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Virus evolution facilitates the emergence of viruses with unpredictable impacts on human health.
This study investigated intra-host variations of the receptor-binding domain (RBD) of the
haemagglutinin (HA) gene of the avian HS5N1 viruses obtained from the 2004 and 2005
epidemics. The results showed that the mutation frequency of the RBD ranged from 0.3 to 0.6 %.
The mutations generated one consensus and several minor populations. The consensus
population of the 2004 epidemic was transmitted to the 2005 outbreak with increased frequency
(39 and 45 %, respectively). Molecular dynamics simulation was applied to predict the
significance of the variants. The results revealed that the consensus sequence (E218K/V2438I)
interacted unstably with sialic acid (SA) with an 22,6 linkage (SAx2,6Gal). Although the mutated
K140R/E218K/V248I and Y191C/E218K/V248l sequences decreased the HA binding capacity
to 22,3-linked SA, they were shown to bind «2,6-linked SA with increased affinity. Moreover, the
substitutions at aa 140 and 191 were positive-selection sites. These data suggest that the
K140R and Y191C mutations may represent a step towards human adaptation of the avian H5N1
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INTRODUCTION

Although the highly pathogenic avian H5NI1 virus has
spread globally, only sporadic transmission of this virus to
humans has been recorded. This may be because human-
to-human transmission of the avian H5N1 virus is
inefficient (Cinatl et al., 2007; Li et al, 2004). However,
the fact is that H5N1 viruses undergo continuous antigenic
drift and infrequent gene reassortment, indicating that
avian H5N1 viruses with increasing transmissibility among
humans could be emerging. Therefore, humans remain
under threat of infection by an avian H5N1 virus.

Like other RNA viruses, avian H5N1 viruses form
quasispecies, which arise from rapid genomic mutations
due to the absence of proofreading and post-replicative
repair mechanisms of their RNA polymerase. This results
in a pool of viruses containing similar genome sequences
(Wan er al., 2007). Although most sequence variations in
this pool are neutral and offer no competitive advantage,

having a pool of multiple variants enables the virus to
adapt as it encounters changing environments during
infection (Drake, 1999; Eigen, 1993), meaning that, under
special circumstances, a point mutation may generate
jumping clusters, which can move from one environment
to another under different ecological pressures. For
example, evidence suggests that the 1918 human HINI
may have evolved from an avian virus that underwent
point mutations in the haemagglutinin (HA) gene, yielding
variants that could jump from birds to humans (Reid et al.,
2004; Taubenberger & Morens, 2006). It is therefore
important to monitor carefully the existence of any new
wave of variants, as some may emerge as the next pandemic
virus.

Influenza genotype analysis reflects the influenza virus
evolutionary footprint and thus is critical for preparing a
strategy to prevent and control influenza epidemics and
pandemics. In the present study, we monitored genotypic
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variants of H5N1 viruses present in naturally infected
migratory birds, Asian open-bill storks, which migrate
from countries that are the epicentres of the H5N1 virus.
During their migration, it is possible that storks seed the
virus to various countries; therefore, it is interesting to
investigate the dynamics of the H5N1 virus in storks. We
used the clonal sequencing approach to investigate the
H5N1 gene pool in migratory Asian open-bill storks and to
determine gene linkage between the 2004 and 2005
epidemics. Furthermore, HA diversities were the focus of
the present study because a major health concern is that
HA mutations could alter the binding preference of the
virus to that of a human receptor, thus allowing the
potential infection of humans. Therefore, the significance
of HA variants in storks was tested using molecular
dynamics (MD) simulation. This simulation was a
conformational analysis of glycan receptor binding to HA
(Jongkon et al, 2009). The result from this type of
simulation is well matched with in vitro and in vivo HA-
glycan binding (Auewarakul et al., 2007; Jongkon et al.,
2009), making MD simulation an ideal prediction tool for
host-type selectivity in emerging variants. In the present
study, the sequences of the major population and some
minor variants of the HA gene pools were subjected to MD
simulation for prediction of receptor preference. By this
approach, we were able to show that some of the epidemic
variants of the HA genotypes of the H5N1 virus present in
stork faeces bound to both human and avian receptors.
This may be the first step towards introducing the H5N1
virus into the human population.

RESULTS

Overall picture of heterogeneities found at the
receptor-binding pocket of H5N1 viruses from
naturally infected storks

HA plays an important role in the initial step of influenza
virus infection by binding to sialic acid (SA)-containing
receptors. Thus, the diversity of the HA gene at its
receptor-binding domain (RBD) is critical for H5N1 virus
transmission and for determination of the host range. In
this study, we examined sequence variation of HA at the
receptor-binding site, aa 123-285, of H5N1 viruses. A total
of seven cloacal swabs from naturally infected storks of the
2004 and 2005 epidemics were subjected to RNA
purification. The purified RNAs then served as templates
for ¢cDNA synthesis using avian myeloblastosis virus
(AMV) reverse transcriptase and were subsequently
submitted to PCR amplification using high-fidelity Tag
DNA polymerase. A total of 90 clones were sequenced.
Sequence analysis demonstrated that the percentages of
mean diversity of the RBD were approximately 0.3-0.6 at
both the nucleotide and the amino acid levels (Table 1). All
the cloacal swabs contain an identical major population
and several minor populations. Within these 90 sequenced
clones, 289 point mutations were found, which could be

categorized into 244 synonymous, 43 non-synonymous
and two non-coding mutations. Among the non-synonym-
ous mutations, K140R and Y191C were the only two
positive selections found. Therefore, the influence of the
K140R and Y191C mutations was investigated further. In
addition to substitutions, stop codons (*) and non-coding
codons were detected. Three stop codons, E268%, R145*
and A208*, were detected, resulting in three fatal variants.
Two deletions were found at nt 374 and 590 resulting in
deletion of the amino acids at positions 125 and 194.

To ensure that the observed heterogeneity was not due to
nucleotide misincorporation introduced by the reverse
transcriptase or the Tag DNA polymerase, a control
experiment was carried out. The clonal sequencing of a
known sequence, the E gene of dengue virus, was reverse
transcribed, PCR amplified, cloned and sequenced under
identical conditions. Sequence analysis of 20 independent
clones showed absolute identity with the parental sequence.
This information indicated that the low error rates of AMV
reverse transcriptase and the high-fidelity Tag DNA
polymerase had no influence on our results.

Genotypic variants at the receptor-binding pocket

Alignment of the deduced amino acid sequences revealed
that each stork carried an identical major population of the
RBD of the HA gene that was found to contain two point
mutations, E218K/V248], in comparison with A/Thailand/
1(KAN-1A)/2004 (H5N1), a human isolate. Moreover, in
our screening, viruses that carried this consensus HA gene
were transmitted from the 2004 epidemic to the 2005
outbreak at an increased rate: 39 % in the 2004 outbreak
and 45 % in the 2005 outbreak. Apart from the consensus
HA gene, another four variants, minors 1-4, were of
interest (Fig. 1). Both minor 1 and minor 2 contained three
point mutations: K140R/E218K/V2481 and E218K/V2481/
E251G, respectively. The minor 1 mutant was another
epidemic marker between the 2004 and 2005 outbreaks,
with a rate that increased from 4 % in the 2004 epidemic to
22 % in the 2005 outbreak, suggesting the significance of
this variant. The minor variants 3 and 4 contain three and
four point mutations: Y191C/E218K/V248] and A214P/
E218K/M2261/V248I, respectively. These five variants of
the receptor-binding pocket have not been reported for the
HS5N1 virus elsewhere; some also contained positively
selected mutation of the RBD and some served as epidemic
markers. In addition, they were the major five variants
found in our screening. Hence, they were chosen for
further investigation.

Significance of the variants on receptor binding

Identification of mutations that can switch the currently
circulating H5N1 HA receptor-binding specificity from
birds to humans might provide significant leads that would
help us deal with the emergence of pandemic H5NI
viruses. As several genotypic patterns were found in our

308

Journal of General Virology 92



Heterogeneity of avian HBN1 receptor-binding pocket

Table 1. Comparison of the characteristics of mutations found in the receptor-binding pocket of viruses from the epidemics of 2004

and 2005

Characteristic 2004 2005

No. of sequenced clones 23 67

No. of variant site nucleotides 26 51

No. of synonymous substitutions 15 29

No. of non-synonymous substitutions 14 29

List of synonymous substitutions P136L (1), YI37H (1), K140R (1), N154S (1), Y137H (1), K140R (21), N143D (1), R145* (1),
(frequency) V1741 (1), Y191C (1), YI97H (1), S199P (1), K153R (1), K161M (1), K161R (1), L172P (1),

S267G (1), E268* (1)

Positive selection site (w =4 SEM)
Mean diversity (%)

Nucleotide level

Amino acid level

T204A (1), R208S (1), N244D (1), K266E (1),

Y191C (1.607 +1.283), K140R (1.838 +1.352)

0.36
0.59

L173S (1), N182H (1), N165Y (2), T195I (1),
Y197G (1), T198T (3), T202A (1), A208* (1),

A214P (1), M226V (2), K234E (1), D237V (1),
N240S (1), F241S (1), E242K (1), E251G (5),

Y254H (1), 1256Y (3), D261G (1), C274Y (1),
K275R (1)

K140R (1.917 & 1.425)

0.43
0.55

HA gene pool, we thus asked how these genotypic
variations might influence the receptor-binding preference.
To answer this question, the sequences of five genotypic
patterns, shown in Fig. 1, were subjected to MD simulation
to reveal the configuration of the glycan receptor analogue
in these five HA receptor-binding pockets. The receptor
analogue was composed of three sugar motifs: sialic acid
(SA), galactose (Gal) and N-acetylglucosamine with «2,3 or
02,6 glycosidic linkages. The torsion angle (®) — the angle
between two planes consisting of O6 and C2 of the sialic

acid unit, and O3 (or O6) and C3 (or C6) of the Gal sugar
(Fig. 2a) — was used as the criterion to examine binding
preference during computer simulations. This torsion
drives the glycosides into two different configurations: cis
(59.5%) and trans (—55.1%), as shown in Fig. 2(a). In the H5
binding pocket, SAu2,3Gal seems to have an optimal
binding geometry when the Gal and SA units are bound in
the trans conformation, whilst for SA«2,6Gal they are
instead optimally bound in the cis configuration (Ha et al.,
2001; Li & Wang, 2006). In order to use the relationships

A/Th/1(KAN-1A) /04
HA major

HA minorl = ......eh eiaeainan R
HA minor 2
HA minor 3
HA minox 4
200 210

A/Th/1(KAN-1A) /04
HA major

HA minor1

HA minor 2

HA minor 3

HA minor 4

A/Th/1(KAN-1R) /04
HA majox

HA minor 1

HA minor 2

HA minor 3

HA minor 4

R R KRR

o
(1]

Fig. 1. Amino acid sequence alignment of the HA sequence at the receptor-binding site from aa 123 to 285 (H5 numbering).
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Fig. 2. (a) Structures of SAx2,6Gal and SAx2,3Gal with the atom definitions and defined torsion angle (®) used in this
experiment. (b) Amount of time that each receptor analogue spent with a particular ® for SAx2,3Gal in the binding pocket of HA.

between ® and binding preference to explain host
selectivity, homology modelling and MD simulations were
employed. During each MD simulation, ® was monitored
and interpreted in terms of binding preference.

In our simulations, all HA genotypes shared similar
binding properties to the SAx2,3Gal receptor analogue
during the first 1500 ps of simulation. Thus, the SA
receptor in the HA pocket spent most of its time in the
trans conformation (Fig. 2b). However, the torsion angle of
this avian receptor analogue during complexing with the
HA major, minor 1 and minor 3 sequences was changed
from the trans conformation in the initial input structure
to the cis form after 1800 ps of simulation. These data
suggested that mutations present in the HA major, minor 1
and minor 3 sequences may allow these populations to
bind to both SA®2,3Gal and SA«2,6Gal, whilst the HA
minor 2 and minor 4 sequences showed an SAx2,3Gal
binding preference. To investigate further whether these
three HA genetic variations have acquired dual receptor

preference, the HA sequences were subjected to simulation
using an SAu2,6Gal receptor analogue. In this experiment,
HA from A/Thailand/1(KAN-1A)/2004 (H5N1) and human
HIN1 were run as positive controls for SAx2,3Gal and
SA02,6Gal specificity, respectively. As demonstrated in
Fig. 3(f), human H1 showed a mean SAx2,6Gal ® angle of
59.5°% indicating a cis conformation. In contrast, the binding
of H5 KAN-1A to SA«2,6Gal was unstable in the low-energy
cis configuration; thus, it was forced into the trans
conformation throughout the simulation period (Fig.
3a—e). These data indicated that MD simulation and @
angle can be used as indicators of receptor preference. The
tested mutants bound to SA«2,6Gal differently (Fig. 3a—e).
The minor 1 (K140R/E218K/V248I) and minor 3 (Y191C/
E218K/V248I) sequences bound strongly to SAc2,6Gal in
the cis configuration, whilst the consensus sequence (E218K/
V248]) interacted reversely between the cis and trans forms
(Fig. 3a, b, d). The interaction between SAx2,6Gal and the
minor 2 (E218K/V2481/E251G) or minor 4 (A214P/E218K/
M2261/V248I) sequences forced a change from their cis
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Fig. 3. Amount of time that each receptor analogue spent at a particular torsion angle (®) for SAx2,6Gal in the binding pocket
of HA variants (grey) compared with wild-type KAN-1 HA (black).

configuration in the initial input structure to a trans
conformation, suggesting that the minor 2 and minor 4
sequences are unfavourable as SAx2,6 Gal analogues.

In conclusion, this result indicated that there were at least
two HA sequences found in infected storks, K140R/E218K/
V2481 and Y191C/E218K/V248]I, that have mixed specifi-
city, with a reduction in binding to the 02,3-linked SA
avian receptor, but with increasing affinity for the «2,6
human-type receptor.

DISCUSSION

Outbreaks of the H5N1 avian influenza virus have caused
worldwide concern for both animal and human health.
Thailand is one of the affected countries that have
experienced both avian and human infections. H5N1
outbreaks in this country have occurred primarily in
household chickens and free-grazing ducks, and the virus is

believed to be imported via migratory birds. Of these
migratory species, the Asian open-bill stork is probably the
most affected wild-bird species in Thailand. In addition,
these wild birds migrate from the epicentre of the
occurrence of the HS5N1 virus; therefore, they must
harbour both parental viruses and their variants. Thus,
naturally infected storks should be a good model to study
the H5N1 virus footprint.

The breaching of host-range barriers for H5N1 virus is due
mainly to modification of the HA and neuraminidase. This
modification can be mediated through several mechanisms
such as antigenic drift and additional glycosylation
(Chakrabarti et al., 2009; Matrosovich et al., 1999). It is
unclear whether this modification occurs in the new host
or in the original host. Thus, in the present study, we
investigated intra-host variations of the receptor-binding
pocket where the viral genome was purified, amplified by
RT-PCR, cloned and sequenced from cloacal swabs of
naturally infected migratory storks. We found that the
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mutation frequency in these migratory storks was slightly
higher than that reported previously in human influenza
virus and in other host systems (Hoelzer et al., 2010; Igbal
et al., 2009). This higher mutation frequency was unlikely
to be due to artefacts introduced during the experimental
amplification procedure because the error rate of the AMV
reverse transcriptase used is 2.7 x 107> for base substi-
tution, whilst high-fidelity Tag DNA polymerase has a
mutation frequency of 0.62 % based on a positive-selection
assay (Fujii et al., 1999; Roberts et al., 1989). Although
artefactual mutations were unlikely to have been intro-
duced, our data should still be interpreted with caution.
The explanation for the higher mutation rate found in our
study is unclear, but could be due to several factors. For
example, it may be due to the effect of the microenviron-
ment in the intestinal tract of storks or possibly due to the
duration of infection. A higher mutation frequency is
reported in H5N1 patients with a longer infection period
(Kongchanagul et al., 2008). This may be due to the
selection pressure from host immune responses, which is
known to be a major driving force for influenza virus
antigenic drift (Hensley et al, 2009; Wei et al., 2010).
However, the best explanation at this moment is the
differences in viruses and experimental models used. Igbal
et al. (2009) and Murcia et al. (2010) investigated the
diversity of influenza viruses that have long been adapted
in the laboratory and in the models used, whilst our report
studied emerging virus from the reservoir that is naturally
and initially transmitted into storks. Thus, Igbal et al.
(2009) and Murcia et al. (2010) reported the dynamics of
influenza virus under a mild selective pressure, whilst our
work has revealed the mutation rates of emerging H5N1
virus under a strong selective pressure. Therefore, it is not
surprising that we found greater dynamics of influenza
virus evolution.

The interaction between a virus and the host-cell receptor
is an essential step in the complex process of cell infection.
For influenza virus, the receptor-binding domain is formed
by the 130 loop (residues 134-138), the 220 loop (residues
221-228) and the 190 loop (residues 188-190), based on
H3 HA (Das et al., 2009). A few mutations in this binding
domain can switch receptor specificity from birds to
humans. For example, mutations at aa 129 and 134
(L129V/A134V) can change the receptor-binding pref-
erence of the H5N1 virus from SA«2,3Gal to both
SAu2,3Gal and SA«2,6Gal (Auewarakul et al, 2007). In
addition, N182K and Q192R mutations have been shown
to enhance binding of a Vietnam H5NI1 virus to the
SA02,6Gal receptor (Ha et al, 2001). In the present study,
heterogeneities of HA at the RBD were investigated. The
results revealed that more than 70 variants existed in the
2004-2005 epidemics, but only two epidemic markers were
found, the E218K/V2481 and K140R/E218K/V248I vari-
ants, indicating that these two genetic variants were true
positively selected populations. The significance of these
epidemic markers for bird-to-human transmission was
predicted using MD simulation, which confirmed that the

major population, E218K/V2481, showed a binding pref-
erence for the avian-type receptor. In contrast, the K140R/
E218K/V248I variant was shown to bind to the avian-type
receptor with reduced affinity while acquired a binding
preference for the human-type receptor. In addition to the
K140R variant, a Y—C substitution at position 191 gave
this variant the ability to bind both SAx2,3Gal and SA«2,6
Gal. In comparison with wild-type HA from the KAN-1A/
2004 virus, mutations of K140R and Y191C, respectively
allowed these RBD variants to form a stronger complex
with the SAu2,6Gal receptors. Our finding is in agreement
with previous reports that mutations in or adjacent to one
of these loops are significant enough for receptor-type
switching. The mechanism of how these substitutions
induce conformational change in the RBD requires further
study.

In conclusion, the present report investigated genetic pools
of H5N1 viruses during the 2004 and 2005 epidemics in
migratory storks. These genetic pools contained at least two
RBD variants that were able to bind both human-type and
avian-type receptors. Importantly, one of these gene
variants, the K140R species, was one of the variants that
followed the transmission chain. An epidemic marker that
acquires dual-receptor preference may be a threat to
human health and thus deserves to be monitored further.
Finally, our information should be analysed carefully, as
only the viral genome was investigated. Hence, some of the
mutations found might not support actual virus replication.

METHODS

Avian H5N1 viruses. Seven cloacal swabs from naturally infected Asian
open-bill storks were used in our study. These swabs were obtained from
dead, infected Asian open-bill storks in Bung Boraphet, NakhonSawan
province, Thailand, during the 2004 and 2005 epidemics. The swabs were
collected in a virus transport medium containing medium M199
(Invitrogen), 1000 U penicillin G ml™', 1000 pg streptomycin ml™",
400 pg gentamicin ml ™, 2.5 pg Fungizone ml~ " and BSA and kept at
—80 °C. The number of viruses in each cloacal swab was quantified and
expressed as H5N1 RNA copy number. These RNAs were subjected
directly to clonal sequencing.

Viral RNA extraction and RT-PCR amplification. Viral RNA was
isolated from cloacal swab samples with an RNeasy Mini kit (Qiagen)
according to the manufacturer’s instructions. The viral RNA was
reverse transcribed into c¢cDNA using AMV reverse transcriptase
(Promega). PCR amplification of the HA gene segment was carried
out using a pair of specific primers and the Platinum Taq DNA
Polymerase High Fidelity (Invitrogen). The HA primer set used in
this experiment was 5'-GTTCCAGTCATGAAGCCTCA-3" (sense)
and 5-TTTATCGCCCCCATTGGAGT-3' (antisense).

Clonal sequencing. Purified PCR products were cloned into
sequencing vector pCR2.1-TOPO as recommended by the manufac-
turer (TA Cloning kit; Invitrogen). At least 30 well-isolated white
colonies were picked and subsequently cultivated in 5 ml Luria—
Bertani broth containing 100 mg ampicillin (Invitrogen) ml™" at
37 °C overnight. Plasmid DNAs were extracted from harvested,
transformed Escherichia coli by the alkaline lysis method and
sequenced. The nucleotide sequences and putative amino acid
sequences of the H5N1 variants pool were compared using BioEdit
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version 7.0.1.2 (Hall, 1999). Pairwise comparison of each nucleotide
sequence was performed using MEGA version 4 (Tamura et al., 2007).

Selection at the protein level was measured using the ratio of non-
synonymous to synonymous substitution sites (dn/ds) in which a
value of w>1 is referred to as being under positive selection, as
described previously (Kongchanagul et al., 2008; Yang, 1997; Yang et
al., 2005). The codon-based models M7 and M8 of the CODEMEL
program in PAML were used. The M7 model contains ten w categories
to describe @ among sites where all are <1. The M8 model was used
to estimate w for an extra class of sites (p10) at which ® can be >1.
These two models were compared using a likelihood ratio test, whilst
the positive selection of individual codons was estimated using Bayes
empirical Bayes method.

MD simulations of HA. The crystal structures of H5 HA from A/
Thailand/1(KAN-1A)/2004 (H5N1) (GenBank accession no.
EF107522) and from A/Duck/Singapore 3/97 (HIN1) (PDB accession
no. 1RVZ) were used as templates for binding to SAx2,3Gal (PDB
accession no. 1JSN) and SA«2,6Gal (PDB accession no. 1JSO),
respectively. A three-sugar unit consisting of SA, Gal and N-
acetylglucosamine was used as the input structure for MD simulation,
as described previously (Jongkon ef al., 2009). The ® between the two
planes of SA and Gal residues was focused. In the homology
modelling, the wild-type HA and mutant HA molecules from major
and minor populations were three-dimensionally aligned via the
SWISS-MODEL server (Schwede et al, 2003). MD simulations were
performed at a 3 ns production run and under pressure with 0.002 ps
time steps using the SANDER mode in AMBER version 9 simulation
software, as described elsewhere (Jongkon et al, 2009). The utility
programs Xmgrace and vMD were used to visualize and render all the
figures presented in this paper (Das et al., 2009; Tumpey et al., 2007).
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