??) < 1% in Canada
(PHAC, 2011), < 2.5% in Europe, and < 1.6% worldwide. 331

H275Y is a widely detected oseltamivir-resistant muta-
tion in N1 (including HIN1pdm09, HIN1 and H5N1). H275Y
variants in N1 subtype all showed highly reduced inhibi-
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tion with the fold of 221-1637 in HIN1pdm09, 321-2597 in
HINT1, 911-2502 in H5N1.34#8 However, H275Y in group-2
viruses (N2, N9) and Flu B was rarely detected in oseltamivir-
resistant isolates. Mutations at position 119 always conferred
reduced susceptibility to NAIs. Among these, E119A (E99A
in HSN1; E117A in B), E119V (E119V in N1 and H3N2;
E117V in B), and E1191 (E1191 in H3N2) were detected to
However, unlike H275Y, the level
of reduced inhibition varies obviously among the subtypes

be oseltamivir-resistant.

of NA, and even different isolates of the same subtype show
difference in inhibition level. For instance, E119V in HIN1
detected by Woo Young Choil**! showed reduced inhibition
with a fold of 7.4-23.4, while E119V in HINI1 detected by
Yacine Abed!*! exhibited highly reduced inhibition (1727—
2144 folds). This phenomenon may be explained by syner-
getic effects with other mutations. Although mutations at 119
confer highly reduced inhibition in subtype N1, all the isolates
harboring these mutations are generated by reverse genetics
or cell-culture studies. 3334911 These mutations may impair
the fitness of the viruses to the degree that they have never
been observed in the clinic.

Besides the mutations at position 275 and 119, the N294S
is another common mutation with observably reduced suscep-
tibility to oseltamivir. The oseltamivir-resistant variants con-
ferred by N294S were shown to occur with or without NAI
pressure in H5SN1, H3N2, and Flu B. Among these, H3N2
isolates harboring N294S exhibited the most highly reduced
sensitivity with a fold of 300—1879.[3%:40:499.52-551 Note that the
isolates of HIN1 and HIN1pdm09 with N294S substitution
have not been found in the clinic.[>>#%3 The R292K substi-
tution in catalytic site is another markedly resistant mutation
in subtype N2. Notably, R292K in H3N2 increases inhibition
more than 10000 fold. [#7:49-55-601 Moreover, this substitution is
also virulent in Flu B.[°!) However, R292K in Flu B has never
been detected in natural viruses.

Some other mutations also show reduced sensitivity to
oseltamivir. More oseltamivir-resistant mutations are de-
tected in HSN1, H3N2, and B than in HINI (including
HIN1pdm09). D199G and 1223K/R in HIN1pdm09 all con-
fer relatively mildly reduced inhibition, %62~ while Y155H
in HIN1 increases the inhibition to oseltamivir 123 fold.[?8!
None of the other oseltamivir-resistant mutations in HSN1
confers increased inhibition more than 100 fold, including
V96A, Q116L, D179G, 1203M, and S227N.B1-66-681 Among
these mutations, V96A and S227N were detected by surveil-
lance studies. The other oseltamivir-resistant mutations in
H3N2 have not been observed in the clinic, including D151E,
R224K, E276D, and R371K (H3N2).[%! Furthermore, only
R224K confers an inhibition of more than 100 fold. Of note,
mutation S227N occurs not only in H5N1, but in HIN1 (in-
cluding HIN1pdmO09) albeit with slightly reduced inhibition

(4-8 fold). However, this mutation of H3N2 was not observed
in the clinic, which suggests this mutation may impair N2 fit-
ness. Flu B contains the most detected oseltamivir-resistant
mutations. The observed mutations with highly reduced in-
hibition (> 100 fold) are R150K, 1221L, and R374K (Flu
B).[#7:52.60.61.69-71] The observed mutations with reduced in-
hibition (10-100 fold) are P139S, G140R, D197E/N/Y, 1221T,
A245T, and A395E, [28:4146.47.52.72-75]

3.2. Resistance to zanamivir

Zanamivir resistance has remained infrequent in contrast
to oseltamivir. This may be explained by the high structural
similarity of zanamivir with NA natural substrates. For ex-
ample, mutation H275Y, which raised significant resistance
to oseltamivir, was observed to retain normal inhibition to
zanamivir in all subtypes. Similar situations also occur with
N294S, except that one H5SN1 variant with N275S mutation
reduces sensitivity 27 fold. [33-39-40:49,50,52-55.64]

Substitutions at residue 119 confer remarkable resistance
to zanamivir, and most of them are found by reverse-genetics
or cell-culture studies. Notably, most of them increase inhibi-
tion more than 100 fold, like E119G/V (HIN1pdm09), E119V
(HIN1), E99A/G (H5N1), and E117A/D/G (Flu B).[3349:52]
However, mutations at residue 119 in H3N2 were not no-
tably resistant to zanamivir. More specifically, E119I in-
creases inhibition by 17 fold, E119D by 32 fold, and E119V
only by 7 fold, which cannot even be defined as reduced
inhibition.[**>7-61.76] E117V in Flu B also confers normal
inhibition.[6!]

Zanamivir-resistant Q136K was identified by surveillance
in Australia and Southeast Asia.l””781 However, this muta-
tion could not be observed when matching clinical spec-
imens, which raised a debate of its clinical relevance.!”8!
Zanamivir-resistant mutation Q116L in H5N1 has not been
observed in the clinic.[®/7 In contrast to HIN1 and H5NI,
the Q136K mutation of H3N2 was detected in two clinical
samples, both resistant to zanamivir.[*>’°! Y155H is another
zanamivir-resistant mutation of influenza HIN1 observed by
surveillance.?®! Additionally, R293K in HINI generated
by reverse genetics exhibited zanamivir resistance.!*>>°! For
HIN1pdm09, reduced sensitivity to zanamivir was identified
in virus isolates with mutation 1223R.[%631 Furthermore, mu-
tation V96A, which is specific to HSN1, shows reduced in-
hibition to zanamivir.[>%8] Though Q116L and D179G also
show reduced susceptibility to zanamivir, unlike V96A they
have never been observed in the clinic.!>!:68!

Substitutions at 151 (D151V/D) of H3N2, which signifi-
cantly increase ICsq values for zanamivir, were observed dur-
ing NAI resistance surveillance programs.#’1 R292K is a con-
troversial mutation due to its wide range of ICsy values. For
example, Yacine Abed identified a R292K variant with high
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inhibition improvement (134 fold), while Thomas Ziircher
identified variants with only a 4 fold improvement.!*%>]
Note that all the variants with highly reduced inhibition
are generated by reverse genetics.[*?%%9 Other observed
zanamivir-resistant mutations (R224K, E276D and R371K)
in H3N2 are also generated by reverse genetics.[®”! Con-
sistent with the case of oseltamivir, some specific muta-
tions of Flu B also reduce inhibition to zanamivir, such
as E105K, Q138R, P139S, G140R, R150K, D197N, 1221L,
A245T, and R374K, which were all observed in the clinic or by

52,60.61.69.73.80] However, zanamivir-resistant

[61]

surveillance. !>
substitution R292K was generated by reverse genetics.

3.3. Resistance to peramivir

Observation of strains resistant to peramivir has usu-
ally followed an oseltamivir treatment. Notably, those resis-
tant strains always show a higher level of resistance to os-
eltamivir but a lower level of resistance to peramivir, in ac-
cord with the structural homology between oseltamivir and
peramivir.33! Situations of resistance to peramivir in substi-
tutions at residues 274 and 294 are quite the same as those of
oseltamivir, except for the lower resistance level to peramivir.
In fact, variants harboring mutation N294S show lower resis-
tance to peramivir than oseltamivir in all subtypes. Viruses
with N294S mutation in H3N2 are even not identified to be

resistant to peramivir. 4%

However, some extraordinary situations still exist. For ex-
ample, mutations at residue 119 seem to express a random in-
hibition compared to other mutations. While HSN1 and E99G
reduce inhibition to peramivir and retain normal inhibition to
oseltamivir, this is opposite to E99A.3%>11 Fewer mutations
are resistant to peramivir in N1 and N2 in contrast to Flu B.
Besides the above-mentioned mutations, mutation Q136K in
HINI and R292K in HIN1, H3N2 and Flu B reduce sensi-
tivity to peramivir instead of oseltamivir.[301-77 Like other
NAIs, subtype B contains several specific resistant mutations,
such as E105K, QI138R, P139S, G140R, R150K, D197E/Y,
1221T, A245T, R374K, A395E, and D432G. Notably, all of
these mutations were observed in the clinic or by surveillance.

4. Mechanisms of resistance

Drug resistance occurs when mutations attenuate the
binding to the inhibitors rather than to the substrate. In other
words, resistance means shifting the balance toward substrate
binding and away from inhibitor binding.!®!! MD studies re-
veal that the weakening of Van der Waals (VDW) contacts to
inhibitors compared to substrates may be a predominant fac-
tor that results in the resistance. Additionally, destroying or
attenuating hydrogen bonds to inhibitors may be a factor con-
tributing to drug resistance. This correlates to the fact that
the overall NA substrates have fewer intermolecular hydrogen

bonds than inhibitors in wild type NAs.[3!]

Fig. 2. (color online) Mutation sites leading to drug resistance (WHO); yellow represents the substrate (PDB ID: 4GZX).
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As Fig. 3 2,3-dehydro-2-deoxy-N-
acetylneuraminic acid (DANA) is the most widely used tem-

shows,

plate for the rational design of NAIs.[¥?] Oseltamivir is a
cyclohexene with carboxylic acid, acetylaminos amino, ethyl
ester, and phosphate functional groups.®3 Compared to os-
eltamivir, the structures of zanamivir and laninamivir are more
homologous to DANA (in which the hydroxyl group is sub-
stituted by a guanidino group or a methyl). Peramivir is a
cyclopentane with a guanidino functional group, which is

HO ¢}
Oseltamivir

Peramivir

also the functional group of zanamivir and laninamivir, and
a lipophilic side chain, which is also the functional group of
oseltamivir.['334 Oseltamivir is more likely to spontaneously
increase resistance than zanamivir, in terms of the evaluation
of structural similarity. [85] Furthermore, mutations of resis-
tance to oseltamivir and zanamivir are expected to confer
resistance to peramivir, and mutations that affect the activity
of zanamivir might also affect laninamivir activity (although

this is yet to be confirmed).

Laninamivir

Fig. 3. Chemical structures of neuraminidase inhibitors (NAIs).

4.1. Resistance mechanism against oseltamivir

MD studies show that active-site residues R118, D151,
R152,E276,R292, and R371 directly interact with oseltamivir
in the wild type and form a mixed polarity surface within the
binding pocket (Fig. 4).18! In addition, framework residues
(E119, D198, 1222, H274, E277, N294, and E425) stabi-
lize the docked complexes by altering the above active-site
residues. Mutations of these residues are likely to contribute to
resistance. Compared to the wild type, MD studies reveal that
mutation R118K shifts oseltamivir away from the N2 active
site, which contributes to the destruction of hydrogen bonds
and the electrostatic interactions between the arginine triad
(R118, R292, and R371) and oseltamivir. Moreover, the argi-
nine triad is deformed, and the salt bridge between R118 and
E425187-891 i ruined.[!?]

Regarded as an N1 subtype, E119 has similar interaction
with substrates and inhibitors. Hence, mutations at 119 gen-
erated by reverse genetics or cell cultures confer resistance to
oseltamivir; they also inhibit the substrate binding within N1

subtype. In the case of wild type N2 strains, oseltamivir has
more advantageous VDW contacts and hydrogen bonds than
substrates. MD simulations reveal that the oseltamivir orien-
tations in N2E19P/V/A differ from the wild type. In addition,
the N2E119D/V mutation shifts the CA atom of residue R118,
and destroys the interaction between E119 and the oseltamivir,
which is consistent with the decrease of binding affinities ob-
served in several strains of influenza virus A and B.!'?!

MD simulations reveal that the interaction of residue
D198 with residue R152 is destroyed due to the R152K mu-
tation. Furthermore, the mutation causes residue 152 to de-
viate from the active site center in both N2 and Flu B, and
the H-bond interactions with the oseltamivir acetamide group
also disappear.!!'?! According to the crystal structures (with
and without inhibitors), E275 could rotate when binding to
peramivir in both the D197 and E197 NAs. However, muta-
tion D197E prevents the E275 from rotating upon binding to
oseltamivir. Lack of the E275 rotation plays an important role

in Flu B NAs resisting oseltamivir.[*"!
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Fig. 4. (color online) Interactions of inhibitors with individual active site residues (red: N1-oseltamivir complex; blue: N2-oseltamivir
complex; pink: N1-zanamivir complex; yellow: N2-zanamivir complex). 811

1222 exhibits similar interactions with both the substrate
and the oseltamivir in N2 subtype. Hence, mutation at 1222
is likely to impact both the oseltamivir and substrate bind-
ing. However, in N1 subtype, 1222 has more favorable inter-
action with the oseltamivir in contrast to substrates.!!? 1222
is located near R224 and the pentyl ether group of oseltamivir
(Fig. 2), which plays an important role in the formation of a
salt link to E276 and the hydrophobic pocket for oseltamivir
binding. Thus, mutations at 1222 would destroy the interac-
tions between the 1222 and oseltamivir, contributing to re-
sistance to oseltamivir.!'4! Residue S246 has more extensive
interactions with substrates than oseltamivir in N2 subtype,
which means mutations at S246 will hardly lead to resistance
to oseltamivir in N2 subtype. In contrast, in N1 subtype,
residue S246 has more VDW contacts to oseltamivir than to
substrates. So weakening of VDW contacts to inhibitors com-
pared to substrates may be the key factor leading to resistance
in N1 subtype. 8]

According to the crystal structures of N1 subtype, residue
H274 is not located at the active site. However, both mu-
tations R292K and H274Y reduce inhibition activities. MD
results show that these mutations can prevent the rotation of
E276, leading to the E276 side chain moving further from the
active site and losing interaction with oseltamivir.!'*#!] Note
that the NA structure of wild-type H5N1 does not show full
rotation of E276, which further suggests that lack of the full
E275 rotation may account for partial resistance to oseltamivir.
Besides, MD studies show that the region around the mutated
residue (H274Y) is more positively charged than the wild-type
N1 structure, and residue E276 has more significant favorable
VDW contacts with oseltamivir compared to substrates, which
agrees with the mechanism revealed by wild-type N1 crystal
structures. 81
On the basis of N1N24S_ggeltamivir complex, S294 forms

a hydrogen bond with E276 and allows water molecules to
penetrate deeply into the binding pocket. Additionally, the
N294S binds to the oseltamivir side chain.
molecules destabilize and break the hydrogen bond between

Those water

the E277 residue and the amide moiety of oseltamivir, while
simultaneously helping to form a new hydrogen bond between
E277 and R151.18¢]

4.2. Resistance mechanism against zanamivir

MD studies reveal that the dominant interactions between
zanamivir and the wild-type NA are the bindings of the side
chains (E119, D151, R152, W178, 1222, E227, E276, and
Y406), see Fig. 4. Among them, the residues E119, D151,
and R152 form strong H-bonds with zanamivir."”!! Similar to
the case of oseltamivir, mutations at framework or active site
residues may weaken the binding affinity between the enzyme
and zanamivir, causing resistance to zanamivir.

Residue E119, significantly resistant to zanamivir, has
more favorable contacts with zanamivir, in contrast to os-
eltamivir and peramivir within the wild-type N1 subtype.
Crystallographic analysis reveals that the E119G mutation
breaks the interactions of the carboxylate side chain with the
C4-guanidinium group of zanamivir.!'"*l MD studies show that
the conformation of zanamivir shifts significantly away from
the original state in the wild-type complex, which indirectly
affects the binding of the surrounding residues. Moreover,
zanamivir moves closer to the residues R224 and N294 along
with an obvious rotation in the structure itself.[°!l Mutation
E119V can break the salt-bridge between residue 119 and the
4-guanidino group of zanamivir. However, the zanamivir 4-
guanidino group still retains its typical interactions with E227,
W178, and D151.

Similar to the case of oseltamivir, mutation H274Y may
break zanamivir’s hydrogen bond to E276, forming a new hy-
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drogen bond with R151. In addition, the electrostatic poten-
tial of the binding pocket is slightly more negative than in
the wild-type complex. However, the region close to the hy-
droxyl groups of the zanamivir turns rather more positive. In
N1 subtype, mutation N294S could break the interactions of
zanamivir with R117, E276, and R371, while forming new
hydrogen bonds between zanamivir and residues D150, R151,
and S246. That is why mutation N294S is hardly detected as
resistant to zanamivir.

5. Concluding remarks

In light of the current pandemic threat and the ongoing
emergence of drug resistance, continual development of new-
generation drugs must be a high priority. Apart from the above
NA mutations of influenza virus, the accumulation of drug-
resistant mutations within HIV-1 protease also shows that the
most prominent mutations do not have extensive interactions
with substrates, but instead are important for inhibitor bind-
ing, due to the differences in spatial structures of proteins. 2]
These conformational alterations are involved with both active
site residues (e.g. IS0V, V82A, and 184V)[®>4l and frame-
work residues (L9OM).!*! These reports further support the
assessment that mutation-inducing spatial differences seem to
be one of the general principles for drug resistance and deserve
more attention in structure-based design. %]

The exploration of current NAIs benefits from sufficient
knowledge of the NA active sites.!”’%! The presence of novel
druggable hot spots in the 150- and 430-loop regions provides
further support for developing high-affinity inhibitors capable
of binding to these two areas.!!%191] Besides, current drugs
are designed for one binding site only. However, multi-target
treatment deserve more study, such as targeting an active site
and a 150-loop region (and/430-loop region), simultaneously
binding with two/three/four NA monomers, or even concur-
rently binding with NA and hemagglutinin. In addition, the
study of NAIs via molecular mechanics might lead us to pro-
pose a mechanism for the enzymatic reaction and, ultimately,
an effective reaction-analogue inhibitor that has the potential
as a novel drug with a feasible cost of drug production, high
absorption and high bioavailability.
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