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ABSTRACT 

Researchers have been searching for molecular features that could make avian H5N1 influenza transmissible among 
people since the first report of human infections with this virus in 1997. A recent study surprisingly demonstrated that 
only five mutations, fewer than previously estimated, are needed to make avian H5N1 influenza transmissible between 
ferrets through the air, raising fears that a human pandemic is possible if this virus escapes from the lab. Of the five 
mutations found, four of them are located in the HA gene that is responsible for the viral entry into the host cells. A 
crucial step for avian influenza to go across the species boundary to infect humans is the switch of its receptor binding 
specificity from avian to human types. The first task of this study was to quantify the individual as well as the collective 
effect of the known HA mutations from the previous research on receptor binding selection. Our second task was to 
identify new combinations of HA mutations that could change the receptor binding preference of H5N1 from avian to 
human types. Our findings thus deepened our understanding of the previous research and also extended its results by 
discovering new combinations of mutations that could enhance the binding of avian H5N1 to human type receptors 
while reduce that to avian types. 
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1. Introduction 

Highly pathogenic avian H5N1 virus is contagious and 
lethal, normally only infecting birds. Outbreaks of this 
virus in poultry have been reported several times. First 
discovered in Hong Kong in 1997, human infections 
caused by infected poultry could result in serious illness 
or death. Yet, there is no evidence of direct transmission 
of this virus between people [1,2]. The relatively low 
occurrences of human infections to date imply a substan- 
tial species barrier. To initiate influenza virus infection, 
its hemagglutinin (HA) protein binds to receptors on the 
surface of host cells. The HA gene is a well-known major 
determinant of host range, since avian and human virus 
HAs bind preferentially to two different receptors on host 
cells [3]. However, the continuing evolution of this virus 
makes it possible to change genetically into a strain that 
is highly infectious for humans and allows for efficient 
human-to-human transmission, which could cause an 
influenza pandemic. The increasing serious public health 
threat posed by wide spread of this virus highlights the 
urgent call for full genetic and molecular characterization 
of its viral adaptation to human hosts. 

A recent study confirmed that merely five mutations 
are required for H5N1 to become transmissible between 
ferrets via the air [4]. Herfst et al. [4] first introduced 
three known mutations: PB2-627K efficient for replica- 
tion in mammals and HA-Q222L/G224S for human type 
receptor binding. Two additional mutations HA-T156A 
and HA-H103Y emerged during viral passages in ferrets, 
which were not seen in wild H5N1 before but occurred in 
the H2 and H3 viruses. Mutation HA-T156A could lead 
to the loss of a glycosylation site on the head of the HA 
and HA-H103Y is localized to the HA trimer interface. 
Taken together, their work proved that just five muta- 
tions, PB2-627K, HA-H103Y, HA-T156A, HA-Q222L, 
and HA-G224S, are necessary to make H5N1 transmissi- 
ble among ferrets through the air [5]. 

Another study by Imai et al. [6] made use of an avian 
H5N1 HA gene and the remaining genes of pandemic 
2009 (H1N1) virus. They randomly mutated the H5 HA 
and discovered two mutations, N220K and Q222L, 
which caused the virus to shift its receptor binding selec- 
tion from avian to human types. Then this mutated HA 
gene was used to replace the original HA gene of pan- 
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demic 2009 H1N1. This re-assortment process in the lab 
produced a virus transmissible in ferrets. Furthermore, 
two additional mutations in HA, N154D and T314I, 
came out during viral passages in ferrets. It was note- 
worthy that mutation Q222L was analyzed in both stud- 
ies [4,6], and mutations T156A and N154D found from 
these two separate experiments respectively both resulted 
in the loss of the same glycosylation site and therefore 
could influence the receptor binding preference. Muta- 
tion T314I turned out to affect HA stability [5]. 

A new development in the influenza research was the 
discovery of a novel reassortant avian-origin influenza A 
(H7N9) virus from several patients, with severe pneumo- 
nia and multiorgan dysfunction, in China in March 2013 
[7]. Most likely by poultry-to-person transmission [8], 
this new virus has affected at least 108 people including 
22 deaths as indicated in a news report from news (Xin- 
huanet.com on April 23, 2013). The study in [1] sug- 
gested that this novel 2013 H7N9 virus in China was of 
avian origin. Its NA gene is similar to that of another 
H7N9 virus from Korea (A/wild bird/Korea/A14/2011), 
its HA gene is close to that of an H7N3 virus from 
Zhejiang Province in China (A/duck/Zhejiang/12/2011), 
and all its internal gene segments are very similar to 
those from avian H9N2 viruses, particularly a virus iso- 
lated from a brambling in Beijing (A/brambling/Beijing/ 
16/2012). 

A follow-up study on this new virus can be found in 
[9], which took an early investigation of this virus by 
comparing the collected viral genome sequences of 2013 
H7N9 in China against those of previous avian H7N9 
and examined the receptor binding specificity of this new 
virus. This virus was found to be very different from the 
previous avian H7N9 viruses and many of the internal 
proteins of 2013 H7N9 from the avian and human hosts 
in China were either identical or similar. Furthermore, 
the current strains of 2013 H7N9 in China exhibited 
avian type receptors as their primary binding preference 
and human type receptors as secondary. Several HA mu-
tations, including a few well known for host adaptation, 
of this virus were identified. Collectively these current 
HA mutations tended to decrease the HA binding affinity 
for avian type receptors and increase that for human type 
receptors, which could enhance the ability of this virus to 
infect humans [9]. 

In light of the emergence of this novel H7N9 virus in 
China, we were very curious to learn, employing the 
methodology developed in [10-25], the individual as well 
as the collective impact of the mutations identified in [4, 
6] on the receptor selection of H5N1. At the same time, 
beyond the groups of HA mutations examined in these 
two studies we wanted to seek other possible groups of 
mutations that could render similar effect on HA receptor 
binding preference to those found in [4,6]. 

2. Materials and Methods 

2.1. Sequence Data 

Protein sequences of influenza viruses used in this study 
were retrieved from the EpiFlu Database (http://platform. 
gisaid.org) of GISAID. All sequences were aligned with 
MAFFT [26]. 

2.2. Informational Spectrum Method 

The informational spectrum method (ISM) is a computa-
tional approach to analyzing protein sequences [27]. The 
idea is to transform the protein sequences 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 se-
quences, and the resulting DFT coefficients are used to 
produce the energy density spectrum. The Informational 
Spectrum (IS) comprises the frequencies and the ampli-
tudes of this energy density spectrum. According to the 
ISM theory, the peak frequencies of IS of a protein se-
quence encode its biological or biochemical functions. 
The ISM was successfully applied to quantify the effects 
of HA mutations on the receptor binding preference in 
[15,28,29]. The results of [29] revealed that the primary 
consensus IS (CIS) frequency is F(0.076) for avian H5N1 
and that for human seasonal H1N1 is F(0.236). 

3. Results 

We report our analysis on the individual and collective 
impact of the HA mutations found in [4,6] and new com-
binations of mutations examined in [6,30]. Two HA 
genes of H5N1 were utilized to gauge the effect of HA 
mutations: The HA gene of A/Indonesia/5/2005 (H5N1) 
used in [4] and that of A/Viet Nam/1203/2004 (H5N1) in 
[6]. Although these two strains were isolated from human 
patients, their HA retains avian type receptors as their 
primary binding preference and human types as secon-
dary (Figure 1). As observed in [19], influenza viruses 
tend to display dual binding preference, one as primary 
preference and the other as secondary. We computed the 
IS amplitude changes at the primary and secondary fre-
quencies of the two HA genes of A/Indonesia/5/2005 and 
A/Viet Nam/1203/2004 caused by mutations (Tables 1 
and 2). 

3.1. Effect of HA Mutations Found in [4,6] 

Our IS analysis showed that most groups of the muta-
tions in [4] appeared to boost the binding to avian type 
receptors and all but one increased the binding to human 
types (Table 1). In contrast, most groups of the muta-
tions in [6] seemed to reduce the binding to avian type 
receptors. It was interesting to note that both of these two 
sets of mutations from [4,6] demonstrated similar bind- 
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Figure 1. IS of two HA genes of A/Indonesia/5/2005 and 
A/Viet Nam/1203/2004, with the primary frequency being 
F(0.076) and the secondary being F(0.236). 
 
Table 1. IS amplitude changes of Indonesia/5/2005 at the 
primary and secondary frequencies caused by different 
mutations from [4], where an up arrow indicates an in-
crease and a down arrow suggests a decrease of the IS am-
plitude compared to the baseline. 

Mutations  
(H3 numbering) 

Amplitude at primary 
frequency F(0.076) 

Amplitude at secondary 
frequency F(0.236) 

 5.7112 (Base line) 4.6931 (Base line) 

H103Y 5.6425 ↓ 4.7968 ↑ 

T156A 5.8177 ↑ 4.8876 ↑ 

N182K 5.6615 ↓ 4.7891 ↑ 

Q222L 5.7235 ↑ 4.757 ↑ 

G224S 6.1346 ↑ 4.6767 ↓ 

H103Y T156A 5.7427 ↑ 4.9980 ↑ 

Q222L G224S 6.1331 ↑ 4.7627 ↑ 

Q222L G224S N182K 6.0782 ↑ 4.8771 ↑ 

H103Y T156A  
Q222L G224S 

6.1706 ↑ 5.0258 ↑ 

Table 2. IS amplitude changes of Viet Nam/1203/2004 at the 
primary and secondary frequencies caused by different mu-
tations from [6]. 

Mutations  
(H5 numbering)

Amplitude at primary  
frequency F(0.076) 

Amplitude at secondary 
frequency F(0.236) 

 7.6260 (Base line) 5.5980 (Base line) 

E119G 7.6295 ↑ 5.5986 ↑ 

V152I 7.5873 ↓ 5.5832 ↓ 

N158D 6.7276 ↓ 5.7501 ↑ 

N224K 7.4376 ↓ 5.6954 ↑ 

Q226L 7.6311 ↑ 5.7068 ↑ 

G228S 8.1158 ↑ 5.6204 ↑ 

T318I 7.2910 ↓ 5.6667 ↑ 

N224K Q226L 7.4368 ↓ 5.8139 ↑ 

Q226L G228S 8.1068 ↑ 5.7509 ↑ 

N158D N224K 
Q226L T318I

6.2309 ↓ 5.9834 ↑ 

 
ing affinity for human type receptors (Tables 1 and 2). 
The famous four mutations, H103Y, T156A, Q222L, and 
G224S, in [4] actually boosted the binding to both avian 
and human type receptors (Table 1). On the other hand, 
the four highlighted mutations, N158D, N224K, Q226L, 
and T318I, in [6] reduced the binding to avian types and 
increased that to human types (Table 2). In addition to 
these four well studied mutations, three more mutations, 
E119G, V152I, and G228S, were also included for 
analysis in [6] (Table 2). 

It was noted that each of the two well known muta-
tions, Q226L and G228S, increased the binding to both 
avian and human type receptors with the exception of 
G228S having a little amplitude reduction at F(0.236) in 
Table 1 (Tables 1 and 2). The experiment in [6] sug-
gested that three mutations, N158D, N224K and Q226L, 
contributed to human type receptor binding, while muta-
tion T318I lowered the pH at which the HA protein un-
dergoes a structural fusion process. Our calculation 
showed that T318I could also influence the HA binding 
specificity. 

3.2. Effect of Other Groups of HA Mutations  
beyond Those Found in [4,6] 

We tried to find out whether there were other combina-
tions of mutations that exhibited similar receptor binding 
shifting capability. The candidate individual mutations 
included in our analysis were: E119G, V152I, N158D, 
N224K, Q226L, and G228L from [6] and D187G, 
E190G, Q196R, E225K, and S227N from [30]. The IS 
amplitudes of the mutated HA of A/Viet Nam/1203/2004 
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at F(0.236) by these mutations were sorted in Table 3. 
The groups of mutations in Table 3 all increased the 
binding to human type receptors, and all but one reduced 
the binding to avian types, which is what is needed for a 
switch from avian to human hosts. Figure 2 shows that 
three mutations, N158D, S227N, and E255K, were se-
lected most of the time among all the 11 mutations con-
sidered for this purpose, implying their significance in 
the receptor binding preference. 

mutations, H103Y, T156A, Q222L, and G224S, from [4] 
increased the binding to both avian and human types, 
while the four mutations, N158D, N224K, Q226L, and 
T318I, from [6] reduced the binding to avian types and 
enhanced the binding to human types. Mutation N182K 
was also analyzed in [4] and was found to favor human 
type receptors. Here our analysis of N182K indicated that 
it reduced the affinity for avian type receptors and in-
creased that for human types, consistent with the experi-
mental results found in [4]. Mutations T156A and 
N154D revealed in two separate experiments [4,6] both 
resulted in the loss of the same glycosylation site. Our 
analysis demonstrated that these two mutations both in-
creased the binding to human type receptors whereas 
N154D decreased and T156A increased the binding to 
avian types. 

The mutations N154D and T156A found from the two 
separate experiments [4,6] both resulted in the loss of the 
same glycosylation site. Mutation N154D changed the 
amplitudes of the IS of A/Viet Nam/1203/2004 at the 
primary and secondary from base line 7.6260 and 5.5980 
to 6.7276 and 5.7501 respectively. Also T156A changed 
those of A/Indonesia/5/2005 from base line 5.7112 and 
4.6931 to 5.8177 and 4.8876 respectively. Thus our cal-
culation implied that N154D reduced the binding to 
avian type receptors and increased that to human types, 
and T156A increased the binding to both avian and hu-
man types. 

Furthermore, our analysis suggested that most groups 
of the mutations in [4] enhanced the binding to avian 
type receptors and all but one increased the binding to 
human types. In contrast, most groups of the mutations in 
[6] reduced the binding to avian type receptors. None-
theless both of these two sets of mutations from [4,6] 
presented increased binding selection for human type 
receptors. This subtle difference between these two sets 
of mutations, examined in two separate experiments, 
highlighted the benefits of our approach. The findings of 
this report offered new insight into the functions of the  

4. Conclusions 

The genomic signature of the H5N1 virus to switch from 
avian to human hosts can be used as a potentially predic-
tive of an influenza pandemic. To this end, computa-
tional methods such as the one employed in this report 
could greatly increase the efficiency and effectiveness of 
this discovery process by calculating the potential indi-
cators first and then verify them experimentally. In the 
present study, we examined the individual and collective 
impact of the mutations found in [4,6] on the H5N1 re-
ceptor binding preference. Our findings implied the four  

 

 

Figure 2. Counts of individual mutation selection in Table 3. 
 
Table 3. IS amplitude changes of Viet Nam/1203/2004 at the primary and secondary frequencies caused by different muta-
tions from [6,30]. 

Mutations (H5 numbering) Amplitude at primary frequency F(0.076) Amplitude at secondary frequency F(0.236)

 7.6260 (Base line) 5.5980 (Base line) 

N224K E119G V152I N158D D187G E190G Q196R S227N 6.0427 ↓ 5.6903 ↑ 

E119G V152I N158D E190G Q226L N224K E255K 6.7311 ↓ 6.0592 ↑ 

V152I E190G S227N G228S E255K 8.0359 ↑ 6.2810 ↑ 

E119G V152I N158D E190G S227N E255K 6.6550 ↓ 6.4433 ↑ 

E119G V152I N158D E190G Q196R N224K Q226L S227N 
G228S E255K 

6.7573 ↓ 6.6419 ↑ 

N158D Q196R N224K Q226L S227N E255K 6.3615 ↓ 6.6555 ↑ 

N158D E190G Q196R N224K Q226L S227N G228S E255K 6.7905 ↓ 6.6581 ↑ 

E119G N158D E190G Q196R N224K Q226L S227N G228S 
E255K 

6.7938 ↓ 6.6587 ↑ 

E119G N158D Q196R N224K Q226L S227N G228S E255K 6.8002 ↓ 6.6604 ↑ 
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HA mutations inspected in [4,6], and also identified new 
groups of HA mutations that displayed similar switch of 
receptor binding preference to those found in [4,6]. 
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