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The key public health concern is to define the way in which the next influenza pandemic will be controlled. At present, the question
of vital importance is: in the absence of a specific avian flu vaccine, could antiviral drugs obstruct a pandemic should the virus
spread from birds to humans? The answer to the issue is inevitably related to finding the ways to circumvent Tamiflu resistance
that is well documented in the literature. Several remarkable but slightly mutually inconsistent contributions have been recently
reported with the aim to facilitate the development of new inhibitors acting on the key target—neuraminidase of avian influenza
A/H5N1 virus. Herein, the versatile arguments are critically analyzed and reconciled. Consequently, the most relevant structural
basis for the rational design of novel antivirals is elaborated.

1. Introduction

Rational drug design, as the multidisciplinary process of
finding new medications based on knowledge of biological
target, is arguably one of the most exciting scientific fields of
our time. The major challenges, in general, are the improve-
ment of the existing drugs and the creation of new types of
drugs that allow treatment of diseases, such as cancer, AIDS,
Parkinsonism, Alzheimer’s disease, and influenza, against
which no effective drug currently exists. Influenza is known
for its enormous economic impact on population health.
Of particular concern currently is a lethal avian influenza
virus H5N1, known as “bird flu”.The highly pathogenic avian
influenza is most commonly found in migratory water birds.
Water birds are generally resistant to infection caused by
avian influenza, but the virus can cause severe disease when it
spreads to poultry and other birds. The first cases of humans
being infected by H5N1 were detected in Hong Kong in 1997.
The key public health concern is to define the way in which
the next influenza pandemic will be controlled. Vaccination
is not a realistic plan for a rapidly spreading avian influenza

pandemic. Vaccines require months to be created, as it is
necessary to identify a virus and grow antibodies against it.
Besides, vaccine needs to be distributed, which takes time.
A vaccine for the avian virus is being developed, but none is
yet available. Thus, the question of vital importance is: in the
absence of a specific avian flu vaccine, could antiviral drugs
obstruct a pandemic should the virus spread from birds to
humans [1]?

There are two classes of antiviral drugs for treating influ-
enza: adamantanes—M2 ion channel inhibitors and neu-
raminidase (NA) inhibitors. Adamantanes (amantadine and
rimantadine) are less expensive,more readily available, estab-
lished as not being effective against most of the isolated
avian flu viruses, and their use can cause serious side effects
such as seizures [2]. Adamantanes would likely not be useful
in an avian pandemic because adamantane-resistant strains
frequently emerge, and these strains can be transmitted
from person to person [2]. The class of neuraminidase
inhibitors consists of the drugs zanamivir and oseltamivir
(OTV), having the commercial names Relenza and Tamiflu,
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Figure 1: A typical X-ray structure of neuraminidase tetramer (a). A ribbon diagram of neuraminidase, showing conserved active sites (b)
(Education in Chemistry, Issue 2007 March, adapted by permission of the Royal Society of Chemistry) [4].

respectively. If administered early before the virus infects
too many cells, these drugs prevent the release of influenza
virus from infected cells to healthy ones, and their action
is associated with very little toxicity [3]. As neuraminidase
enzyme acts at the final stage of infection, NA may be
regarded as the key target for developing inhibitors that
circumvent oseltamivir resistance [3]. In other words, design
of new anti-influenza drugs is essentially design of small
molecules that are complementary in shape and charge to
NA—biomolecular target to which they are supposed to
interact and therefore will bind to it.

Because of different antigenic properties of various gly-
coprotein molecules, influenza type A NA sequences are
divided into two distinct phylogenetic groups, the first group
being composed of N1, N4, N5, and N8 and the second
group being composed of N2, N3, N6, N7, and N9. All
influenza NAs are homotetrameric molecules that display
fourfold symmetry, with each monomer consisting of six
topologically identical four-stranded antiparallel 𝛽-sheets
(Figure 1(a)). Under a wide range of experimental conditions,
NA is characterized as a rigid crystal with a highly conserved
binding site (Figure 1(b)) throughout all the neuraminidase
subtypes [4], which is in general a desirable property for
the structure-based design of prospective inhibitors. Even
though the crystal structures of N1, N4 and N8 of group 1
and the crystal structures of N2 and N9 of group 2 all have
the same homotetrameric conformation, they display some
group-specific differences in the active site.Themain confor-
mational differences between the two groups were detected
at the 150-loop (residues 147–152), adjacent to the active site
(Figure 2(a)) [5, 6].These particular distinctions in the active
site architectures were reflected through a 10 Å × 5 Å × 5 Å
150-cavity adjacent to the active site in the group 1 NAs that
is not present in the group 2 NAs [5]. There is a difference
of about 1.5 Å in the positions of the conserved Asp151 side

chains, and the carboxylate of the nearby conserved Glu119
in the group 1 NAs points in approximately the opposite
direction relative to that in the group 2 NAs, resulting in a
width increase of the active site cavity by about 5 Å [5]. The
conserved Arg156 with the side chain approximately midway
between Asp151 and Glu119 (Figure 2(b)) is located at the
base of the 150-cavity (Figure 2(a)) and adopts almost the
same position in the group 1 and group 2 NA structures,
thus, defining the entrance from the NA active site into
the 150-cavity [5]. By examining the crystal structure of the
avian influenza neuraminidase in complex with oseltamivir
(PDB ID: 2HU0B), known as the “open” conformation of
H5N1 NA:OTV complex, the possibility of developing novel
inhibitors from the 4-amino group of OTV into the 150-
cavity was proposed, while the prominent guanidinium side
chain of Arg156 was identified as a prospective partner for a
salt bridge or hydrogen bond [5]. Despite the experimental
proposal [5] and the fact that some structural knowledge of
all of the influenza proteins is now known [6], driven by the
increased interest due to the threat of the next pandemic, a
consistent understanding of the pivotal role of the 150-loop in
developing inhibitors that circumvent oseltamivir resistance
is not quite clear.Herein, we put forward and reconcile several
inconsistencies related to the relevant structural basis as well
as elaborate some arguments of vital interest when envision-
ing more creative strategies for designing new inhibitors of
H5N1 NA.

2. On the Relevant Structural Basis of
Designing H5N1 Neuraminidase Inhibitors
That Circumvent Tamiflu Resistance

The “open” conformation of the crystal structure of H5N1
NA in complex with OTV (PDB ID: 2HU0) was used to
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Figure 2: Experimentally detected 150-loop (Gly147, Thr148, Val149, Lys150, Asp151, and Arg 152) is denoted by bold near the binding site of
H5N1 neuraminidase in complex with oseltamivir—OTV (PDB ID: 2HU0) (a). Experimental proposal of exploiting the 150-cavity of H5N1
NA for the design and development of new inhibitors through modifications of the 4-amino group of OTV in order to make a salt bridge or
hydrogen bond with the guanidinium side chain of Arg156 [5], (b).

rationalize the molecular mechanism of oseltamivir resis-
tance using molecular docking simulations [3, 7, 8]. It
was demonstrated that the 150-cavity can be exploited for
designing novel inhibitors of H5N1 NA [3, 9] in the same
way as experimentally proposed [5]. The relevance of these
observations [3, 7–9] was questioned by pointing out both
that an improper initial structure (PDB ID: 2HU0) was used
and that a “closed” conformation of the N1:OTV cocrystal
structure is more appropriate for such studies [10]. Even
though the discrepancies between the theoretical [7] and
experimental [11] structures of the His274Tyr N1:OTV pro-
tein:ligand complexes were initially observed, the inclusion
of protein flexibility, especially in the region of 150-loop,
in the molecular docking protocol successfully fixed the
glitch [12, 13]. This quite remarkable rationalization was in
agreement with the previously proven considerable flexibility
of the residues in the 150-loop of N1 from avian H5N1 [14].
Moreover, the possibility of designing the substantially more
effective OTV derivatives than OTV itself was illustrated
by both employing the “open” conformation of the N1 NA
crystal structure (PDB ID: 2HU0) and taking advantage of the
presence of the 150-cavity nearby the N1 NA active site [15]. It
was concluded that the “open” form crystal structure of 2HU0
provides a novel and reliable structural basis for rational drug
design against H5N1 influenza virus [15], speaking in favor of
the previous studies [7–9] being based upon the experimental
proposal of Russell et al. [5].

There is no doubt that X-ray crystallography data provide
useful information for examining the differences between
binding sites in active and inactive conformations or between
different neuraminidases. However, the possibility that var-
ious conformations in static crystal structures are the con-
sequences of the differences in crystallization conditions, or
procedures, suggests that dynamics of neuraminidases may
also be explored in order to see into the effects of large protein
domain motions and substantial active site rearrangements.
In light of this, the conclusion that the “open” conformation

of avian influenza neuraminidase (PDB ID: 2HU0) is quite
a dependable ground for the structure-based design of new
drugs against H5N1 influenza virus [15] was substantiated
by molecular dynamics simulations [14, 16] focusing on the
functional behavior of 150-loop in N1 from avian H5N1.
Substantially flexible residues in the 150-loop essentially
made the avian N1 protein capable of adopting a large variety
of possible configurations in the 150-loop region [14]. Despite
the fact that a “closed” 150-loop conformation in the same
avian N1 NA was reported under particular experimental
conditions [5], atomic-level structural insights based on the
molecular dynamics of the neuraminidase enzyme showed
that an “open” conformation of the 150-loop is favorable by
the avian N1 overall [16]. Interestingly, the crystal structure
of the 2009 H1N1 pandemic virus neuraminidase displayed
the lack of 150-cavity in its active site [17], suggesting that
the particular 2009 pandemic NA protein was structurally
more comparable to the group 2 NAs than to the group
1 NAs. On the basis of alignments of sequences associated
with all available NA crystal structures, the position 149
was hypothesized as critical for determining the (open or
closed) conformational status of the 150-cavity, suggesting a
new paradigm for comprehension of the presence of the 150-
cavity in group 1 and in group 2 enzymes [16]. However, both
oseltamivir (Tamiflu) and zanamivir (Relenza) are equally
effective against both phylogenetic groups. Crystal structures
of N1 NA in complex with Relenza or Tamiflu revealed that
the 150-loop can experience a conformational change upon
inhibitor binding in such a way that the binding site of NA
from the two groups is essentially identical when bound to
an inhibitor [5].This is the answer to why all of the inhibitors
are effective against both phylogenetic groups in spite of their
unliganded active sites that display distinct conformations.
Of note regarding the design of the next generation of NA
inhibitors is that Tamiflu can bind to N1 NA without giving
rise to the conformational change of the 150-loop [5, 6]. The
150-cavity can thus be targeted by new derivatives of Tamiflu
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Figure 3: Structural comparison between Relenza and Tamiflu. Sialic acid (N-acetylneuraminic acid or Neu5Ac) is a natural receptor from
which the structure of Relenza is directly derived with minimal functional modifications.
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Figure 4: The prospective inhibitor [9], designed by simultaneous
modifications of both the 4-amino side chain and the C6 bulky
hydrophobic side chain of Tamiflu, was shown to concomitantly
exploit the experimentally identified location of the 150-cavity in
H5N1 NA, as proposed by Russell et al. [5] (Figure 2(b)), and
maintain a structural resemblance to sialic acid. Note that the side
chain at the C4 position was a slight modification of the C6 side
chain of Relenza (Figure 3) and as such was involved in three
electrostatic interactions with the guanidinium side chain of Arg156
upon forming the complex with H5N1 NA [9].

or Relenza in order to overcome the virus resistance. To even
better understand the structural dynamics of the influenza-
related target receptors in the time ahead, ensemble-based
virtual screening methods are being developed in order to
enable the use of multiple receptor conformations aimed at:
(i) improving the quantitative evaluations of ligand-receptor
interactions, (ii) revealing new modes of ligand inhibition,
and (iii) developing novel patient-specific therapeutics that
are less inclined to drug resistance [18, 19].

By using the template structures of a naturally occurring
NA inhibitor 2-deoxy-2,3-didehydro-N-acetylneuraminic
acid (Neu5Ac2en; Figure 5(a)) in complex with N2 and N9
NAs [20, 21], zanamivir and oseltamivir (Figure 3) were
structurally designed [22, 23] and approved by the USA
Federal Drug Administration (FDA). Since oseltamivir and
zanamivir have appeared in the market, clinically relevant

development of resistance with unknown side effects has
become a critical topic. A clinical experience of more than 8
years has not resulted in providing evidence that the use of
zanamivir would result in viable mutants [24], most likely
due to a limited use of zanamivir. A substantially wider use
of OTV has provided evidence that a viable resistant mutant
has emerged [25]. The major structural difference between
Tamiflu and Relenza, which influences their activities against
avian influenza NA to a great extent, is the presence of
a large hydrophobic side chain at the position C6 that is
freely rotatable around the C–O bond in the structure
of Tamiflu, while such a side chain is not present in the
structure of Relenza (Figure 3). The development of the
resistance to the action of Tamiflu fitting into the NA binding
site was understood in light of conformational changes of
the amino acids that are responsible for accommodating
the Tamiflu’s C6 bulky hydrophobic side chain upon
ligand binding. In other words, resistance was viewed as
the structural consequence of preventing the active site
rearrangement due to mutations Arg292Lys, Asn294Ser,
and His274Tyr—positions that are near the active site of the
enzyme [11, 26]. Whereas such an active site rearrangement
was not needed in the case of Relenza [26], structural studies
of the influenza neuraminidase revealed that resistance
to Tamiflu is more likely than that to Relenza [26, 27].
The most frequent oseltamivir-resistant mutation in group
1 NAs is His274Tyr [28], while that in group 2 NAs is
Asn294Ser which also confers partial resistance to zanamivir
[28, 29]. The possibility of escaping the H5N1 NA mutants
may thus be increased by maintaining the clear structural
resemblance of a prospective inhibitor candidate to sialic
acid (Neu5Ac), a natural receptor from which Relenza is
directly derived with minimal functional modifications
(Figure 3) [24]. Russell et al. [5] proposed the modification at
the C4 position of Tamiflu for developing novel N1-selective
inhibitors (Figure 2(b)). This experimental indication [5]
was redefined by showing that simultaneous modifications of
both the 4-amino side chain and the C6 bulky hydrophobic
side chain of Tamiflu are needed and possible in order to
concomitantly exploit the experimentally identified location
of the 150-cavity and maintain a clear structural resemblance
of potential inhibitor candidates to sialic acid (Figure 4)
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Figure 5: 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac2en), (a). The derivatives of Neu5Ac2en designed by introducing allyl
and arylallyl substituents at the C3 position of Neu5Ac2en [34], (b). The compounds were shown to occupy 150-cavity and thus selectively
target the pandemic A/H1N1 and avian A/H5N1 viruses [34].

[9]. This research progress is well correlated with the work
of Wen et al. [30], which demonstrated that a micromolar
IC
50

can be achieved by extending the moiety at the C4
position of Relenza to occupy the 150-cavity in the N1 crystal
structure. Some other computational studies also attempted
to target the 150-cavity in order to design N1-selective
inhibitors [19, 31–33]. Rudrawar et al. [34] reported that
compounds derived from Neu5Ac2en by introducing allyl
and arylallyl substituents at the C3 position of Neu5Ac2en
(Figure 5) occupy the 150-cavity and thus selectively target
the pandemic A/H1N1 and avian A/H5N1 viruses. In terms
of anti-influenza activities being associated with micromolar
IC
50

values, this study [34] is the first direct evidence of
the experimental proposal of Russell et al. [5] that sialic
acid derivatives can be more selective for group 1 NAs than
for group 2 NAs and equally potent against wild-type NA
and the His274Tyr mutant. It means, if a structural design
of prospective inhibitors that bind to the highly conserved
active site of N1 NA is successful, such a designing strategy
is expected to achieve the desired goal of activity against all
influenza NA subtypes (N1–N9) and influenza B viruses,
as suggested by both NA enzyme inhibition and X-ray
crystallography data [35, 36].

3. Conclusion and Future Outlook

The current progress in the structure-based design of
prospectiveN1 neuraminidase inhibitors indicates the impor-
tance of the experimental proposal of Russell et al. [5] for
evading oseltamivir resistance. Any synthetic strategy based
on the proposal is in agreement with the understanding
that the “open” conformation of the crystal structure of the
complex of H5N1 NA with oseltamivir (PDB ID: 2HU0)
represents a reliable structural basis for the undertaking.
However, because distinct conformations in static crystal
structures may be the consequences of different crystalliza-
tion conditions, or procedures, a better understanding of

the structural dynamics of the influenza-related target recep-
tors will be needed and provided by emerging ensemble-
based virtual screeningmethods, enabling the use of multiple
receptor conformations, revealing new modes of inhibition,
and supporting the development of novel patient-specific
therapeutics that are less prone to drug resistance.
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