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ABSTRACT 

The highly pathogenic avian H5N influenzavirus could infect humans with high mortality rate, even though it has not 
yet become efficiently transmissible among humans. This proteomic study investigated the molecular basis of interspe-
cies transmission and host range of this lethal virus in Asia, due to its potential pandemic threat. Although there are host 
markers located in previous research between general avian and human influenza viruses, the novelty of our work was 
to uncover host markers between highly pathogenic avian and human H5N1 viruses in Asia. Many host markers we 
found were not present in the previous general markers, thus expanding the current repertoire of host markers with these 
strain-specific host markers. Ranked by their order of importance, the top 10 host markers discovered in this report were 
PB2_627, HA_325, NS1_205, PB2_524, HA_86, NA_201, NP_373, NS1_7, HA_156, NA_74, confirming our current 
knowledge that PB2_627 is the most critical site for distinguishing avian and human H5N1. We also identified several 
naturally-occurred mutations in the HA protein that might shift the receptor binding preference of Asian avian H5N1, 
since early detection of mutations that might lead to emergence of a new pandemic virus is of prime importance. Finally, 
we analyzed the distinctive interaction patterns within and between proteins of avian and human H5N1 in Asia at pro-
tein level and individual residue level. From multiple viewpoints, our findings reinforced the experimental observation 
that multiple genes of Asian avian H5N1 are involved in its gradual adaptation to human hosts. 
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1. Introduction 

The highly pathogenic avian H5N1 influenza virus was 
first discovered in Guangdong China in 1996, originated 
from its low pathogenic counterpart that is present in 
many wild bird species. The first case of human infection 
with highly pathogenic avian H5N1 occurred in Hong 
Kong in 1997 [1]. Since then, the number of confirmed 
cases of H5N1 infection has increased with high morta- 
lity rate and therefore poses a serious threat to public 
health with pandemic potential. Patients infected by this 
virus typically have severe pneumonia that often pro-
gresses rapidly to the acute respiratory distress syndrome. 
In general, influenza viruses from one host do not nor-
mally transmit or cause disease in other hosts. As such, 
avian influenza viruses including the highly pathogenic 
ones do not replicate efficiently or cause disease in hu-
mans. The concern is that H5N1 might acquire necessary 
mutations to increase its capability for avian-to-human 
infection and human-to-human transmission. Therefore, 
finding the molecular indicators of H5N1 that promote 
its transmission and replication in humans is relevant to 
the prevention and treatment of this disease. 

The genome of influenza viruses is composed of eight 
gene segments, which code for 11 known proteins. The 
HA protein, the principal antigen on the viral surface, 
plays a key role in host range and cellular tropism of in-
fluenza through its preference for different receptors on 
host cells. A switch in receptor specificity of HA is a 
necessary adaptation step for influenza with avian HAs 
that like binding the receptors of avian type to gain the 
ability to bind the receptors of human type. The avian- 
like receptors typically are abundant in the intestinal tract 
of birds, whereas human-like receptors in the respiratory 
tract of humans. Additionally, avian and human receptors 
are shown to have a different structural conformation. It 
is obvious that an influenza virus with high affinity to 
both avian and human receptors could be disastrous, as 
the HA proteins from the H1N1 1918 pandemic virus 
bind efficiently to both avian and human receptors. The 
spread of avian H5N1 to human population has been li- 
mited so far. This lack of efficient avian H5N1 transmis-
sion and replication in humans might be in part caused 
by their avian-like receptor preference. Several mutations 
that could shift receptor preference of the HA proteins 
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have been identified, some of which are located within or 
near the receptor binding domain while some are not [2- 
4]. Interestingly, mutations that cause a receptor binding 
shift on the H1 and H3 proteins do not necessarily cause 
an equivalent shift on the H5 proteins [3]. 

Analysis on isolates of avian influenza H5N1 from pa-
tients in 1997 revealed that virulence factors included the 
highly cleavable HA protein, a specific substitution in the 
PB2 protein (E627K) that enhances replication and a 
substitution in the NS1 protein (D92E) [5]. The experi-
ments in vivo or vitro are usually limited to the study of 
single mutations, while computational approaches such 
as those in [6,7] allow systematic screening of all possi-
ble mutations. Furthermore, current knowledge of the 
influenza host range and transmission suggests that mul-
tiple molecular factors from various viral genes are in-
volved, thus making experimental determination of these 
molecular determinants challenging. An effective ap-
proach would be applying computational methods to 
discover candidate factors that are critical for host range, 
and then verify them experimentally. 

Characteristic sites in the internal proteins of avian and 
human influenza viruses were uncovered with help of 
seven feature selection algorithms [8]. The validity of 
these signature sites was justified by their performance to 
differentiate between avian and human influenza strains 
using four machine learning classifiers. It further indi-
cated that, in these selected sites, human influenza tended 
to mutate more than avian influenza each year. However, 
the correlation and connectivity between the avian sites 
was stronger than that of the human sites, and the per-
centage of sites with high connectivity was also greater 
in avian influenza. 

Using several computational techniques, Asian and 
North American avian H5N1 were studied as examples 
of highly and low pathogenic avian viruses respectively 
[9]. Distinctive features were discovered between North 
American and Asian avian H5N1 based on HA receptor 
preference, HA cleavage site, Hamming distance, GC 
content of PB1-F2, NA second active site, and interac-
tion patterns of HA and NA, and NP, PA, PB1, and PB2. 

The avian H5N1 virus has a high mortality rate, but 
fortunately it has not exhibited sustained transmission 
and replication in humans. However, the pandemic 2009 
H1N1 influenza A virus, a triple reassortant of avian, 
swine, and human viruses, displays an opposite trait. It is 
a mild human disease, but highly transmissible. One fear 
is that these two viruses might reassort into a new strain 
that is highly transmissible and pathogenic. The studies 
in [10,11] uncovered the characteristics of this new virus 
including new host markers that are not known in avian 
or swine viruses. A recent report showed a reassortant 
2009 pandemic H1N1 influenza virus containing an H5N1 
HA gene increased replication and enhanced pathogeni- 

city in mice [12]. Viruses containing a HA gene from 
highly pathogenic avian H5N1 virus were found to be 
transmissible in ferrets, the animal model that most 
closely resembles humans in flu studies [13]. 

To date avian H5N1 has not developed the ability of 
human-to-human transmission, the possibility of this 
deadly virus becoming fully adapted to humans remains 
a serious global health concern. Despite intense research 
on H5N1, further understanding of the molecular mecha-
nisms for avian influenza virus to cross species bounda-
ries to infect humans is of major interest. Using the 
computational methodology developed in [14-24], the 
current proteomic study aimed to discover molecular 
characteristics in the proteins of avian and human H5N1 
viruses in Asia and to identify viral traits including HA 
binding features that might promote the transmission of 
H5N1 from birds to humans. 

2. Materials and Methods 

2.1. Sequence Data 

Protein sequences of avian and human H5N1 influenza 
viruses in Asia were retrieved from the EpiFlu Database 
(http://platform.gisaid.org) of GISAID and the Influenza 
Virus Resource 
(http://www.ncbi/nlm.nih.giv/genomes/FLU/FLU.html) 
of the National Center for Biotechnology Information 
(NCBI). Only the full length and unique sequences were 
selected. All sequences used in this study were aligned 
with MAFFT [25]. 

2.2. Informational Spectrum Method 

The informational spectrum method (ISM) is a bioinfor-
matics technique that can be used to analyze protein se-
quences [26]. The idea is to translate the protein se-
quences into numerical sequences based on electron-ion 
interaction potential (EIIP) of each amino acid. Then the 
Discrete Fourier Transform (DFT) can be applied to 
these numerical sequences, and the resulting DFT coeffi-
cients are used to produce the energy density spectrum. 
The informational spectrum (IS) comprises the frequen-
cies and the amplitudes of this energy density spectrum. 
According to the ISM theory, the peak frequencies of IS 
of a protein sequence reflect its biological or biochemical 
functions. The ISM was successfully applied to quantify 
the effects of HA mutations on the receptor binding pre- 
ference in [17,27,28]. Table 1 shows several common IS 
frequencies identified in [27,28]. 

It was observed in [20] that some of the strains of 2009 
H1N1 displayed dual HA receptor binding preference. 
Consequently, in this study we used top two IS frequen-
cies, one primary and one secondary, to describe the HA 
receptor selection. 
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Table 1. Characteristic IS frequencies of HA proteins in 
2009 H1N1, swine H1N1/H1N2, avian H5N1, and human 
H1N1. 

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 jH x y  measures the correlation between 
amino acid substitutions at positions i and j. 

Subtype 
2009 
H1N1 

Swine 
H1N2/H1N1 

Avian 
H5N1 

Human 
H1N1 

Frequency F(0.295) F(0.055) F(0.076) F(0.236)

2.3. Entropy and Mutual Information 

In information theory [29,30], 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 

 with probabilities  1 2  
where . The entropy H of x is 
 1 2 3, , , , na a a a

 iP x a

3. Results and Discussion 
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While much research has focused on the evolution of 
certain genes of influenza viruses, comprehensive analy-
sis of full genome sequences is still in great need. Using 
different computational methods including entropy, mu-
tual information, and ISM, our proteomic study provided 
elucidation of the protein sequence similarity and dis-
tinction between avian and human H5N1 viruses in Asia. 
Additionally, the variations of and the interactions among 
proteins of avian and human H5N1 were uncovered at 
protein level and individual residue level. The findings of 
this section supported with fine detail the experimental 
evidence [31] that multiple genes of highly pathogenic 
avian H5N1 virus are involved in its gradual adaptation 
to human hosts. 

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.  if and only if x and 
y are independent random variables. 

 ,I x y  0

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 

3.1. Protein Sequenced Entropy of Avian and 
Human H5N1 Viruses in Asia 

To render a global picture of protein sequence varia-
tion of avian and human H5N1 viruses in Asia, their en-
tropy was calculated (Figure 1). 

 

 

 

Figure 1. Entropy of proteins of Asian avian and human H5N1. 
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In general, the average entropy of avian H5N1 proteins 

was higher than human H5N1 (Figure 2), in contrast to 
MI values of these proteins (Figure 4). The average of 
entropy of all proteins was 0.054 for avian and 0.046 for 
human viruses. Both entropies of avian and human pro-
teins HA, NA, M1, NS1, and NS2 were above the ave- 
rage and the others were below the average. It was ex-
pected to see the high entropy of HA and NA, but it was 
intriguing to observe the same for M2, NS1, and NS2. 

Interestingly, our entropy values for M1 and M2 in 
Figure 2 validated the notation that selective pressure on 
M2 is stronger than that on M1. In addition, selective 
pressure on M1 and M2 for human is stronger than that 
for avian H5N1 [32], which is the opposite of the other 
proteins as seen in Figure 2. The M2 proteins indicated 

much higher entropy than M1 proteins, implying a 
greater response to host-immune selective pressure or 
structural constraints on M2. 

In addition to the protein entropy of avian and human 
H5N1 in Asia (Figures 1 and 2), the top entropy sites in 
proteins of these two viruses are displayed in Figure 3. 
There are 18 sites shared between avian and human vi-
ruses with HA and NA having the most: PB2_108, 
PB2_147, PB2_339, PA_101, PA_400, HA_94, HA_124, 
HA_138, HA_140, HA_155, HA_189, NA_44, NA_46, 
NA_70, NA_95, NA_340, M2_66, and NS2_52. Only 
M1 was missing in the high entropy sites in human 
H5N1, while M1 and NP were missing in avian because 
PB1, NP and M1 were the three proteins of the lowest 
entropy (Figure 2). 

 

 

Figure 2. Average entropy of proteins of Asian avian and human H5N1. 
 

 

 

Figure 3. Top 50 entropy sites in proteins of Asian avian and human H5N1. 
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The HA protein is the primary target of host immune 

responses. The three-dimensional location and structure 
of H3 HA antigenic epitopes have been characterized and 
five antigenic sites are identified (A, B, C, D, E). The 
antigenic sites of H1, H2, and H5 HAs are characterized 
and mapped on the H3 HA three-dimensional structure 
[33]. The amino acid sequences at these sites are ex-
tremely variable thanks to selection pressure. The pri-
mary purpose of adaptive mutations is to improve viral 
replicative fitness. 

Two sites HA_140 and HA_189 had high entropy in both 
avian and human H5N1, and they were on the antigenic 
sites of highly pathogenic avian H5 HA [33]. In a study 
of highly pathogenic avian H5N1 viruses in Indonesia 
during 2007-2008 [34], amino acid differences were 
identified at six sites (83, 86, 124, 138, 140 and 141) 
within regions homologous to antigenic sites A, B, and E 
of the H3 HA protein. It was also noteworthy that 
HA_325 in human H5N1 was at the cleavage site of HA. 

3.2. Mutual Information of Protein Sequences of 
Avian and Human H5N1 Viruses in Asia 

Entropy measures the sequence variation at individual 
sites, but mutual information (MI) reveals the correlated 
variation of two sites. The sum of the MI values of va- 
rious two sites represents this correlation within a protein 
or between two proteins. Our purpose of this section was 
to show the correlations among four groups of related 
proteins, PB1, PB2, PA, and NP, HA and NA, M1 and 
M2, and NS1 and NS2 (Figure 4). 

Within the four proteins PB1, PB2, PA, and NP, the 
highest correlated pair of proteins was PB2 and PA, and 
highest correlated individual protein was PA. NS1 is a 
short sequence, but its correlation with itself and NS2 
was high. As expected, the correlations within and be-
tween HA and NA were both very high. Surprisingly, the 
correlation of avian NS1 and NS2 was higher than hu-
man H5N1, in contrast to the other proteins (Figure 4). 
For most proteins, the interactions of inter-proteins were 

stronger than intra-proteins with one exception NS1. 
In general, human H5N1 proteins had higher MI than 

avian H5N1 (Figure 4), while avian H5N1 had higher 
entropy than human H5N1 (Figure 2). The opposite pat-
terns of entropy and mutual information of avian and 
human H5N1 suggested that the amino acid variation at a 
single site is a different molecular feature from amino 
acid correlation at two sites. 

3.3. Host Specificity Markers between Avian and 
Human H5N1 Viruses in Asia 

Identification of biological determinants for host adapta-
tion is important. Different from the approaches in [10, 
11] where each protein was evaluated individually, here 
we identified the major amino acid host markers between 
avian and human H5N1 in Asia from the concatenation 
of all protein sequences. Our method, in a sense, allowed 
these proteins to compete with each other in their contri-
bution to the power of distinguishing between these two 
viruses. The benefits of this approach became apparent 
when we reported the top 50 important host markers 
ranked by Random Forests [35,36] that could signifi-
cantly differentiate these two viruses (Figure 5). It de-
tailed the involvement of particular residues, and demon-
strated that the proteins PB2, PA and NS1 were the most 
contributing elements when compared to other internal 
proteins. As expected, HA and NA were the leading con-
tributors among all proteins. The actual number of sites 
from each contributing protein is: PB1: 1, PB2: 6, PA: 6, 
NP: 2, HA: 13, NA: 9, M1: 1, M2: 2, NS1: 7, and NS2: 3. 
Interestingly, all the proteins considered contributed at 
least one site. 

In the order of importance ranked by Random Forests, 
the top 10 amino acid host markers were PB2_627, 
HA_325, NS1_205, PB2_524, HA_86, NA_201, NP_ 
373, NS1_7, HA_156, NA_74 (Figure 5), reaffirming 
our current knowledge that PB2_627 is the most critical 
site for distinguishing avian and human H5N1. Beyond 
PB2_627, our computational results suggested other sites 
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Figure 4. MI sum of site pairs within and between avian and human H5N1 proteins in Asia. 
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Figure 5. Top 50 important sites that distinguish human from avian H5N1 proteins in Asia. 
 
worthy of experimental verification. A recent report [37] 
discovered that PB2_627E and PB2_701N, besides being 
host markers as suggested in this study, could contribute 
to the virulence of influenza. Furthermore, HA_156 was 
on the antigenic sites of highly pathogenic avian H5 HA. 

The work in [7,10,11] identified host adaption markers 
in the proteins of avian and human influenza, and proved 
that these markers are reproducible. The novelty of our 
work here was to unravel the host markers in avian and 
human H5N1 in Asia. In light of our results, it appeared 
that there was substantial difference in the host markers 
found in general human and avian viruses and those in 
highly pathogenic avian and human H5N1 in Asia, high-
lighting the need for and value of strain-specific host 
markers. 

There were 13 host markers identified in the current 
work that were part of the general host markers found in 
previous research [10,11]: PB2_108, PB2_292, PB2_524, 
PB_627, NP_373, HA_94, HA_138, NA_340, M2_20, 
M2_50, NS1_171, NS1_79, NS2_14. Many host markers 
displayed in Figure 5 did not show high entropy when 
compared to the top entropy sites reported in Figure 3. 
But those that did were worthy of further attention. The 
host markers in Figure 5 that had high entropy in human 
H5N1 were PB2_108, PB2_292, PB2_524, PA_394, 
PA_520, NP_373, NP_400, HA_86, HA_94, HA_124, 
HA_138, HA_140, HA_162, HA_325, HA_482, HA_488, 
HA_533, NA_46, NA_48, NA_74, NA_95, NA_105, 
NA_338, NA_340, M2_20, NS1_7, NS1_205, NS1_206, 
NS1_214, NS2_7, and NS2_52. At the same time, the 
host markers that had high entropy in avian H5N1 were 
PB2_108, HA_94, HA_124, HA_138, HA_140, NA_95, 
NA_340, NS1_171, NS2_14, and NS2_52. All these sites 
also had high entropy in human H5N1 except NS1_171 
and NS2_14. 

The active site of NA is made of eight functional resi-
dues (R118, D151, R152, R224, E276, R292, R371, and 
Y406) and 11 framework residues (E119, R156, W178, 

(N2 numbering) [38]. In contrast to HA, none of these 
important sites were part of the host markers from NA. 

S179, D198, I222, E227, H274, E277, N294, and E425) 

3.4. Correlated Sites in Protein Sequences of 

The  the 

3.4.1. Correlated Site Pairs in all Proteins of Avian 

p 50 highly correlated site 

ogenesis of influenza is a polygenic trait and HA, 
PB
and pathogenicity. The non-structural protein NS1 is a 

Avian and Human H5N1 Viruses in Asia 

results of MI analysis in Section 3.2 exhibited
global correlation within and between proteins; here we 
zoomed in on individual sites in proteins to find those 
sites that were highly correlated. Due to functional and 
structural constrains, a mutation at one site in a protein 
tends to induce mutations at other sites. Recent experi-
ments demonstrated that for H5 HA to bind human air-
way epithelium, multiple simultaneous mutations are re- 
quired [39]. In view of this finding, detecting sites in a 
protein that incline to co-mutate is warranted. Our goal in 
this section was to unravel the different interface patterns 
of avian and human H5N1 in Asia at the level of indi-
vidual sites. 

and Human H5N1 in Asia 
This subsection reported to
pairs in all proteins of avian and human H5N1 (Figure 6). 
To visualize the connectivity of these corrleated pairs, we 
connected in Figure 6 each pair with a stright line. There 
were two clusters of connected sites in human H5N1 and 
one such cluster in avian H5N1. Many sites in human 
H5N1 were highly connected, and as a result they be-
longed to either one of the two clusters with one pair 
NS1_7 and NS2_7 as an exception. On the contrary, 
there were more isolated pairs in avian than in human 
H5N1. At the same time, it appeared that the interaction 
of HA and NA with the viral polymerase complex was 
stronger in human than in avian H5N1. The prominent 
clustered PA sites in avian H5N1 seemed a feature of this 
virus. 

Path
1, PB2, PA, NA and NS1 are involved in host range 
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virulence factor, known to interact with many cellular 
proteins to promote virus replication. The selected sites 
in Figure 6 provided fine details on their interactions at 
residue level. M1 and M2 are highly conservative, so 
they were not present as significant contributors to in-
termolecular correlations. 

The top 50 highly correlated site pairs in Figure 6 
were made of 24 sites in human H5N1 and 43 sites in 
av

d NP 
Proteins of Avian and Human H5N1 in Asia 

NP pl m-

nnected 
si

 

ian H5N1, implying the selected sites of human H5N1 
were more mutually correlated than avian H5N1. 

3.4.2. Correlated Site Pairs in PB1, PB2, PA, an

The viral ribonucleoproteins (vRNP) PB1, PB2, PA, and 
ay a critical role in viral replication through co

plex interactions of protein-protein and protein-RNA. 
The eight gene segments of influenza genome are wrapped 
around the NP protein to form vRNP complexes. To il-
lustrate their interface, we reported top 50 highly corre-
lated site pairs in these four proteins (Figure 7). 

In human H5N1, there were two groups of co

 

tes, one made of PA sites only and one made of mixture 
of PB1, PA, and NP sites. In avian H5N1, there was one 
such group made of PA sites alone (Figure 7) and the top 
50 pairs were mainly from PA, implying the interface of 
PA sites selected were much stronger in avian than in 
human H5N1 as seen in Figure 6 already. Sites PA_58, 
PA_101, PA_129, PA_204, PA_400, PA_712 were 
highly correlated to other PA sites in both avian and hu-
man H5N1. Of the highly correlated sites in Figure 7, 

 

Figure 6. Top 50 highly correlated site pairs within and between all proteins of human (on left) and avian (on right) H5N1. 
 

 

Figure 7. Top 50 highly correlated site pairs within and between PB1, PB2, PA, and NP proteins of human (on left) and avian 
(on right) H5N1. 
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PB2_108, PB2_292, PB2_524, PA_394, PA_520, NP_373, 

P_400 were also 
that might impact the critical site 627. Sites PB2_292, 

N host markers and had high entropy in 

otein of Avian 
and Human H5N1 in Asia 

is 
implic on, and pathogenicity. 

 of this protein. 
Th

ally 
co

PB2_526, PB2_524 in Figure 8 were highly correlated to 

s of 
Avian and Human H5N1 in Asia 

infect ation of the HA 

. One such example was the amino acid dif-
fe

human H5N1, and PB2_108 was a host marker and had 
high entropy in avian H5N1. The individual sites pre-
sented in Figure 7 confirmed the global interface be-
tween these four proteins of H5N1, i.e., the highest cor-
related pair of proteins was PB2 and PA, and highest 
correlated protein was PA (Figure 4). 

3.4.3. Correlated Site Pairs in PB2 Pr

The RNA polymerase, made of PA, PB1, and PB2, 
ated in host range, replicati

In particular, amino acid residue 627 in PB2 plays a key 
role. One of the mutations in PB2 commonly associated 
with adaptation of avian H5N1 to mammalian species is 
E627K, and the mutation D701N in PB2 is also fre-
quently present. Both sites were recognized as significant 
host markers in this study and as major contributors to 
virulence of influenza [37]. However, mutations that en-
hance the polymerase activity of avian viruses in mam-
malian hosts are not fully characterized. 

Here we reported top 50 highly correlated site pairs in 
PB2 (Figure 8) owing to the significance

ere was a hub site PB2_524 among all the highly cor-
related sites in human H5N1, and in avian H5N1 a simi-
lar site like this was PB2_64, and the difference between 
the two sites was that the former directly connected to 
many sites whereas the latter indirectly connected to 
many sites. However, the same PB2_64 was either di-
rectly or indirectly connected to PB2_309, PB2_355, 
PB2_483, PB2_495 in both avian and human H5N1. 

Site PB2_627 in avian H5N1 was connected to PB2_ 
649 and PB2_451 that belonged to a group of mutu

nnected sites, thereby revealing several potential sites 
 

sites in PB1, PA, and NP of human H5N1 (Figure 7). 
Importantly, here PB2_524 actually was a hub site that 
connected many sites in PB2 of human H5N1, including 
site PB2_590, one of the two sites of SR polymorphism 
discovered in [40] that could enhance polymerase acti- 
vity in human cells. The connection between PB2_590 
and PB2_524 in human H5N1 suggested that the change 
at site 590 might be associated with the change at site 
524, as well as other sites connected by site 524, which 
enlarged the number of potential sites that might influ-
ence site 590. Sites PB2_108, PB2_147, PB2_368, 
PB2_390 were contained in a group of sites that were 
mutually connected in both avian and human H5N1. Site 
PB2_108 was also a host marker with high entropy. 

3.4.4. Correlated Site Pairs in HA and NA Protein

The ability of avian H5N1 to break species barriers to 
 humans depends mainly on modific

and NA proteins. The efficient entry of virus into and 
release of virus from host cells requires a good coordina-
tion between the receptor-binding and receptor-destroy- 
ing properties of HA and NA, respectively. In line with 
this requirement, our analysis highlighted specific sites in 
these two proteins that were considerably correlated 
(Figure 9). 

The sites that were mutually connected tended to mu-
tate together

rence observed at six sites 83, 86, 124, 138, 140, 141 in 
the HA protein of avian H5N1 in Indonesia during 
2007-2008 [34]. These six sites were under positive se-
lection pressure among the H5N1 viruses from southern 
China and Southeast Asia during 2002-2005 [41]. 

 

Figure 8. Top 50 highly correlated site pairs in PB2 protein of human (on left) and avian (on right) H5N1. 
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Site HA_140 was a hub site for a group of connected 

sites in both avian and human H5N1. Site HA_86 was 
directly connected to many sites in human H5N1, but 
was indirectly connected to many sites in avian H5N1. 
However, the connectivity of NA_95 with other sites was 
reversed, indirect in human and direct in avian H5N1, 
making NA_95 a second hub site in avian H5N1. 

The sites HA_94, HA_124, HA_140, HA_141 in hu-
man and HA_140, HA_156 in avian H5N1 in Figure 9 
play an important role in HA receptor binding, and will 
be further analyzed in Section 3.5. The high connectivity 
of HA_140 with other sites in both avian and human 
H5N1 suggested that its variation might be associated 
with the changes at other sites. Also HA_325 in human 
H5N1 was at the HA cleavage site, and HA_322 in avian 
H5N1 was near the HA cleavage site. Sites HA_94, 
HA_124, HA_138, HA_140, NA_95, and NA_340 were 

 mar
u

On account of its high conservativity, the M2 protein 
is the target of the adamantane class of antiviral drugs, 
which confine the viral proliferation in the infected host 
cells. Two mutations on this protein (L26I and S31N) 
lead to drug resistance [43]. Sites M1_206, M2_26, 
M2_31, M2_64 were mutually connected in both avian 
and human H5N1, which implied that the variation at 
sites M2_26 and M2_31 might be connected to other 
sites including M2_64 and M1_206 (Figure 10). 

There was one cluster of mutually connected sites in 
both human and avian H5N1 with M2_18 as a common 
site in both. Site M2_66 was indirectly connected to 
many sites in human, but directly in avian H5N1. The 
connectivity of M2_82 was the opposite of M2_66, direct 
in human and indirect in avian H5N1. Site M2_20 was a 
host marker and had high entropy in human H5N1. In the 
overlapping region, M2_13 is connected to M1_242 in 

e 10). host
h

kers and had high entropy in both avian and avian, M2_20 to M1_249 in human H5N1 (Figur
man H5N1. 

3.4.5. Correlated Site Pairs in M1 and M2 Proteins of 
Avian and Human H5N1 in Asia 

The M gene segment encodes the M1 matrix and the M2 
ion channel proteins, both highly conserved. The posi-
tions 239-252 of M1 and positions 10-23 of M2 overlap 
in different reading frames. M1 forms a shell-like struc-
ture beneath the viral envelope and interacts with viral 
ribonucleoprotein (vRNP) complex, so it is critical in the 
assembly and budding process. As a transmembrane pro-
tein, M2 interacts with both the internal proteins and the 
host immune system. Experimental data showed that the 
interaction of M1 and M2 is essential for complete virus 
assembly [42]. 
 

3.4.6. Correlated Site Pairs in NS1 and NS2 Proteins 
of Avian and Human H5N1 in Asia 

The NS gene segment encodes the nonstructural protein 
NS1 and the nuclear export protein NS2. The positions 
168-230 of NS1 and positions 11-73 of NS2 overlap in 
different reading frames. The non-structural protein NS1 
is multifunctional, which regulates influenza virulence by 
modulating the host immune responses as well as other 
important aspects of viral replication [44]. Initially NS2 
was considered as a non-structural protein, but later it 
was thought to be the adaptor between the cellular nu-
clear export machinery Crm1 and the newly amplified 
viral genomic segments (vRNPs). NS2 was then renamed 
nuclear export protein (NEP) [45]. 

 

Figure 9. Top 50 highly correlated site pairs within and between HA and NA proteins of human (on left) and avian (on right) 
H5N1. 
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Figure 10. Top 50 highly correlated site pairs within and between M1 and M2 proteins of human (on left) and avian (on right) 
H5N1. 
 

 

Figure 11. Top 50 highly correlated site pairs within and between NS1 and NS2 proteins of human (on left) and avian (on 

There are functional motifs at the C terminus of NS1. 
They include nuclear localization signal motif containing 
amino acids K219, R220, R224, K229, R231, and R232, 
the SH3-interacting motif formed by P212, P215, and 
K217, the PDZ-binding motif at positions 227 to 230 
[46]. The highly correlated sites such as NS1_212, 
NS1_215, NS1_217, NS1_229 identified at the variable 
C terminus of NS1 (Figure 11) could be valuable when 
dealing with mutations in the region and their impact on 
other sites in NS1 and NS2. The amino acid at one site 
might compensate the loss of a particular amino acid at 
another site when mutated [46]. A deletion in residues 80 
to 84 in NS1 has been associated with increased viru-
lence, which appeared in many avian and human NS1 
proteins used in this study. 

In the overlapping region, NS2_14, NS2_36, N2S_49, 

NS2_55 were connected to their corresponding overlap-
ping sites in NS1, NS1_171, NS1_193, NS1_206, and 
NS1_212 respectively in avian H5N1. Similarly, NS2_14, 
NS2_44, NS2_52, NS2_55, and NS2_58 were connected 
to NS1_171, NS1_201, NS1_209, NS1_212, and NS1_ 
215 in human H5N1 (Figure 11). This phenomenon 
makes sense since these overlapping positions share two 
nucleotides within one codon, as a result making them easy 
to correlate. 

Compared to other proteins, it was unusual to see that 
many sites including NS2_44, NS2_58, NS1_201, 
NS1_215 and NS2_52, NS1_209, NS1_210 and NS2_14, 
NS2_55, NS1_112, NS1_127, NS1_171, NS1_212, 
NS1_217 were all well-connected in both avian and hu-
man H5N1. Therefore, proteins NS1 and NS2 of avian 
and human H5N1 shared similar correlation pattern at 

right) H5N1. 
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these top 50 sites. Sites NS1_7, NS1_205, NS1_206, 
NS1_214, NS2_7, NS2_52 were host markers and had 
high entropy in human H5N1, and NS1_171, NS2_14, 
NS2_52 in avian H5N1. 

3.5. Mutations of HA That Could Alter the Re-
ceptor Specificity of Avian H5N1 in Asia 

Occasionally, the highly pathogenic avian H5N1 virus 
can infect humans and cause severe disease. So far, there 
has been no sign of sustained presence of this virus in 
human population. The HA protein initiates influenza 
virus infection by binding to receptors on host cells. 
Typically, avian H5N1 virus binds to avian-type recep-
tors, and does not bind to human-type receptors. This 
receptor binding property of avian H5N1 is thought to be 
the main obstacle for the virus to transmit from person to 

ould be changed by only a few amino acid 

receptor binding domain can shift the binding specificity, 
but those at other sites can as well. 

The main task of this section was to verify these muta-
tions with ISM and, at the same time, to identify new 
mutations that could switch the HA receptor binding 
preference of Asian avian H5N1, in particular, those that 
could enhance the binding to human-type receptors. The 
new mutations identified in this study were all naturally 
occurred according to the amino acid changes observed 
in our dataset. Sometimes, artificially generated muta-
tions were employed in other research. 

In [20], the dual binding of HA proteins to avian- and 
human-type receptors were quantified with the primary 
and secondary IS frequencies. Here we used the same 
approach to measure the change of binding preference 
conferred by various mutations through the amp itude 

H5N1 as a baseline, and applied several mutations as 

used by various mutations are 

8, 
192, 2 ight 

n 

133

person. However, the receptor binding preference of 
vian H5N1 c

variation of IS at the primary and secondary frequencies. 
We used the consensus HA sequence of Asian avian 

a
substitutions in HA. 

The receptor binding site of HA comprises three 
structural elements, a 190-helix (residues 188 to 190), a 
130-loop (residues 134 to 138), and a 220-loop (residues 
221 to 228) (H3 numbering). The most variable part of 
these three elements is the 220 loop. Several previous 
studies have showed that mutations, such as L129V, 
A134V, N182K, Q192R, Q222L, S223N, G224S, could 
enhance the binding of avian H5N1 virus to human-type 
receptors [3,4,47-52]. Moreover, Q222L, and G224S are 
also well-known adaptive mutations for H2 and H3 [4]. 
Experimental data suggest that mutations within the  
 
Table 2. Amino acids in HA proteins of Asian avian and huma
specificity [2] (The number inside the parentheses represents the

l

seen in Table 3 to the consensus to detect the change of 
IS at these two frequencies. As observed in [17], the 
amount of IS changes ca
additive. 

Mutations at the sites 129, 133, 134, 156, 182, 18
22, 223, 224 were analyzed in [2], as they m

cause the alteration of receptor binding preference. The 
amino acid makeup at these positions in the HA se-
quences of avian and human H5N1 in Asia was listed in 
Table 2, and some mutations presented in Table 2 were 
selected for receptor binding preference test as seen in 
Table 3. 

H5N1 at 10 critical sites that might influence the HA binding 
 frequency of a particular amino acid in our dataset.). 

 134 156 182 Sites 129 

Amino acids (Avian) S(61.7) 

L(38.2) 

A(0.1) 

 

 

S(

A(

T

88.

11.

(0.1) 

 

 

A(38.4) I(0.1) 

9) 

0) 

A(99.8) 

S(0.2) 

T(58.4) N(99.8) 

 

 

 

S(2.7) 

I(0.2) 

K(0.2) 

S(0.1) 

 

 

Amino acids (Human) 
S(69.3) 

L(30.2) 

V(0.5) 

S(

A(

94.

5.

 

192

2) 

8) 

A(95.8) 

V(3.2) 

T(1.1) 

T(88.9) 

A(10.1) 

S(1.1) 

N(98.4) 

S(1.1) 

D(0.5) 

 222 223 224 Sites 188 

Amino acids (Avian) T(87.4) 

I(11.7) 

K(0.4) 

A(0.3) 

V(0.1) 

Q(99.

K(

P(0.

L(

6) 

2) 

) 

Q(99.9) 

P(0.1) 

 

S(99.0) 

R(0.7) 

N(0.1) 

G(99.9) 

E(0.1) 

 

0.

1

0.1) 

 

 

 

G(0.1) 

 

 

 

Amino acids (Human) T(92.1) 

I(5.8) 

A(1.6) 

Q(

E(0.5) 

100.0) 

 

 

 

Q(99.5) 

R(0.5) 

 

 

S(97.9) 

N(2.1) 

 

 

G(100.0) 
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Table 3. The known and new mutations in the consensus HA
HA binding specificity. 

 pro

 IS 

tein sequence of Asian avian H5N1 that could modulate the 

at F(0.076) Amplitude of IS at F(0.236) Mutation Amplitude of

Avian H5N1 (baseline) 5.5782 4.7267 

R53K 5.3485  ↓ 

I71L 5.5782 

A83I 5.4282  ↓ 

N94S 6.1028  ↑ 

N94H 

4.9230  ↑ 

D124S 5.6988  ↑ 

D124N 5.5782 

S129V 5.8651  ↑ 

S129L 5.8822  ↑ 

4.7267 

4.9070  ↑ 

5.2116  ↑ 

4.8617  ↑ 

4.5724  ↓ 

4.7267 

4.8471  ↑ 

5.7256  ↑ 

4.8526  ↑ 

A134V 5.3692  ↓ 4.9044  ↑ 

K140S 5.2612  ↓ 25  ↑ 

655  ↓ 0  ↑ 

S141P 09  ↑ 9  ↓ 

N154D 4.  ↓ 4.9507  ↑ 

N155S 5.258   ↓ 4.3027  ↓ 

415  ↓ 6  ↓ 

T156S 56  ↑ 6  ↑ 

T156A 945  ↑ 5  ↑ 

N182S 5.4152  ↓ 61  ↑ 

27  ↓ 0  ↑ 

N182D 823  ↓ 9  ↑ 

D183N  ↓ 4.0914  ↓ 

E186D  ↑ 4.7309  ↑ 

K189R  ↑ 4.3619  ↓ 

91  ↑ 0  ↓ 

Q192R ↓ 9  ↑ 

Q192H ↑ 4.5991  ↓ 

Q192L 6.0732  ↑ 4.5269  ↓ 

Q192P 5.9551  ↑  4.586   ↓ 

Q222R 5.5545  ↓ 4.6996   ↓ 

↑  ↑ 

 ↑  ↑ 

  

 

Q138L 5.8739  ↑ 5.1292  ↑ 

K140T 5.1789  ↓ 4.9653  ↑ 

4.92

K140R 5.1  4.972

5.97  4.469

8073 

N155D 5.0

5.60

 4.039

4.770

5.6 4.931

4.91

N182K 5.52  4.818

5.2 4.978

5.5495 

6.3188 

5.5983 

K189M 5.59  4.450

5.4332  4.764

5.9278  

Q192K 5.8454  ↑  4.6344  ↓ 

Q222L 5.6053  4.778   

S223N 5.3696  ↓ 5.2201   ↑ 

G224E 5.5824  4.7268  

G224S 5.9893  ↑ 4.6965   ↓

P235S 5.5332  ↓ 4.5258   ↓ 

Y252N 5.5782 4.7267 

A263T 5.5782 4.7267 

M282I 5.5782 4.7267 

R323G 6.1681  ↑ 4.3893   ↓ 
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Table 3 contained 4 n or new mutat

lyzed with ISM, which ted the amplit
at the primary and seco quencies caused
mutation. Our findings ed that several 
mutations A134V, N18 R, Q222L, an
increased avian bindin decreased human
However, we didn’t se crease of human
from mutation G224S. n was that the
tein used in [3] was fro etnam/1203/200,
strain in Asia, while we e consensus of av
protein sequences in Asia. Also we didn’t try  
L129V, since the cons mino acid of Asi
H5N1 at site 129 was S e did test mutatio
and S129V, and they ed both avian an
binding. 

Beyond the known m d by past itions, 
tations i various sites we con idered (Table 3). On
tation N154D even reverse e primary frequency  
F(0.076) to F(0.236), w emonstrated its si
power in switching the g specificity. R3
the cleavage site of HA e strains conta
mutation. It turned out  mutation increas
at F(0.076) and decrea IS at F(0.236) w
amount, implying this m  could increase t
ing to avian-type recept

Of the mutations an Table 3, there
veral host markers incl A 94, 124, 134, 
156 (Figure 5), highlig eir multiple roles
avian H5N1. They also h entropy indicating their 
propensity for mutation e 3) and were hi
related to other site in HA and NA (Figure 9), th
ther suggesting their pr ortance. 

The results in Table cated that some m
increased both avian an n binding, some d
both, and some increas  while decreased t
If a mutation changed t one frequency then it al-
ways altered the other on

4. Conclusions 

o  

proteins at level. The viral polymerase com- 
plex comp , PB1, and PB2 is involved in deter- 
mining hos plication, and pathogenicity, and the 
interactions teins plus NP were consi- 
dered in S s 3.4.2 and 3.4.3. The HA and NA 
proteins ar terminant of the host range of influ-
enza. A ba terplay between HA and NA is cru-
cial for eff l replication and transmission, which 
could be  the correlated sites in Subsection 
3.4.4. Final  and NS genes encode two proteins, 
M1 and M S1 and NS2, respectively, and their 
intrinsic in as revealed in Subsections 3.4.5 and 
3.4.6. 

In addit  study of the intra- and inter-protein 
correlation ual residue level, the interactions of 
all proteins so considered at protein level using 
entropy and mutual information. It appeared that the se-
lective pre 2 of Asian avian and human H5N1 
was strong at on M1. Furthermore, the selective 
pressure o  M2 for human is stronger than that 
for avian H , which is opposite of the other pro-
teins as seen re 2. 

Our com al approach disclosed top 50 host 
specificity between Asian avian and human 
H5N1. Am roteins, the top two contributors of 
these sites were HA and NA as expected, and PB2, PA, 
and NS1 c  the most among the internal pro-
teins. 

We also d several naturally-occurred muta-
tions in th ein that might shift the receptor 
binding pr f Asian avian H5N1, and demon-
strated that nique could be employed to detect 
such mutat ntly and identify new H5N1 strains 
with pandem tial. Early in the adaptation of avian 
virus to hu ust acquire the ability to bind hu-
man-type r  this is the predominant type in the 
human airw wever, the presence of lesser amounts 
of avian-type receptors perhaps aids the initial crossover 
from avian species [53]. The ISM technique provides a 
numerical m ent of binding affinity change for 
avian- and pe receptors conferred by different 

d substitutions, thereby ideal for monitoring the 
pr

 hosts. 

2 know ions ana-
also presen ude of IS 
ndary fre  by each 
 confirm
2K, Q192

known 
d S223N 

g and  binding. 
e the in  binding 
The reaso  HA pro-
m A/Vi  a human 
used th ian HA 

mutation
ensus a an avian 
. But w ns S129L 
enhanc d human 

 s foun new mu-
s

d th
e mu-
 from

hich d gnificant 
 bindin 23G is at 
, and som ined this 
the this ed the IS 
sed the ith large 

utation
ors. 

he bind-

alyzed in  were se- 
uding H 138, 140, 
hting th  in Asian 
 had hig
 (Figur ghly cor-

us fur-
ime imp
 3 indi utations 
d huma ecreased 
ed one he other. 
the IS a

e as well. 

S me of the H5N1 viruses isolated from humans cannot
spread efficiently among humans. Hence, amino acid 
mutations in viral proteins other than HA might be re-
quired for transmission of avian H5N1 among humans 
[31]. This study sought to employ several computational 
techniques to search the molecular characteristics in all 
viral proteins giving rise to a human-adapted avian H5N1 
virus in Asia. The high mortality for patients with H5N1 
virus infection underlines the importance of understand-
ing the biological traits of interspecies transmission of 
H5N1 from birds to humans. 

The pathogenicity of H5N1 influenza virus is poly-
genic, including at least HA, NA, PB2, PB1, PA, NP and 
NS genes. Our analysis of highly correlated sites in Sub-
section 3.4.1 detailed the interface between these various 

amino aci

 residue 
rising PA
t range, re

of these three pro
ubsection
e main de
lanced in
icient vira
seen from
ly the M
2, and N
terface w

ion to the
 at individ
 were al

ssure on M
er than th
n M1 and
5N1 [32]
 in Figu
putation

 markers 
ong all p

ontributed

 discovere
e HA prot
eference o
 ISM tech
ions efficie

ic poten
mans, it m
eceptors as
ay. Ho

easurem
 human-ty

ogressive nature of influenza evolution caused by such 
mutations. 

In summary, the goal of the present proteomic study 
was to identify the molecular elements of Asian avian 
H5N1 virus that promote its transmission and replication 
in humans. In comparison with Asian human H5N1, our 
findings revealed these features in the proteins of this 
virus at protein level as well at individual residue level, 
thus providing comprehensive molecular details about its 
gradual adaptation to human
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