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ABSTRACT 

As we enter the year of 2011, the 2009 H1N1 
pandemic influenza virus is in the news again. 
At least 20 people have died of this virus in 
China since the beginning of 2011 and it is now 
the predominant flu strain in the country. Al-
though this novel virus was quite stable during 
its run in the flu season of 2009-2010, a genetic 
variant of this virus was found in Singapore in 
early 2010, and then in Australia and New Zea-
land during their 2010 winter influenza season. 
Several critical mutations in the HA protein of 
this variant were uncovered in the strains col-
lected from January 2010 to April 2010. More-
over, a structural homology model of HA from 
the A/Brisbane/10/2010(H1N1) strain was made 
based on the structure of A/California/04/2009 
(H1N1). The purpose of this study was to inves-
tigate mutations in the HA protein of 2009 H1N1 
from sequence data collected worldwide from 
May 2010 to February 2011. A fundamental 
problem in bioinformatics and biology is to find 
the similar gene sequences for a given gene 
sequence of interest. Here we proposed the in-
verse problem, i.e., finding the exemplars from a 
group of related gene sequences. With a clus-
tering algorithm affinity propagation, six exem-
plars of the HA sequences were identified to 
represent six clusters. One of the clusters con-
tained strain A/Brisbane/12/2010(H1N1) that only 
differed from A/Brisbane/10/2010 in the HA se-
quence at position 449. Based on the sequence 
identity of the six exemplars, nine mutations in 
HA were located that could be used to distin-
guish these six clusters. Finally, we discovered 
the change of correlation patterns for the HA 
and NA of 2009 H1N1 as a result of the HA re-
ceptor binding specificity switch, revealing the 

balanced interplay between these two surface 
proteins of the virus. 

Keywords: 2009 H1N1; Affinity Propagation; 
Clustering Algorithms; Entropy; Exemplars;  
Hemagglutinin; Influenza; Informational Spectrum 
Method; Mutation; Mutual Information; Receptor 
Binding Specificity 

1. INTRODUCTION 

A report on February 10, 2011 indicated that 2009 
H1N1 has become the predominant strain of influenza 
virus in China and caused at least twenty deaths in the 
country since the beginning of 2011 [1]. As the 2010- 
2011 flu season continues, this virus remains a public 
health concern. This novel swine-origin virus maintained 
its genetic stability during its run in the 2009-2010 flu 
season for the most part. However, a genetic variant of 
this virus was found first in Singapore, and then in Oce-
ania including Australia and New Zealand during the 
southern hemisphere 2010 winter. Several vaccine break- 
throughs and fatal cases might be linked to this variant 
[2]. These new developments call for a continued sur-
veillance of its circulation and evolution, even though 
extensive research on 2009 H1N1 has been conducted 
including a series of studies in [3-13].  

Several critical mutations including D94N, N125D, 
and V250A in the HA protein of this variant were dis-
covered in the strains collected from January 2010 to 
April 2010. Furthermore, structural homology model of 
HA from the A/Brisbane/10/2010 strain was created 
based on the A/California/04/2009 structure. Interest-
ingly, two mutations D94N and V250A tended to occur 
in pairs [2,14]. The bioinformatics analysis in [13] sug-
gested that the reason for this pairing was to allow the 
virus to maintain HA binding to human type receptor, so 
the virus could replicate in humans efficiently. Using 
this interpretation as guide, a new mutation V30A was 
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uncovered in the strains from Singapore that could 
compensate for N125D as V250A did for D94N. These 
mutations were found to cause the HA receptor binding 
specificity shift from A/California/07/2009, a strain used 
in the vaccine for 2009 H1N1.  

After the discovery of this new variant, the natural 
question is what happened next to this virus. Our interest 
in this study was to expand the work started in [13] to 
examine the HA mutations in the strains of 2009 H1N1 
collected after 05-01-2010 and compared them to those 
collected before 05-01-2010.  

Due to the enormous global efforts, large number of 
2009 H1N1 sequences have been collected. One chal-
lenge facing us today is how to extract useful informa-
tion and knowledge for this virus from this huge data-
base of sequences. A fundamental problem in bioinfor-
matics and biology is to find the similar gene sequences 
for a given gene sequence of interest. Here we asked the 
inverse problem: given a collection of related gene se-
quences, what are the exemplars of these sequences. In 
the present study, a clustering strategy affinity propaga-
tion [15] was employed to find exemplars of the HA 
sequences of 2009 H1N1 collected between 05-01-2010 
and 02-22-2011. These exemplars served as the starting 
point to uncover the mutations in the HA protein of 2009 
H1N1 after 05-01-2010.  

The HA protein of 2009 H1N1 exhibits dual receptor 
binding preference [11,16], which prompted us to ex-
plore the effects of binding preference change on NA 
because the balance between host cell binding and sialic 
acid receptor destruction needs to be maintained by HA 
and NA. With the large number of 2009 H1N1 se-
quences collected to date, it is now possible to conduct 
bioinformatics analysis to probe this kind of interactions 
between HA and NA. Therefore, another task of our 
study is to investigate the cooperation between the HA 
and NA of 2009 H1N1 in the process of HA receptor 
binding affinity shift. 

2. MATERIALS AND METHODS 

2.1. Sequence Data 

Protein sequences of influenza were retrieved from 
the EpiFlu Database (http://platform.gisaid.org) of GI-
SAID. Only the full length and unique sequences were 
selected. All sequences used in this study were aligned 
with MAFFT [17]. 

2.2. Affinity Propagation 

At present, several clustering algorithms such as K- 
means use data to find centers of clusters. The novelty of 
affinity propagation clustering algorithm [15,18] lies in 

the search of exemplars from data to represent clusters 
through message passing. The data points in a cluster 
connects to the exemplar that best represents it.  

Affinity propagation (AP) was designed to searches 
for a set of exemplars from n data points so the minima 
of the following energy function could be achieved 

     1
,     , 0

n

i ii
E e s i e s i e


    

where ie  represents the exemplar of data point i , and 
 , is i e  is the similarity between data point i  and its 

exemplar ie . In general, finding an optimal set of ex-
emplars from data is a computationally intensive en-
deavor. However, the identification of these exemplars 
in AP were accomplished with an efficient algorithm 
that employs real-valued messages exchanged among 
data points. There were two types of messages, respon-
sibility and availability. The responsibility  ,r i k , sent 
from data point i  to candidate exemplar point k , re-
flects the suitability for point k  to be the exemplar for 
point i . The availability  ,a i k , sent from candidate 
exemplar point k  to point i , represents the propensity 
for point i  to choose point k  as its exemplar. In this 
study, the similarity used as input to AP is the Hamming 
distance between two sequences. At the beginning of 
affinity propagation the availability matrix is set to zero, 
and then repeat the following iteration until a stopping 
criterion is satisfied: 

         . . , , max , ,k s t k kr i k s i k a i k s i k       

        . . ,
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     . . 
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At each iteration, the messages indicate the current af-
finity between data points and their exemplars. After this 
original AP model, a binary variable model for affinity 
propagation was proposed in [19], and several applica-
tions of AP could be found in [20-22].  

2.3. Informational Spectrum Method 

The informational spectrum method (ISM) is a bioin-
formatics technique that can be used to analyze protein 
sequences [23-27]. The idea is to translate the protein 
sequences into numerical sequences based on elec-
tron-ion interaction potential (EIIP) of each amino acid. 
Then the Discrete Fourier Transform (DFT) can be ap-
plied to these numerical sequences, and the resulting 
DFT coefficients are used to produce the energy density 
spectrum. The informational spectrum (IS) comprises 
the frequencies and the amplitudes of this energy density 
spectrum. According to the ISM theory, the peak fre-
quencies of IS of a protein sequence reflect its biological 
or biochemical functions. The ISM was successfully 
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applied to quantify the effects of HA mutations on the 
receptor binding preference in [8] and reveal the change 
of receptor binding selection caused by the mutations 
identified in [13]. Table 1 shows several common IS 
frequencies identified in [23,24]. 

It was observed in [11,16] that some of the strains of 
2009 H1N1 displayed dual HA receptor binding prefer-
ence. Consequently, in this study we used top two IS 
frequencies, one primary and one secondary, to describe 
the HA receptor selection. 

2.4. Entropy and Mutual Information 

In information theory [28,29], entropy is a measure of 
the uncertainty associated with a random variable. Let x 
be a discrete random variable that has a set of  
possible values  1 2 3, , , , na a a a  with probabilities 
 1 2 3, , , , np p p p  where  i iP x a p  . The entropy 
H of x is 

  logi ii
H x p p   

The mutual information of two random variables is a 
quantity that measures the mutual dependence of the two 
variables or the average amount of information that x 
conveys about y, which can defined as 

       , ,I x y H x H y H x y    

where  H x  is the entropy of x, and  ,H x y  is the 
joint entropy of x and y.  , 0I x y   if and only if x and 
y are independent random variables.  

In the current study, each of the n columns in a multi-
ple sequence alignment of a set of influenza protein se-
quences of length N is considered as a discrete random 
variable xi (1 ≤ i ≤ N) that takes on one of the 20 (n = 20)  

amino acid types with some probability.  iH x  has its 
minimum value 0 if all the amino acids at position i are 
the same, and achieves its maximum if all the 20 amino 
acid types appear with equal probability at position i, 
which can be verified by the Lagrange multiplier tech-
nique. A position of high entropy means that the amino 
acids are often varied at this position. While  iH x  
measures the genetic diversity at position i in our current 
study,  ,i iI x y  measures the correlation between amino 
acid substitutions at positions i and j.  

3. RESULTS 

3.1. Mutations in HA and NA of 2009 H1N1  
after 05-01-2011 

With a clustering technique affinity propagation [15], 
we were able to find six exemplars of the HA sequences 
of 2009 H1N1 collected between 05-01-2010 and 02-22- 
2011, representing six different clusters (Table 2). Mu-
tations at nine positions 97, 125, 134, 183, 185, 295, 374, 
441, and 451 in the HA protein were identified, which 
could be used to distinguish these exemplars and clusters. 
One of them happened to be N125D (Figure 1), a muta-
tion found in the genetic variant of 2009 H1N1 in Sin-
gapore, Australia and New Zealand [2]. The HA active 
site is located in a cleft, which is lined by several con-
served residues 91, 150, 152, 180, 187, 191, and 192, 
and the cleft is formed by its right edge (131_GVTAA) 
and left edge (221_RGQAGR) [30]. It was worth noting 
that three of the nine mutation sites, 134, 183, and 185, 
were close to some of these critical sites in HA. Cluster 
1 contained a strain A/Brisbane/12/2010, which is dif-
ferent from the model strain A/Brisbane/10/2010 in [2]  

 
Table 1. Characteristic IS frequencies of HA proteins in 2009 H1N1, swine H1N1/H1N2, avian H1N1, and A/South Caro-
lina/1/18 (H1N1). 

Subtype 2009 H1N1 Swine H1N2/H1N1 Avian H1N1 A/South Carolina/1/18 (H1N1) 

Frequency F(0.295) F(0.055) F(0.282) F(0.258) 

 
Table 2. Meta information for the six exemplars and six clusters from the HA sequences of 2009 H1N1 between 05-01-2010 
and 02-22-2011. 

Cluster Number Primary Frequency Secondary Frequency Cluster Size Exemplar Strain ID 

Cluster 1 0.258 0.295 21 A/Navarra/RR6914/10 

Cluster 2 0.295 0.055 44 A/Bangladesh/5557/2010 

Cluster 3 0.295 0.258 12 A/Guatemala/287/2010 

Cluster 4 0.295 0.055 15 A/Madrid/SO8034/10 

Cluster 5 0.295 0.282 17 A/Pennsylvania/34/2010 

Cluster 6 0.295 0.258 30 A/Vaxjo/2/2010 
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Figure 1. Amino acid logo at positions 97, 125, 134, 183, 185, 
295, 374, 441 and 451 in the HA sequences of the six clusters 
after 05-01-2010 and the HA sequences before 05-01-2010. 
These nine positions are ordered as 1, 2, 3, 4, 5, 6, 7, 8 and 9 in 
the figure. 

by only one amino acid at position 449, and this cluster 
carried the signature mutation N125D. 

The different HA binding preferences of the six clus-
ters as primary IS frequency and secondary frequency 
were calculated, manifesting the impact of the nine mu-
tations on receptor selection (Table 2). The analysis in 
[13] studied the HA receptor specificity of 2009 H1N1 
as a function of time, which showed that the virus dem-
onstrated swine receptor preference in the early months 
of its course, and this preference gradually disappeared 
in the late months as a whole group. But there were 
strains, those in clusters 2 and 4, collected after 05-01- 
2010 that still displayed swine receptor selection at fre-
quency F(0.055) (Table 2). 

It is well-known that HA and NA depend on each 
other. To reveal the influence of the nine mutations in 
HA on the NA protein, we also looked into the corre-
sponding NA sequences. There were four positions 241, 
366, 369, and 394 in the consensus NA sequences of the 
six clusters that had different amino acids, implying less 
variation in NA compared to HA (Figure 2). The Ham-
ming distances of the six consensus HA amino acid se-
quences after 05-01-2010 from that before 05-01-2010 
were in the range of 1 to 4, whereas the same Hamming 
distances for NA were in the range of 0 to 2 (Figures 1 
and 2). The amino acid logos in Figures 1 and 2 illus-
trated the consensus and variation of the amino acids at 
these selected positions in HA and NA.  

The active site of NA is lined by several conserved re-
sidues (117-119, 133-138, 146-152, 156, 179, 180, 
196-200, 223-228, 243-247, 277, 278, 293, 295, 344-347, 
368, 401, 402, and 426-441) that participate in recogni-
tion of its substrate [31]. Three of the four mutations in 
NA, 241, 366, and 369, were near some of these key 
residues. In [32] the role of second active site in NA was 
assessed. It found that in avian NA the interaction be-
tween this second site and the primary site is essential 
for NA function, and the NA of 2009 H1N1 has retained 
some of the important features of the second site. Fol-
lowing [32], we listed the amino acids at the positions 
that are lined with the second site (N2 numbering) (Ta-
ble 3). It appeared that the major difference in amino 
acids occurred at position 372 for the six clusters and 
A/California/04/2009(H1N1) (Cal_04_09). 

The entropy at a position in an alignment of protein 
sequences measures the propensity of amino acids to 
change at that position. To gain a global perspective of 
HA and NA sequence variation before and after 05-01- 
2010, the entropy of these proteins was calculated (Fig-
ure 3). Furthermore, top 25 entropy positions in each 
protein were selected (Figure 4). As a general trend, the 
number of positive entropy positions before 05-01-2010 
was larger than after 05-01-201. However, the magni- 
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Figure 2. Amino acid logo at positions 241, 366, 369, and 394 
in the NA sequences of the six clusters after 05-01-2010 and 
the NA sequences before 05-01-2010. These four positions are 
ordered as 1, 2, 3, and 4 in the figure. 

Table 3. Amino acid comparison at second active site residues 
in avian N1, human N2, and N1 of the six clusters and 
Cal_04_09. The conserved residues are highlighted (N2 num-
bering). 

 366-373 399-403 430-433

Avian N1 KSTNSRSG AITDWS RPKE 

Human N2 ISKDLRSG DSDNRS RKQE 

Cal_04_09 KSISSRNG GINEWS RPKE 

Cluster 1 KSISSRNG GIKEWS RPKE 

Cluster 2 KSISSRNG GINEWS RPKE 

Cluster 3 KSINSRNG GVNEWS RPKE 

Cluster 4 KSISSRKG GINEWS RPKE 

Cluster 5 KSISSRNG GINEWS RPKE 

Cluster 6 KSISSRKG GINEWS RPKE 

 
tude of the few top entropy positions after 05-01-2010 
was bigger than before 05-01-2010. Within HA the en-
tropy in the HA1 domain was higher than HA2 domain, 
and within NA the entropy near the stalk region was 
very high and the entropy in that region was much high-
er before than after 05-01-2010. The NA stalk length 
was demonstrated to be important for enhanced viral 
pathogenicity [4,33,34].  

Also a few top entropy positions in HA and NA were 
shared before and after 05-01-2010 (Figure 4). There 
were eight such positions in HA and 13 positions in NA. 
It was evident that all the nine mutation positions in HA 
and four in NA were among the top entropy positions in 
Figure 4. It was of note that two of the nine positions in 
HA, 374 and 451, had high entropy both before and after 
05-01-2010. As the time moved from before 05-01-2010 
to after 05-01-2010, the HA entropy increased at posi-
tion 451 while decreased at position 222, and position 
374 remained the highest entropy. During the same pe-
riod, the NA entropy increased at positions 241 and 369 
and became the top two entropy position after 05-01- 
2010. Three of the four NA mutation positions, 241, 366, 
and 396, had high entropy both before and after 05-01- 
2010. 

3.2. Correlation Patterns for HA and NA of  
2009 H1N1 before and after HA  
Receptor Binding Affinity Shift  

The large number of influenza sequences collected dur-
ing the pandemic 2009 provided an ideal opportunity for 
learning the interdependence between HA and NA in the 
shift of receptor binding preference. As seen in Table 2, 
the main HA binding frequencies of 2009 H1N1 were 
F(0.295), F(0.055), F(0.2823), and F(0.2588). To inspect   
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Figure 3. Entropy distribution of 2009 H1N1 HA and NA before and after 05-01-2010. 
 
the variation of correlation patterns within and between 
HA and NA caused by receptor switch, we divided the 
whole set of HA sequences of 2009 H1N1 into six 
groups according to their primary and secondary IS fre-
quencies as shown in Table 4 and Figure 5. The HA 
sequences that had different frequency combinations 
from those listed in Figure 5 were not included in this 
analysis. As a measure of interactions among residues, 

we counted the number of two residues that had a posi-
tive mutual information value within and between HA 
and NA. Because we were interested in the relative 
counts within a group, the correlated pair counts were 
averaged by the number of sequences in each group to 
display them within one figure.  

There was an apparent change of correlation patterns 
before and after the switch of receptor binding specificity.   
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Figure 4. Top 25 entropy positions in the HA and NA of 2009 H1N1 before and after 05-01-2010. The positions marked with an 
asterisk in the bottom plot were selected both before and after 05-01-2010. 
 

 

Figure 5. Correlation patterns of HA and NA of 2009 H1N1 before and after the HA receptor binding preference switch. In each 
group, the first frequency is primary and the second is secondary. 
 
In the three cases of F(0.295) being the primary fre-
quency, the correlation patterns were the same: the in-
ter-protein correlation was higher than the intra-protein 
correlation and the correlation in HA was higher than in 
NA. However, after the primary frequency F(0.295) be-
ing replaced by another, this pattern was altered. In the 
case of F(0.055) and F(0.283) being the primary fre-
quency, the correlation was increased in HA and de-
creased in NA when compared to the interaction between 
HA and NA. In contrast, when F(0.258) was the primary  

frequency, the correlation was increased in NA and de-
creased in HA. These changes implied that the biological 
process of receptor selection shift could influence the 
collaboration between HA and NA. 

4. CONCLUSIONS 

This study focused on finding the mutations in the HA 
protein of 2009 H1N1 collected from 05-01-2010 to 
02-22-2011, and comparing them to those before 05-01-  
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Table 4. Meta information for the HA and NA sequences in 
each group used to generate the graph in Figure 5. 

Group  
Number 

Primary  
Frequency 

Secondary  
Frequency 

Size 

Group 1 0.295 0.055 333 

Group 2 0.055 0.295 24 

Group 3 0.295 0.258 655 

Group 4 0.258 0.295 28 

Group 5 0.295 0.282 143 

Group 6 0.282 0.295 13 

 
2010. The corresponding mutations in NA were also 
found. Our main strategy was to apply affinity propaga-
tion to discover six exemplars from the HA sequences of 
2009 H1N1 after 05-01-2010. These six exemplars rep-
resenting six clusters formed the basis for determining 
nine mutations in HA and four in NA. For each cluster, 
the unique combination of its primary HA binding IS 
frequency and secondary frequency were computed, 
reflecting the contribution of these nine mutations to 
receptor selection. Using a large number of 2009 H1N1 
sequences available, mutual information analysis dem-
onstrated the change of correlation patterns for the HA 
and NA of 2009 H1N1 in the process of HA receptor 
binding shift, thus highlighting the interdependence of 
these two surface proteins. 
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