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Abstract

Background: Influenza is a major cause of morbidity and mortality worldwide. Each year, influenza viruses cause epidemics by
evading pre-existing immunity through mutations in major surface glycoprotein hemagglutinin, which helps in attachment of the
viral strain on the host cell surface. Due to high mutation rate, only currently circulating strains should be used in the vaccines.
Objectives: The present study aimed at analyzing a dataset of complete amino acid sequences of HA to assess the extent of diversity
among circulating strains of Iran, during years 2006 to 2013, and studying important amino acid changes as well as changes in
predicted ligand binding sites that could enhance viral performance.

Methods: 110 sequences from 17 provinces were downloaded, edited, and classified. The alignment of sequences and creation of
phylogenetic trees and similarity matrices were done using bioinformatics software, such as MEGA6.0, BioEdit, DNAsisMAX, and
DNAstar. Web-based analyses including SWISS- MODEL, Phyre2, and 3DLigandSite were used for evaluation of the second and third
protein structures and prediction of ligand binding sites.

Results: The results showed that 2009 was an important transition year, which classified the selected isolates into two different
distinct groups. This shows the importance of changes made during possible mutations in the genomic structure of the virus,
which have made it antigenically different from the previous years. This pandemic strain became dominant in the next years, and
has been used as a standard vaccine strain from 2010 onwards.

Conclusions: The results of this study can shed further light on better understanding of the antigenic evolution of HiIN1 influenza

viruses and can be useful for epidemiological studies.
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1. Background

Influenza is a highly contagious acute viral disease of
the respiratory tract that has caused disease in humans
since ancient times. It is a major cause of morbidity and
mortality worldwide. Patients develop acute respiratory
disease symptoms with headache, high fever, myalgia, nau-
sea, and malaise.

The world health organization (WHO) has estimated
that around 1 billion cases of seasonal influenza infection
occur each year with around 3 to 5 million cases of se-
vere illness and 300 000 to 500 000 deaths (1). It has
been estimated that there were around 50 million human
deaths due to infection with the 1918 pandemic virus, and
about 575 400 deaths due to the 2009 pandemic (2, 3). The
HiNa viruses belong to the Orthomyxoviridae family that in-

cludes RNA viruses with segmented negative-sense single
stranded genome. This family includes three genera of in-
fluenza viruses named type A, B, and C (4). The HIN1 viruses
are classified within type A. Influenza A viruses are further
classified to subtypes based on the antigenic properties of
the external glycoproteins Hemagglutinin (HA) and Neu-
raminidase (NA) (5). The virus is enveloped and from the
surface of the envelope extends the two transmembrane
glycoproteins HA and NA (6) which are the main targets of
the host humoral immune responses. These two antigens
are the most variable antigens that cause protective immu-
nity. Hemagglutinin serves as the viral receptor-binding
protein and mediates fusion of the virus envelope with the
host cell membrane (7). Neuraminidase is responsible for
assisting in virus cell entry and the release and spread of
progeny virions (8-10).
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1.1. Hemagglutinin and Antigenic Diversity

Antigenic variation is a significant feature in influenza
viruses and they are notorious for antigenic variation and
the accompanying frequent recurrence of epidemics. In
other words, changes in proteins of the virus, specially HA
and NA would cause variants that are new in the popula-
tion. Two sorts of antigenic variations occur: antigenic
drift and antigenic shift (11). Antigenic drift, which is a mi-
nor antigenic change, is a gradual change of the genome
acquired by point mutations. Hemagglutinin is one of the
most important antigens for inducing protective immu-
nity in the host and shows the greatest variation. The HA
molecule is the most frequently affected by antigenic drift,
especially antigenic sites, which are exposed to immuno-
logical pressure.

The antigenic mutations in the gene codified by the HA
protein cause changes in the structure of the glycoprotein,
resulting in virus strains that can no longer be neutralized
by previous host antibodies. This could result in viruses
thatare able to replicate more efficiently and mutants that
could be transmitted more easily. This phenomenon is ob-
served frequently in human influenza viruses, as a result
of the selective pressure imposed by the use of vaccines.
The antigenic shift, which is a major antigenic change, can
occur through one of these three mechanisms: 1) genetic
reassortment when two different influenza virus strains
infect a single cell and results in a virus with new anti-
genic proteins; 2) direct transfer of whole virus from an-
other species, and 3) re-emergence of a virus that may have
caused an epidemic many years earlier. Antigenic shift can
lead to completely new virus variants that might have a
pandemic potential.

Continuous changes of HA and NA genes have made
vaccine strain selection challenging and they must be se-
lected annually, based on the currently circulating strains.
Collecting, reporting, and analysis of epidemiologic data
obtained from inspection of antigenic changes in each
year is an important procedure, emphasized by the new
WHO standards for global influenza surveillance, and
could be useful in selection of the vaccine strains (12, 13).

2. Objectives

In general, studying changes and mutations in con-
served positions and regions, especially those located in
antigenic sites, having a potential for being the active site
for binding with cell-receptors or form the structure of
binding site in HA, are very important because these re-
gions in a protein sequence usually have functional or
structural values and can be used to develop targets for
new drugs, infection control, treatment, and prediction
for vaccine design.

This study aimed at analyzing the complete amino acid
sequences of HA antigen of type A HIN1 influenza viruses
available in GenBank from 2006 to 2013, in Iran, in order
to define the prevalence library and study the trend of
changes in HA sequences and to determine their relation-
ship with changes of virus using bioinformatics methods.
The relationship of gene alterations and the tertiary struc-
ture (3D model) with relevant regions in HA was also stud-
ied.

3. Methods

For collecting the required data and creating the data
bank, the complete amino acid sequences (complete cds)
of HA antigen of human HiN1 influenza virus, available
in GenBank (http://www.ncbi.nlm.nih.gov) from 2006 to
2013, in Iran, were downloaded and saved in FASTA for-
mat. In order to obtain proper and identical sequences in
terms of name and format for comparison and perform-
ing intended analyses, all downloaded sequences were
edited using the DNASISMAX3.0 software (Hitachi, Phar-
macia, Hitachi Software Engineering Company, Yokohama,
and Japan) and classified on the basis of year of isolation.
In total, 110 sequences from 17 provinces of Iran were down-
loaded, edited, and classified.

For evaluation and exact comparison of sequences,
determination of conserved and variable regions, and
similarities and differences in sequences, they were
aligned and the phylogenetic trees and percentage sim-
ilarity/divergence matrices were created. The BioEdit7.1
program was used to align all the sequences, based on
the ClustalW method (14). The sequence alignments were
analyzed using the Molecular Evolutionary Genetic Anal-
ysis (MEGA6.0) software (http://[www.megasoftware.net)
and the evolutionary distances between the strains were
computed with the same software, using the maximum
composite likelihood method (15, 16). Phylogenetic trees
were constructed using the Megaline-Dnastar software
(Expert Analysis Software for PC, Inc., USA) by the UPGMA
method (unweighted pair group method with arithmetic
means).

Using the percentage similarity/divergence matrix
created by the BioEdit program in each year, the sequences
with the highest and lowest similarity with other se-
quences of that year were selected as distinct sequences
for comparison and analysis. Then web-based analysis
including SWISS-MODEL (http://swissmodel.expasy.org)
(17), Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2) (18), and
3DLigandSite  (http://[www.sbg.bio.ic.ac.uk/3dligandsite)
(19), were used for evaluation of secondary and tertiary
protein structure and prediction/ determination of ligand
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binding sites, type, and number of ligand(s) of distinct
sequences of each year.

4. Results

The results of sequence alignments and phylogenetic
trees (Figure 1), predicted secondary and tertiary struc-
tures (3D structures) of ligand binding sites of distinct
sequences for each year and percentage similarity/ diver-
gence matrices (data not shown and is available upon re-
quest) showed that in 2006 to 2008, the sequences were
identical and there was no change in ligand binding sites,
type, and number.

In 2009, with respect to the occurrence of HIN12009
pandemic, by studying the available similarities and dif-
ferences in alignments of sequences and by investigating
the phylogenetic tree of 2009 isolates (Figure 2), it was
found that all influenza isolates are located in two entirely
distinct and separated branches and form two different
groups in terms of amino acid properties.

The remarkable point is that, the first group, in terms
of amino acid sequences and gene positions, is similar to
the sequences of 2006 to 2008 isolates and in some cases
is identical, while the second group is similar to the se-
quences of 2010 to 2013 isolates and in some cases is iden-
tical. This similarity, in terms of alignment analyses of
amino acid sequences and the structure of phylogenetic
trees between the two different groups in 2009, shows
the importance of changes in the genomic structure of
the virus in this year, which were made during possible
mutations in genome, likely by occurrence of frame shift
or gene shuffling, causing different sequences and a new
group. This new group became dominant in the follow-
ing years, with significant amino acid sensible changes in
HA genome that resulted in isolates with different bioin-
formatics and clinical properties. Moreover, it was found
that,in 20009, the distinct sequence, which had the highest
similarity (approximately 99%) with the other sequences
of this year (AD]18175) also had the highest similarity with
the sequences of the following year’s isolates (2010 to 2013),
and the distinct sequence, which had the lowest similar-
ity (approximately 77%) with the other sequences of 2009
(ADG23241), had the highest similarity with the sequences
of previous years’ isolates (2006 to 2008) (Figure 1). This
shows the domination of 2009 pandemic strain from 2010
onwards.

By predicting and analyzing the secondary and tertiary
structures in the amino acid sequences of 2009 and com-
parison of these structures, and analysis and comparison
of regions and amino acid sequences in binding ligands
and active sites of protein in molecular interactions be-
tween ligand and receptor, the differences between these
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two groups in amino acid sequences analysis (bifurca-
tion of phylogenetic tree) of 2009 isolates became more
clear. It was found that in ligand-binding site 1 with 12 lig-
ands, amino acid positions 239- 240- 241, in two distinct se-
quences of 2009 isolates were changed from Asp- Arg- Gln
to Asp- Gln- Glu (Figure 3).

Since 2010 to 2013, sequences have been identical and
there is no change in ligand binding sites, type, and num-
ber of ligands. This result shows that the predominant
2009 pandemic strain is also dominant in these years.
From 2009 onwards, some changes in ligand binding sites
2 and 3 of distinct sequences of each year were observed
compared to previous years from Thr255 in site 2 to Ile183-
Lys256, and from Asp292- Asn303 in site 3 to Asn293- Asn304
(Table 1). There were also some changes in ligand binding
sites, type, and number of ligands in 2012 in compare to
previous and next years as follows: from Asp239- GIn240-
Glu241 in site 1 to Lys236- Asp239- Arg240, and from Ile183-
Lys256 with 6 ligands in site 2 to Ile183- Gly254- Lys256 with
7 ligands in site 2, and from Asn293- Asn304 with 4 ligands
in site 3 to Lys39- Asn40 with 10 ligands in site 3 (Table 2).

Table 1. Changes in Ligand Binding Sites of Distinct Sequences from 2009 Onwards
in Comparison to Previous Years

Ligand Binding Site Year of Isolation
2006-2008 2009-2013

2 THR255 ILE183-LYS256

3 ASP292-ASN303 ASN293-ASN304

Table 2. Changes in Ligand Binding Sites, Types and Number of Ligands of 2012 Iso-
lates of Iran in Comparison With the Next and Previous Years

Ligand Binding Site 2012
Change From To
1 ASP239-GLN240-GLU241 LYS236-ASP239-ARG240
2 ILE183-LYS256 with 6 ILE183-GLY254-LYS256
ligands with 7 ligands
3 ASN293-ASN304 with 4 LYS39-ASN40 with 10
ligands ligands

In the next phase of this study, the sequences of differ-
ent isolates were studied in terms of position and number
of glycosylation sites (ASN- X- SER/ THR, in which X can be
any amino acid except proline). The presence of glycosyla-
tion sites, which are commonly conserved, mask the pro-
tein surface from recognition by an antibody. Addition of
glycans to the HA is an important mechanism contribut-
ing to antigenic drift and therefore sustained circulation
of influenza A virus in the human population (20, 21). The
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Figure 1. Phylogenetic Tree of the Hemagglutinin (HA) Gene by the UPGMA Method
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distance between sequence pairs. Scale indicates the number of substitution. MegalignTM constructed phylogram (DNAStar, Madison, WI).

sequences of 2006 to 2008 isolates have 10 glycosylation
sites at positions: 27, 28, 40, 71,104, 142, 176, 303, 497, and
556, except some cases (Table 3). The sequences of 2009

to 2013 isolates have 8 glycosylation sites at positions: 27,
28, 40,104, 293,304, 498, and 557, except a few cases (Table
3), in which some changes (creation/ deletion of glycosyla-
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Figure 2. Phylogenetic Tree of the Hemagglutinin (HA) Gene by the UPGMA Method
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Figure 3. Predicted 3D Structure of the Ligand Binding Site of 2009 Distinct Sequences

ADG23241Tehran 2003-3DLigand Site 1

ADJ18175 Iran 2009-3DLigand Site 1

3D Ligand site visualization of the protein structure with the residues, which form part of the binding site, is colored blue. The ligands that formed the cluster used for the

prediction are also displayed as wireframes.

tion sites) have occurred. Thisimplies a change in the num-
ber and location of glycosylation sites of 2009 pandemic
strain, which became dominant in the following years.

Position 240, which is located in receptor binding site,
is one of the important positions in HA (22). This posi-
tion is conserved in sequences of 2006 to 2008 isolates,
yet, from 2009 onwards, Q240R mutation has occurred
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in some isolates. It has been found that this mutation
greatly increases infectivity of virus without affecting its
antigenicity.

Positions that have the potential for being the active
site to bind with cell-receptors, and form the structure of
binding site in HA have been listed in Table 4 (23, 24). By
evaluation and analysis of sequence alignments of each
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Table 3. Changes (Creation/Deletion) of Glycosylation Sites in Different Positions (Creation of Glycosylation Site at Positions 71,142, and 177 in 2009 and Deletion at Positions

142 in 2006 and 2009, 293 in 2009, 104 in 2010 and 2013, and 304 in 2013) *

Year

Positions

27 28 40

142

176/7 293 303/a 497/8 556/7

2006 C C C C C NHT—KHT
2007 C C C C C C
2008 C C C C C NHT—KHT
2009 © © © KCN—NCS NHD—>NHT
2010 C C C NGT—KWT

2011 © C C = C

2012 C C C - C

2013 C C C NGT—KGT

C - C C C

C - C C C

C - C C C
KLS— NLS NTT— DAK © © ©
C C C C

© © © C

C C C C

C NTS— NPS C C

2 ¢, Conserved; -, No glycosylation site position.

year, the conservation and variability of these positions
were determined (Table 4). It was found that, positions
S153/ 4, N155/ 6, T168/ 9, H209/ 10, E211 12, and S274/ 5 are
conserved in the period of 2006 to 2008, yet, from 2009
onwards, they were changed to S154P, N156A, T169V, H210Q,
E212A, and S275E, respectively. In other words, in 2009,
these positions were changed as mentioned above and
these changes have remained conserved from 2010 to 2013.
It was found thatin 2009, in some cases, this mutation had
not occurred.

Another investigated conserved region is the fusion
peptide region. This region is critical for viral fusion func-
tion and is composed of 23 amino acid residues, includ-
ing several large hydrophobic and several glycine residues
interspersed throughout the sequence. The fusion pep-
tide sequence GLFGAIAGFIEGGWTGMVDGWYG is extremely
well conserved in HIN1 viruses (24). It was found that, the
peptide fusion is well conserved in sequences of 2006 to
2013 isolates of Iran.

Another important position that was found and de-
tected in pandemic 2009 HiN1 viruses, yet, not in previous
HiN1 human viruses was V169. This position is associated
with receptor binding specificity of HA (24). It was found
that this position is conserved from 2009 to 2013 and may
acquire V169T change in the human population in the near
future. In 2009 this mutation was observed in Iran. It has
been found that, D239G substitution in the HA of the pan-
demic 2009 HIN1 virus would increase the severity of dis-
ease. This substitution is associated with change of recep-
tor binding affinity (25). It was found that, this position is
almost conserved in 2009 to 2013 isolates except a few cases
in each year, in which this substitution has occurred.

Molecular and phylogenetic analyses were also per-
formed to reveal the relationship of changes of each year’s
isolates to the vaccine strains (eg, A/California/07/2009
(H1N1), which is the standard vaccine strain from 2010 on-
wards). It was found that all changes and obtained results

of each year are in compliance with and observed in stan-
dard vaccine strains of that year and the seasonal isolates
turn out to be closely related to the corresponding vac-
cine strains. This means that studying and identifying anti-
genic changes of the virus in each year can be used for the
prediction of changes in the future.

5. Discussion

Continuous changes of HA genes (antigenic variabil-
ity) have always made influenza vaccine development chal-
lenging. Change in amino acid(s) of antigenic sites of in-
fluenza virus HA as well as other sites such as glycosylation
sites and receptor/ligand binding sites may affect the po-
tential of virus infection and spread within and between
hosts. The study of changes in above-mentioned sites in
available sequences of different viruses in a specified time
period using conventional methods in bioinformatics can
provide useful and important information about the trend
of virus changes for virologists and health authorities to
monitor the emergence of new influenza variants and to
avoid the emergence of a virus with potential to cause a
pandemic. It is of considerable importance to detect new
antigenic changes occurring in HA protein when updating
vaccine compositions.

In this study, by computational investigation of se-
quences isolated between 2006 and 2013 from Iran and in-
spection of the amount of phylogenetic similarity among
them and by determination of binding sites and relevant
ligands of HA antigen, it was found that the amount of sim-
ilarity in sequence alignment analyses from 2006 to 2008
on one side, and from 2010 to 2013 on the other side is sig-
nificant and in 2009, a set of two series of sequences of
each of the two groups is detectable.

It was found that 20009 is a transition year, which al-
most classified the isolates to two groups. The 2006 to
2008 isolates and 2010 to 2013 isolates and each group had
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Table 4. Conservation and Variability in the Positions as Potential Active Sites That Form the Structure of the Binding Site in Hemagglutinin *

Year

Positions

Yus G147[8 S153/4 Ni155/6 W166/7 T168/9 1207/8 Y208/9 H209/10 E211/12 $274[5
2006 C C C C C C C C C [« C
2007 C © C © © C C C C © C
2008 C C C C C C C C C C C
2009 C © 154P 156A © 169V C C 210Q 212A 275E
2010 C C 154P 156A C 169V C C 210Q 212A 275E
201 C C 154P 156A © 169V C C 210Q 212A 275E
2012 C C 154P 156A C 169V C C 210Q 212A 275E
2013 C © 154P 156A © 169V © C 210Q 212A 275E

2 Conserved

similar changes/mutations. The 2009 phylogenetic tree
was also divided to two distinct branches (due to the oc-
currence of the pandemic) with two groups of isolates.
One group is similar with 2006 to 2008 isolates in terms
of amino acid properties and changes/ mutations and the
other group is similar with 2010 to 2013 isolates. This shows
the importance of changes in the genomic structure of the
virus in 2009 causing different sequences and a new group.
This new different group and relevant mutations became
dominant and stable in the next years, and the 2009HIN1
pandemic strain is used as a standard vaccine strain from
2010 onwards.

The results of our study are consistent with the results
of others in terms of changes in number and location of
glycosylation sites (20, 21), mutations/conservation in im-
portant positions such as Q240R (22), V169T, and D239G
(24, 25), changes/conservation in active/binding sites (23,
24),and conservation in importantdomains such as fusion
peptide (24, 25). Evaluation of changes in predicted ligand-
binding sites, type and number of ligands was done in our
study, which indicated a significant change in ligand bind-
ing site of 2009 isolates. This also shows the importance of
2009 as a transition year.

5.1. Conclusion

In conclusion, our findings suggest that the 2009 HIN1
pandemic strain might continue to mutate in it's HA gene
and create a new dominant strain with the potential to
cause pandemics in the future. Therefore, conduction of
this study is important to assess the diversity of circulating
strains and to analyze the amino acid changes and third
structure, which can change the function of the virus and
its virulence or pathogenicity. It also emphasizes the im-
portance of continuous monitoring of influenza A HIN1
virus strains (specially the A (HIN1) pdmo09 strain) in dif-
ferent geographical areas to obtain better selection of the
vaccine strain for upcoming seasons. The results obtained
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in this study, can aid better understanding of the antigenic
evolution of HINI1 influenza viruses and can be useful in
epidemiological studies.
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