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Abstract The 2009 flu pandemic is caused by a new strain

of influenza A (H1N1) virus, A/H1N1/09. With its high

transmissibility, this novel virus has caused a pandemic and

infected over 600,000 people globally. By comparing the

hemaglutinin (HA) gene and protein sequences among over

700 A/H1N1/09 isolates, mutations in the receptor-binding

sites and antigenic epitope regions were identified. Among

these mutations, T220 and E/G239 were found to be strongly

positively selected over the course of spreading of the

A/H1N1/09 virus worldwide. Interestingly, both sites are

located in the highly variable epitope regions of HA1, and

residue 239 also plays an important role in the receptor-

binding process. Further analyses demonstrated that the

percentage of T220 mutants among all isolates increased

rapidly during the evolution, and that an E/G239 mutation

could decrease the binding affinity of the virus with its

cellular receptor. Thus, due to a potential functional

importance of residues 220 and 239, mutations at these sites,

as well as the significant of positive selection on these sites

deserves more attention, while new vaccines and therapeutic

drugs are developed against this novel virus.
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HA Hemagglutinin

NP Nucleoprotein

NS Nonstructural protein

NA Neuraminidase

M Matrix protein

CFR Case fatality ratios

RBS Receptor-binding sites

PDB Protein data bank

S Serine

T Threonine

D Aspartic acid

G Glycine

E Glutamic acid

MOE Molecular operating environment

Introduction

In March 2009, a novel H1N1 swine-origin influenza A

virus (IAV) was first detected in Mexico. With the ability

to spread human-to-human, it sparked a growing outbreak

of illness globally. The level of influenza pandemic alert

was finally raised to Phase 6 by WHO on June 11, 2009. As

of November 22, 2009, there have been more than 622,482

laboratory confirmed cases of infection of the pandemic

influenza H1N1 2009 virus (A/H1N1/09) and over 7826

deaths reported to WHO [1], with the actual estimation of

infections far exceeding the numbers of laboratory con-

firmed cases and deaths due to incomplete reporting. By

May 14, 2010, more than 214 countries and overseas ter-

ritories or communities have reported laboratory confirmed

cases of pandemic influenza H1N1 2009 (A/H1N1/09),

including at least 18,036 deaths reported to WHO [2].

IAVs cause epidemics and pandemics through antigenic

drift and antigenic shift, respectively [3]. Antigenic drift

results from an accumulation of point mutations leading to

minor and gradual antigenic changes, while antigenic shift

involves major antigenic changes by introduction of new

HA and/or NA subtype into human population. Although

the current A/H1N1/09 influenza virus remains to be of the

H1N1 subtype, it is obvious that the viral changes have

reached the level of intra-subtypic antigenic shift that gives

rise to a pandemic.

Since 1918, three influenza pandemics, namely, the

1918–1919 H1N1, the 1957 H2N2, and the 1968 H3N2

pandemics, have emerged in human, all of which are

thought to have originated from non-human reservoirs

[4–6]. The current outbreak of A/H1N1/09 pandemic, as

revealed by recent studies, is caused by a novel influenza

virus containing a combination of gene segments from

different sources. Sequence analyses have demonstrated

that the hemagglutinin (HA); polymerases PB1, PB2, and

PA; nucleoprotein (NP); and nonstructural protein (NS)

gene segments of the A/H1N1/09 virus have the highest

homologies with those derived from the swine triple reas-

sortant lineage, which has been circulating in pigs in North

America, and the neuraminidase (NA) and matrix protein

(M) gene segments are most closely related to those of the

Eurasian swine influenza viruses [7]. These analyses sug-

gest that the novel virus might have derived from reas-

sortment events occurring between the North American

and the Eurasian lineages.

It is of note that the A/H1N1/09 pandemic initially has

exhibited a relatively low mortality, with case fatality

ratios (CFR) ranging from 0.3 to 1.5%, indicating that the

currently widespread virus probably have not mutated to

support a most virulent phenotype. Whereas, a relatively

high transmissibility, found by the clinical surveillance of

the pandemic influenza H1N1 2009 virus [8–12], suggests

that the virus is able to escape protective immunity easily.

Furthermore, it has been recently reported the A/H1N1/09

pandemic exhibits an unusual pattern of age-related mor-

bidity and mortality, as it disproportionately affects chil-

dren and young adults (ages 4–25), compared with seasonal

influenza viruses [9–12]. The incidence of severe disease

decreases with age, with the lowest occurrence in the

population 65 years and older, suggesting preexisting

immunity to the 2009 pandemic virus in people born before

1957 [13]. It is hence of great interest to identify the gene

sites/mutations to which the highly transmissible feature of

the novel virus is attributable.

The HA glycoprotein on the surface of IAV particles

function as the receptor-binding ligand, mediating entry,

and internalization of the virus into host cells and sub-

sequent membrane-fusion events in the infected cells. The

mature HA is a homotrimer of *220 kD containing sev-

eral glycosylation sites. Each HA molecule is synthesised

as a single polypeptide precursor (HA0) and subsequently

cleaved into HA1 and HA2 subunits by an endoprotease

that targets a specific cleavage site in HA0 [14]. This event

is a prerequisite condition for successful infection, and the

generated HA1 polypeptide bears the receptor-binding sites

(RBS). Furthermore, major epitopes specific for protective

immune response are also located in HA of IAV, as well as

of influenza vaccines, as identified by previous studies as

epitopes A through E [15]. Recently, experimental data

have shown that this A/H1N1/09 influenza virus can bind

to both 2,3- and 2,6-linked sialic acid receptors and repli-

cate in the lower respiratory tracts of infected mammals

[16]. Interestingly, Krause et al. reported that the naturally

occurring human monoclonal antibodies neutralize both

1918 and 2009 pandemic influenza A (H1N1) viruses [17].

These features raised the concern that this new virus may

possess virulence characteristics similar to those of the
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highly pathogenic 1918 pandemic influenza viruses.

Lately, Wei et al. defined the structural basis for cross-

neutralization and protection between two distant pan-

demic influenza viruses of the 1918 and 2009 pandemics,

suggesting that specific N-glycans in HA may play a key

role in modulating immune recognition and influencing on

viral evolution [18]. Accordingly, mutations in HA there-

fore can contribute to changes in virulence and transmis-

sibility of influenza viruses.

Influenza virus is subject to genetic mutation, mainly

due to the lack of proof-reading activity of its polymerase.

Mutations in influenza viral genes accumulate over time

and are under selection pressure during epidemics or pan-

demics. Thus, frequencies of mutations detected for a

specific IAV strain may indicate a positive or negative

selection, as well as the underlying biological or epide-

miological factors, under which the virus evolves in the

process of emergence and spreading among the host pop-

ulation. For example, previous analysis on the evolution of

the M gene have found that one and ten sites in M1 and M2

regions, respectively, are under positive selection in

human, and that the M1 and M2 regions are evolving

independently under different selective pressure in differ-

ent hosts. The study also identified potentially important

sites that may be related to host tropism and immune

responses [19].

In this study, we analyzed the sequences of A/H1N1/09

IAV with a focus on its HA protein using various analysis

tools. Our results revealed the presence of mutations pos-

sibly relevant to the pathogenesis and evolution of

A/H1N1/09 IAV, and therefore might be useful for further

investigation of the pathogenic and immunogenic proper-

ties of this rapidly spreading virus and future design of

more effective vaccines.

Methods

Point mutation analysis

All the non-redundant HA sequences of the A/H1N1/09

virus in the GenBank (deposited as of April 21, 2010), with

a total number of 704 (full-length only, collapse identical

sequences, and including the information of exact collec-

tion time), were downloaded and loaded into the ClustalW

and the BioEdit programs for multiple alignment analysis,

which led to the generation of a consensus sequence.

Variations at each amino acid position along the HA pro-

tein were identified among 704 downloaded sequences.

The HA genes of four IAVs (H1N1) that were circu-

lating in humans and recommended by WHO as an influ-

enza vaccine component between 2001 and 2009 were used

to create a consensus sequence for human seasonal H1N1

influenza viruses.

Meanwhile, the protein sequences were compared

between the A/H1N1/09 and human seasonal IAV HA

consensus sequences using multi-sequence alignment anal-

ysis. Individual A/H1N1/09 HA sequences, including

A/California/04/2009 (H1N1), A/Beijing/01/2009 (H1N1),

A/Sichun/1/2009 (H1N1) and A/Guangdong/1/2009 (H1N1),

and seasonal IAV HA sequences, including A/New

Caledonia/20/1999 (H1N1), A/Solomon Islands/03/2006

(H1N1), A/Brisbane/59/2007 (H1N1), and A/Washington/

10/2008 (H1N1), were also compared with one another and

with both consensus HA sequences, to identify variations

along the HA protein. The glycosylation sites of both

consensus HA sequences were analyzed by NetNGlyc 1.0

server [20].

Structural modeling

3-D structure of A/H1N1/09 HA protein was modeled

using the Modeller program to modify previously known

H1N1 HA protein, whose crystal structures have been

determined, with altered amino acids identified in the HA

of novel A/H1N1/09 virus. Briefly, the A/H1N1/09 HA

consensus sequence was first used to search the PDB [21]

using BLAST to find deposited IAV HA proteins with the

highest similarity to it. This procedure led to the identifi-

cation of three HA proteins in the PDB (PDB ID: 1RUY,

1RVT, and 1RVO), which were then downloaded as tem-

plates for further modeling procedures. Subsequently, a

homology model was created between A/H1N1/09 HA and

the selected templates (1RUY, 1RVT, and 1RVO), and the

sequence of A/H1N1/09 HA protein was modeled 50 times

onto the selected templates. The best model resulting from

the above modeling procedure was obtained and visualized

in Jmol [22].

Site-by-site analysis

All the 704 coding sequences of the A/H1N1/09 virus

available in GenBank (deposited as of April 21, 2010) were

taken for further site-by-site positive selection analysis

using the HyPhy program [23] under the ‘‘MG949HKY859

3_492_Rates’’ model (4 rate categories assigned). The

ratios of non-synonymous (dN) and synonymous (dS) sub-

stitutions were calculated for each site in all codons. All the

calculated dN/dS values were then further tested with the

empirical Bayes method [24, 25], and when the Bayes factor

(the ratio of posterior odds of an event and its prior odds) was

significantly greater than 1, it was considered that the
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hypothesis of dN/dS [ 1 or dN/dS \ 1 was true. Sites where

dN/dS [ 1 or dN/dS \ 1 were considered positively selec-

ted or negatively selected, respectively.

Analysis for isolation time and geographic regions

distribution of HA S220 and T220

For further analysis of the distribution of different residues

on position 220 of the HA protein (pandemic 2009 H1

numbering), all the 704 non-redundant HA protein

sequences of the A/H1N1/09 influenza virus in the NCBI

influenza virus sequence database (deposited as of April

21, 2010) were downloaded and placed into 12 groups

according to their isolation times. Multi-sequence align-

ment was performed. The frequency of each allele was

calculated as function of isolation time to evaluate whether

the frequency of a specific amino acid present at position

220 changed over time. The trends of such changes were

then tested by employing the Kendall test and linear model

in the R [26] program, and P \ 0.05 was chosen to indicate

that a trend was significant. The frequency of each allele

was also calculated as function of geographic regions of

isolation following grouping non-redundant A/H1N1/09

HA protein sequences according to the regions where they

were isolated (Asia, Europe, North America, South

America, and Oceania) and tested using the v2 test.

Binding energy analysis

The MOE (molecular operating environment) program [27]

was used to calculate the binding energy between A/H1N1/

09 HA and its cellular receptor based on a known binding

structure (PDB ID: 3GBN, X-ray diffraction) composed of

the A/South Carolina/1/1918 HA and a receptor analog.

First, we partially minimized the complex by relaxing the

ligand and the side chains within 10 nm from the ligand,

while keeping all other atoms fixed.

Following calculation of energies, factor analysis (FA)

and multiple regression analysis (MRA) were employed to

generate an LRE-like equation [28, 29]:

DGb FEBð Þ ¼ x1DGb
vdW þ x2DGb

ele þ x3DGb
solv þ x4DGb

n

DGb ¼ DGcomplex þ DGprotein þ DGligand

In this equation, DG (FEB) stands for the free energy of

binding, DGvdW, DGele, DGsolv, and DGn stand for the van

der Walls contribution, the electrostatic contribution, the

polar solvation contribution, and the nonpolar solvation

contribution to the binding process, respectively, where w1,

w2, w3, and w4 are weight factors, and DGb represents

binding energy (i.e., energy difference between ligand/

receptor complex and free protein and ligand).

Results

Point mutation analysis

To specify the differences between the HA molecules of

the A/H1N1/09 virus and recently circulating seasonal

IAVs, we generated a consensus sequence from 704

A/H1N1/09 HA amino acid sequences deposited in the

GenBank (as of April 21, 2010) and a consensus sequence

from the HA proteins of 4 seasonal H1N1 IAV strains that

had been recommended by WHO for production of influ-

enza vaccines, and compared these two groups of HA

sequences by aligning both consensus sequences and sev-

eral individual HA sequences from each group (Fig. 1).

As shown in Fig. 1 and Table 1, while the overall dif-

ference between the consensus sequences of seasonal

H1N1 and A/H1N1/09 HA proteins was as high as 19.61%

(111/566), the cleavage sites of HA, at which the HA0

protein is recognized by specific protease(s) and enzy-

matically cleaved into HA1 and HA2, thereby becoming

activated in mediating the entry of IAVs into host cells,

remain identical (PSIQSR;GLFGAI) among the strains

analyzed. Meanwhile, the Asp204, Asp239, Gln240, and

Gly242 residues at the RBS that are responsible for the

viral attachment to the host cell receptor, a critical step for

viral entry, were also identical between the two consensus

sequences. It is of note that the four positions (i.e., 204,

239, 240, and 242) have been found previously to be

involved in the specific binding capacity of HA to the host

cell receptor [30–32]. Whereas, amino acid variations were

found at a number of positions at the HA RBS among

different seasonal H1N1 IAVs and the A/H1N1/09 viruses,

including positions 150, 152, 206, 207, 210, 211, and 212.

Whether variations at these sites could impact the infec-

tivity of an influenza virus to a specific host needs to be

further investigated biologically.

To address the differences in the antigenic properties

between A/H1N1/09 and human seasonal IAVs, previously

proposed antigenic epitope regions were comparatively

analyzed. In this context, two groups of epitope regions,

namely, the highly conserved regions and the highly vari-

able regions [33], were analyzed, respectively. As shown in

Fig. 1 and Table 2, four highly conserved epitope regions

(1–4), located in HA2, involving residues 345–354,

359–376, 394–411, and 436–453, were all identical

between A/H1N1/09 isolates and seasonal H1N1 viruses.

In contrast, the highly variable regions, which lie in the

HA1 globular head and include sites (residues 86–91), Sa

(residues 141–142, 170–174, and 176–181), Sb (residues

201–212), Ca1 (residues 183–187, 220–222, and 252–254)

and Ca2 (residues 154–159, and 238–239) [34], showed

dramatic changes in A/H1N1/09 isolates when compared

with those in seasonal IAVs (H1N1). Such changes might
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Fig. 1 Alignment of HA amino acid sequences of human seasonal

IAVs and their consensus sequence in comparison with the pandemic

A/H1N1/09 IAVs and their consensus sequence. Residues different

from the consensus HA amino acid sequence (top line) of human

seasonal H1N1 IAVs are shown, and dots stand for identical residues.

The sequences were numbered according to pandemic 2009 H1

numbering. Boxed residues indicate the Asn-X-Thr/Ser motifs of

glycosylation sites

Table 1 Comparison between the new A/H1N1/09 isolates and seasonal H1N1 IAVs at HA0 cleavage site and RBS

Functional sites Virus Residues

The cleavage site Human seasonal PSIQSR;GLFGAI

A/H1N1/09 PSIQSR;GLFGAI

Difference: 0

RBS (in HA1) Residue positions (pandemic 2009 H1 numbering)

149–152 204–212 235–242

Human seasonal VSAS DQRALYHTE PKVRDQEG

A/H1N1/09 VTAA DQQSLYQNA PKVRDQEG

Difference: 2/4 Difference: 5/9 Difference: 0
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provide a molecular explanation for the observed lack of

cross-protection from previous infection or vaccination of

seasonal IAVs against the novel A/H1N1/09 virus.

Since point mutations could cause emergence or loss of

Asn-X-Thr/Ser motifs and thereby, attachment or loss of

N-glycans, respectively, leading to alteration of the anti-

genicity and receptor specificity of HA, we analyzed the

glycosylation sites on H1 HAs by further examining both

consensus sequences of the seasonal H1N1 and the novel

pandemic H1N1, which revealed five identical glycosyla-

tion sites (28, 40, 104, 304, 498, pandemic 2009 H1

numbering) between the two consensus sequences, as

shown in Fig. 1. In marked contrast, the A/H1N1/09 stains

contained amino acid mutations predicted to lose three

Table 2 Comparison between A/H1N1/09 isolates and seasonal H1N1 IAVs at antigenic epitope regions

Epitope region Virus Residues and positionsb

Highly conserved

regions (in HA2)

1 345–354 in HA2

Human seasonal GLFGAIAGFI

A/H1N1/09 GLFGAIAGFI

Difference: 0

2 359–376 in HA2

Human seasonal TGMVDGWYGYHHQNEQGS

A/H1N1/09 TGMVDGWYGYHHQNEQGS

Difference: 0

3 394–411 in HA2

Human seasonal NKVNSVIEKMNTQFTAVG

A/H1N1/09 NKVNSVIEKMNTQFTAVG

Difference: 0

4 436–453 in HA2

Human seasonal WTYNAELLVLLENERTLD

A/H1N1/09 WTYNAELLVLLENERTLD

Difference: 0

Highly variable

regions (in HA1)a
Cb 86–91 in HA1

Human seasonal LISK(R)ES

A/H1N1 LSTASS

Difference: 4/6

Sa 141–142 in HA1 170–174 in HA1 176–181 in HA1

Human seasonal PN GKNGL PNLSKS

A/H1N1/09 PN KKGNS PKLSKS

Difference: 0 Difference: 4/5 Difference: 1/6

Sb 201–212 in HA1

Human seasonal NIGD(N)QR(K/M)A(T)LYHT(K)E

A/H1N1/09 TSADQQSLYQNA

Difference: 8/12

Ca1 183–187 in HA1 220–222 in HA1 252–254 in HA1

Human seasonal A(V)NNKE SSH EPG

A/H1N1/09 INDKG TSR EPG

Difference: 3/5 Difference: 1/3 Difference: 0

Ca2 154–159 in HA1 238–239 in HA1

Human seasonal SHNGE(K)S RD

A/H1N1/09 PHAGAK RD

Difference: 4/6 Difference: 0

a Amino acid sequences for all highly variable epitope regions listed in this table are given using the consensus sequences generated for

A/H1N1/09 isolates and seasonal H1N1 IAVs, respectively, as presented in Fig. 1. Variations in individual sequences as compared with the

consensus sequence are given in parenthesis
b Numbering according to pandemic 2009 H1 numbering
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glycosylation sites at position 71, 142, and 177. It is of note

that the two highly conserved glycosylation sites (i.e., 142

and 177) have been found previously to be involved in the

antigenic properties of H1N1 IAVs, which was within or

around the Sa site. Meanwhile, we found that the A/H1N1/

09 stains carried amino acid mutations predicted to acquire

one potential glycosylation site at position 293, raising the

issues whether such glycosylation does occur at the site and

alters the antigenicity and receptor specificity of 2009

influenza A (H1N1) virus.

Point-to-point analysis of mutations in the HA protein

was performed among 704 isolates of the novel A/H1N1/09

virus. As shown in Tables 3 and 4, 13 out of 566 positions

in the entire HA molecule displayed variations among 704

non-redundant A/H1N1/09 HA sequences (variation fre-

quency was higher than 2), including 5 positions at RBS,

and 11 positions in the highly variable epitopes, and all

other variations were shown in the supplement data Table

S1. Specifically, the amino acid change at position 342

(Gln342Leu) was at the cleavage site of one A/H1N1/09

isolate [A/Guangdong/03/2009 (H1N1)]. Whether such a

change would influence the interaction of HA0 with pro-

teolytic enzyme(s) and consequently, the cleavage activity,

remains unclear. It requires further investigation to clarify

whether mutation Asp239Glu in two isolates [A/Paris/

2591/2009 (H1N1) and A/New Jersey/01/2009 (H1N1)]

was relevant to host adaptation, since Glu239 had been

previously found to be associated with acquisition of SA

a-2,6Gal binding specificity [30, 35]. Most noteworthily is

the high frequency (72.02%) of Ser220Thr mutation in the

Ca1 epitope, strongly indicating existence of a positive

selection or, at a lesser likelihood (due to lack of other

high-frequency mutated positions in the HA), more than

one origin of the new A/H1N1/09 viruses.

Structural modeling

To better characterize the variations in A/H1N1/09 HA, we

sought to map the altered amino acids to a predicted three-

dimensional (3-D) HA structure. We first BLAST searched

the PDB database for deposited HA molecules with the

highest sequence homologies to A/H1N1/09 HA. Three

sequences, together with their previously X-ray determined

3-D structures, of similarities higher than 80% were

selected, which were 1RUY [HA of A/swine/Iowa/15/30

(H1N1)], 1RVT [HA of A/swine/Iowa/15/30 (H1N1)

complexed with receptor analog LSTC] and 1RV0 [HA of

A/swine/Iowa/15/30 (H1N1) complexed with receptor

analog LSTA] [32]. Using the selected molecules as tem-

plates, onto which the new A/H1N1/09 HA consensus

sequence was modeled for 50 times, a predicted 3-D

structure of the A/H1N1/09 HA was obtained, visualized

with Jmol, and demonstrated in Fig. 2.

As shown in Fig. 2, the structure of A/H1N1/09 HA

monomer was similar to those of other published HAs, as

expected, with a globular head containing the RBS, a

cleavage site, a trans-membrane domain, and an a-helical

stalk. Variations found in various isolates of the A/H1N1/

09 HA, as well as differences between the HA molecules

of human seasonal IAVs and the new A/H1N1/09 virus,

and the glycosylation attachment sites were mapped on

the 3-D structure as shown in distinct colors in Fig. 2.

These variations and different residues were mainly

located in the HA1 fragment, most of which lied in

antigenic epitopes.

Table 3 Amino acid variations in the HA protein sequence among

A/H1N1/09 isolates

Positionsa Primary

residue

Frequency

(%)

Variation (s) Variation

frequency (%)

HA1 36 V 97.73 I 2.13

L 0.14

49 L 96.45 I 3.41

X 0.14

103 D 97.17 E 0.14

G 2.41

M 0.28

114 D 95.74 N 4.12

X 0.14

145 S 95.32 M 4.40

X 0.28

220 S 26.99 A 0.14

T 72.02

X 0.85

222 R 96.17 G 0.14

K 3.13

S 0.28

T 0.14

X 0.14

239 D 88.78 E 4.69

G 3.55

N 0.99

X 1.99

310 Q 95.31 H 4.26

X 0.43

314 P 97.30 S 2.70

338 V 94.88 I 4.69

S 0.43

HA2 391 E 88.78 G 0.71

K 10.51

428 V 97.30 I 2.56

X 0.14

a Positions listed according to pandemic 2009 H1 numbering
b ‘‘X’’ stands for any amino acid
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Site-by-site analysis

To address the significance of the mutations identified in A/

H1N1/09 HA, we conducted positive selection analysis on a

site-by-site basis, as positive natural selection could drive the

increase in prevalence of advantageous traits, which may lead

to a new pandemic virus. In this study, the ratio between non-

synonymous (dN) and synonymous (dS) substitutions were

used to indicate selective pressure on each codon. According

to Yang et al. [24], when the dN/dS value on a certain codon is

greater than 1 and tested to be significant by the Bayes test, the

site is considered to be under positive selection; and in con-

trast, the site would be recognized as being under negative

selection in the case if the dN/dS value is significantly smaller

than 1. Using the HyPhy program [23], our positive selection

analysis revealed that 34 codon sites showed dN/dS [ 1 with

statistical significance (Bayes factor [ 1) (Fig. 3). To mini-

mize possible errors such as those caused by biased sampling,

we chose to use a very conservative strategy in the identifi-

cation of the site mutations under positive selection by

selecting only those codon sites with the highest Bayes fac-

tors, which accounted for the leading 5% of all codon sites

with a Bayes factor[ 1. Consequently, these procedures led

to identification of two sites, namely, positions 220 and 239

(pandemic 2009 H1 numbering, equivalent to 206 and 225,

respectively, according to the H3 numbering) in the HA1

protein. Notably, the residue 220 lied in the Ca1 epitope

region in the head of HA1, and residue 239 was found to be

included in the RBS of HA1. It is of interest that previous

studies have suggested that both regions are relevant to the

determination of the severity and transmissibility of an IAV

[35], raising the question whether the mutations at these sites

could favor the prevalence of the novel virus.

Variation at position 220

Particularly noteworthy was the relatively high frequencies

of S220 and T220 present in the HA of A/H1N1/09

Table 4 Amino acid variations in functional regions of A/H1N1/09

isolates

Functional region Residue positionsa Variationsa

The cleavage site Between HA1 and HA2 None

RBS (in HA1) 149–152 151

204–212 204

235–242 238, 239, 240

Highly conserved

epitopes (in HA2)

345–354 None

359–376 None

394–411 None

436–453 None

Highly variable epitopes (in HA1)

Cb 86–91 90

Sa 141–142 None

170–174 172

176–181 179

Sb 201–212 202, 203, 204

Ca1 183–187 None

220–222 220, 222

252–254 252

Ca2 154–159 None

238–239 238, 239

a Positions listed according to pandemic 2009 H1 numbering

Fig. 2 Mapping of mutations onto the 3-D structure of HA monomer.

Side views of the HA monomers are shown. Each has the highly

conserved epitope regions in HA2 colored violet and the highly

variable epitope regions in HA1 colored cyan. a the reference HA

monomer, and b, c the HA monomers with mutations mapped. In b,

regions colored blue stand for mutations detected among the A/H1N1/

09 viruses; in c, regions colored yellow demonstrate differences

between the human seasonal influenza virus and this novel virus, and

the amino acid variations at residues 220 and 239 and the

glycosylation sites were numbered (Color figure online)
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isolates, prompting us to ask whether they were a result of

selection during the course of evolution. To address this

issue, we further analyzed the frequency distribution of

S220 and T220 in the HA among isolates of the novel

A/H1N1/09 virus as a function of isolation time and geo-

graphic regions. When 704 HA sequences derived from

A/H1N1/09 viruses isolated between the period of March

30, 2009 and April 21, 2010, were grouped according to

their isolation time, a total of 507 isolates (72%) with T220

were identified, and the percentage of S present at position

220 was found to gradually decline, while the frequency of

T220 increased over time (Fig. 4). To test the significance

of the descending trend of S220, Kendall test and a linear

model were used, and results revealed a Kendall test

P value of 2.503 9 10-5 and a descending rate of 0.06655

with a P value of 9.84 9 10-5 in the linear model analysis.

Both tests confirmed the significant descending trend of the

residue S at position 220, with T220 gradually becoming

prevalent in the infected population. In contrast, no sig-

nificant difference in the frequency distribution of S220

versus T220 among HA molecules derived from viruses

isolated from Asia, Europe, North America, Oceania, and

South America, with a v2 test P value of 0.2801, indicating

that the changes in the frequencies of S220 versus T220

found in the above study probably were not geographic

region-specific and might have been occurring worldwide.

We next sought to investigate whether S220 and T220

were present in the HA molecules of previously isolated

swine IAVs and seasonal human H1N1 viruses. We down-

loaded 272 non-redundant HA protein sequences of North

American classical swine flu virus (H1 subtype) from the

NCBI influenza virus sequence database and analyzed the

frequency of amino acids present at position 220. Interest-

ingly, 251 out of the 272 sequences were found to have S220,

as opposed to that only 20 isolates carried T at the position

220. Moreover, all of the 20 strains with T220 were H1N1

subtype swine influenza A viruses, among which 14 were

isolated from Tennessee in 1976, 1977, and 1978, and the

remaining six strains were isolated sporadically from several

other US states. On the other hand, the frequency distribu-

tion in 1767 HA sequences derived from human-infected H1

subtype IAVs isolated before the 2009 pandemic showed an

S220:T220 ratio of 1760:7.

Variation at position 239

Since our point mutation analysis found a notable vari-

ability of position 239 in HA, we analyzed the frequencies

Fig. 4 The frequencies of threonine present at position 220 of HA

changed over time. The abscissa indicates the virus collection time

since March 30, 2009, while the ordinate indicates the percentage of

T220 in all isolates. The trends of such changes were then tested by

employing the Kendall test and linear model in the R program, and

P \ 0.05 was chosen to indicate statistical significance

Fig. 3 Site-by-site mutation analysis. The selection profile of HA genes is shown. The abscissa indicates the codon position, and the ordinate

stands for the log value of the Bayes factor for each position, which indicates differentials of selective pressures on sites

Virus Genes (2010) 41:329–340 337
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of different residues at the position in HA of 704 A/H1N1/09

isolates. Our analysis found that aspartic acid (D) was

present at a frequency of 88.78% (623/704), glycine (G) at

3.55% (25/704), and glutamic acid (E) at 4.69% (33/704),

with the remaining residues undetermined. Possible impact

of mutations at this site on receptor binding was examined

by calculating the minimal energy using the MOE (Molec-

ular Operating Environment) program, and the result

showed that the binding energy between receptor analog and

wild type HA (D239) was -29.506 kcal/mol, while for

mutants G239 and E239, it was -17.027 and -16.445 kcal/

mol, respectively, indicating possibly weakened receptor-

binding capacities of the mutants.

Discussion

Our current study analyzed the site variations in the HA

protein sequences among the novel A/H1N1/09 viral iso-

lates, as well as those between human seasonal influenza

viruses and A/H1N1/09. 3-D structure of the HA was also

modeled, and identified point mutations were analyzed to

predict their potential significance in molecular evolution

and function of the pandemic virus.

In this study, the point mutation analysis showed that the

A/H1N1/09 strains carry amino acid mutations that might

lead to acquisition of one glycosylation site (position 293)

and loss of three glycosylation sites (position 71, 142, and

177). It has been reported that variation in glycosylation is

used by influenza viruses to interfere with surveillance by

the host immune system. Acquisition of a glycosylation site

masks the protein surface from antibody recognition

because the glycans themselves are host-derived, and hence

considered as ‘‘self’’ by the human immune system [36, 37]

Meanwhile, upon the addition of glycosylation to this region

has been thought to slow down yearly antigenic drift, pre-

sumably because glycosylation shielded this region from the

antigenic pressure of antibodies [18, 36]. Recently, Wei

et al. and Xu et al. have evaluated the cross-neutralization of

pandemic 1918 and 2009 H1N1 influenza viruses and found

that they were both resistant to antisera directed to a rela-

tively recent seasonal influenza virus of the same subtype

[18, 38]. Interestingly, pandemic 2009 H1N1 influenza virus

(A/California/04/2009), like A/South Carolina/1/1918 virus,

does not have any glycosylation in or around the Sa site in

HA and hence, the epitope is exposed for antibody recog-

nition. They suggest that these N-glycans of the RBD and

antigenic epitope regions may play roles in evading the

human immune response and viral evolution in humans [18].

The probability of glycosylation of the predicted asparagine

residues 293 above mentioned in our current study, and the

role of the acquisition (position 293) or loss of glycosylation

(position 71) in modulating immune recognition and its

influence on viral evolution, is under investigation in our

laboratory.

By mapping the variations in the HA protein sequence,

we identified that the distinction between the HA antigenic

specificities of the human seasonal influenza virus and the

novel A/H1N1/09 virus mainly lie in the HA1 epitope

regions, which might explain the lack of effective cross-

protection by previous seasonal IAV vaccines or infections

and the highly transmissible property of the A/H1N1/09

virus.

A key notion derived from this study is the possibility

that two HA1 sites in the novel A/H1N1/09 virus, namely,

residues 220 and 239, might be positively selected during

its evolution. Interestingly, residue 239 lies in a region

possibly involved in both receptor binding and determi-

nation of antigenic specificity [30–32, 34]. It has been

previously reported that when residue 239 changes from

Gly to Glu, the virus becomes more adaptive to human host

[30]. Recently, Chen et al. reported the D225G (H3 num-

bering, D239G according to 2009 pandemic H1 number-

ing) substitution in 7 (12.5%) of 57 patients with severe

disease, and in 0 (0%) of 60 patients with mild disease, and

the D225E mutation was identified in one patient with

severe disease, by direct analysis of polymorphisms in 126

amino acids spanning the receptor-binding site in the

hemagglutinin of pandemic H1N1 2009 virus from 117

clinical specimens in Hong Kong [39]. Our current study

revealed that the vast majority of pandemic A/H1N1/09

isolates carried D239 (88.78%) and yet a small fraction of

the A/H1N1/09 isolates had glutamic acid (E, 4.69%) and

glycine (G, 3.55%) at this position. Free binding energy

analysis suggested that a D239E/G mutation tended to

decrease the affinity of the H1 subtype IAV to the sialic

acid receptor. It remains to be determined, whether the

identified positive selection of the D239E/G mutation

is functionally significant during the spreading of the

A/H1N1/09 virus.

Residue 220 lies in the Ca1 epitope region. In all

A/H1N1/09 isolates obtained as of August 2009, T220 was

present at a frequency of 72.02%, whereas the frequency of

S220 was 26.99%. It is of note that both T220 and S220

were present in H1 subtype classical swine IAVs, from

which the HA of the pandemic A/H1N1/09 was originated,

and that the frequency of T220 was far lower than that of

S220 in these swine IAVs. Our analysis on the dynamic

change of T220 versus S220 demonstrated an ascending

trend of the percentage of T220 and a descending curve of

S220 during the course of the pandemic spreading, sug-

gesting that T220 might have been positively selected over

S220. Speculatively, T220 was then fixed through natural

or other selection at the peak of this pandemic and favored

the transmissibility of the new virus. Interestingly, com-

pared with serine, amino acid threonine carries an extra

338 Virus Genes (2010) 41:329–340
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methyl group and therefore displays a different polarity

than serine. Whether such a difference in the polarity could

contribute to altering recognition and binding capacity

between the antigenic epitope and specific antibodies and

thereby should be taken into consideration when develop-

ing more effective vaccines and therapeutic drugs remains

to be further investigated.
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