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Abstract

In this study, we calculate the unpredictable portion of amino-acid pairs, which has been developed by us over the last several
years, of 1201 hemagglutinins from influenza A viruses dated from 1918 to 2004 in order to compare them with respect to subtypes,
species, and years. After noticing the fluctuations of unpredictable portion along the time course, we use the fast Fourier transform
to find the mutation periodicity of hemagglutinins. Then we estimate our position at the current cycle of hemagglutinin evolutionary
process to determine how many years remain before the next outbreak of influenza and bird flu. Finally, we use the trend line and
channel to outlook the hemagglutinins for the next half a century. As our study covers almost all the full-length amino-acid
sequences of hemagglutinins from various influenza A viruses, the conclusion will be valid for years until the number of hemagglu-
tinins in protein databank will be significantly increased.
� 2005 Elsevier Inc. All rights reserved.
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Due to the unpredictable mutation in influenza A
viruses, time and again we are warned of the possible
occurrence of pandemics of influenza and the possible
outbreak of bird flu. Although the future occurrence of
a pandemic, against which the humans have little or no
immunity, is unpredictable as to timing or identity of
the prospective agent, we know that the influenza A sub-
types are frequently different in pandemics and epidem-
ics, for example, the pandemics of 1918, 1957, and 1968
are attributed to H1N1, H2N2, and H3 subtypes [1–3].
This at least suggests that the mutations in influenza A
viruses might not occur continually, or the mutations
with devastating effects to humans might not occur con-
tinually, although we would expect to see the outbreak
of influenza or bird flu every year with different intensity.
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If, for example, we can arrange the hemagglutinins
from influenza A viruses along the time course as each
hemagglutinin presents a sample during its evolutionary
process, we may find some patterns which help us pre-
dict the possible occurrence of mutation in future. How-
ever, such an analysis requires us to use a single value to
represent a hemagglutinin. Over the last several years,
we have developed two computational mutation meth-
ods to analyze the protein primary structure [4], of
which our first method classifies a protein as randomly
predictable and unpredictable portions of amino-acid
pairs. We can therefore use either predictable portion
or unpredictable one to quantitatively present a protein,
then we can use it as a measure to compare different pro-
teins among a protein family [5–7], compare the muta-
tion effect on proteins, for instance, the effect of
mutations is generally to reduce the unpredictable
portion of amino-acid pairs [8–15], and compare the
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mutation trend in proteins, for example, the larger is the
unpredictable portion, the more sensitive to mutations is
a protein [8–15]. Since this measure is sensitive to muta-
tion, we can also use it as a measure to present the muta-
tion process along the time course.

Currently, more than 1000 hemagglutinins of influ-
enza A viruses dated from 1918 to 2004 are available
in the protein databank, which offers the possibility of
using our computational method to observe the evolu-
tionary process of hemagglutinins and study the pattern
of hemagglutinin along the time course.
Materials and methods

The amino-acid sequences of 1201 hemagglutinins from influenza
A viruses dated from 1918 to 2004 are obtained from the Medline
Protein databank and analyzed according to their subtypes, species,
and years (Table 1). The detailed calculations and its rationales have
Table 1
Hemagglutinins of influenza A viruses analyzed in this study

Subtypes Species Number Years

H0 Human 2 1933–1934
H1 Avian 14 1976–1999

Human 58 1918–2001
Swine 64 1930–2002

H2 Avian 19 1961–1998
Human 21 1957–1968

H3 Avian 43 1974–2003
Human 85 1968–2002
Equine 47 1963–1994
Seal 2 1992
Swine 48 1977–2002

H4 Avian 33 1956–2000
Seal 3 1982
Swine 2 1999

H5 Avian 244 1959–2004
Human 24 1997–2004
Others 8 2001–2004

H6 Avian 75 1972–2004
H7 Avian 145 1934–2004

Human 9 1934–2003
Equine 22 1956–1977
Seal 1 1980

H8 Avian 6 1968–1994
H9 Avian 143 1966–2003

Human 7 1998–1999
Swine 23 1998–2003

H10 Avian 3 1949
Minks 3 1984

H11 Avian 3 1956
H12 Avian 2 1976
H13 Avian 8 1977–1984

Whale 3 1984
H14 Avian 3 1982
H15 Avian 2 1979, 1983
Unidentified Avian 5 1963–2000

Equine 2 1971, 1976
Human 14 1994–1998
Swine 5 1986–1998

Total 1201 1918–2004
already been published in a number of our previous studies [4], which
are based upon the simple permutation principle [16]. As we know that
an amino-acid pair in a protein is composed of any 20 kinds of amino
acids, so theoretically there are 400 possible types of amino-acid pairs.
In terms of amino-acid pairs, distinguishing protein is different either
in the numbers of possible types of amino-acid pairs or in the fre-
quency of each type, or both.

An example for calculations is as follow: a hemagglutinin from
chicken H5N1 virus in 2004 (Accession No. AAS87580) is composed
of 448 amino acids, thus there are 447 amino-acid pairs. Of 400 pos-
sible types, 152 are absent and 248 are present: 115 types appear once,
88 twice, 25 three, 19 four, and 1 five times, respectively.

Randomly predictable present type of amino-acid pair with predict-

able frequency. There are 41 asparagines (N) and 18 phenylalanines (F)
in AAS87580 hemagglutinin, and the frequency of amino-acid pair
‘‘NF’’ is 2 (41/448 · 18/447 · 447 = 1.647), that is, the ‘‘NF’’ would
appear twice in AAS87580 hemagglutinin. Actually we find 2 ‘‘NF’’s,
so the actual frequency of ‘‘NF’’ is 2. In this case, both the presence of
the type ‘‘NF’’ and its frequency are predictable, and the difference
between its actual and predicted values is 0.

Randomly predictable present type of amino-acid pair with unpre-

dictable frequency. There are 31 glutamic acids (E) in AAS87580 hem-
agglutinin and the frequency of random presence of amino-acid pair
‘‘FE’’ is 1 (18/448 · 31/447 · 447 = 1.246), i.e., therewouldbe one ‘‘FE’’
in AAS87580 hemagglutinin. But actually the ‘‘FE’’ appears four times,
so the presence of ‘‘FE’’ is predictable, but its frequency is unpredictable,
and the difference between its actual andpredicted values is 3. This is also
the case that the actual frequencyof ‘‘FE’’ is larger than its predictedone.
Another case is that the actual frequency is smaller than the predicted
frequency, for example, the predicted frequency of ‘‘NN’’ is 4 (41/448 ·
40/447 · 447 = 3.661), while its actual frequency is two.

Randomly predictable absent amino-acid pairs. There are 10
methionines (M) in AAS87580 hemagglutinin and the frequency of
random presence of ‘‘MM’’ is 0 (10/448 · 9/447 · 447 = 0.201), i.e.,
‘‘MM’’ would not appear in AAS87580 hemagglutinin, which is true in
real situation. Thus, the absence of ‘‘MM’’ is predictable.

Randomly unpredictable absent amino-acid pairs. There are 27 iso-
leucines (I) in AAS87580 hemagglutinin and the frequency of random
presence of ‘‘EI’’ is 2 (31/448 · 27/447 · 447 = 1.868), i.e., there would
be two ‘‘EI’’ in AAS87580 hemagglutinin. However, there is no ‘‘EI’’
in AAS87580 hemagglutinin, therefore the absence of ‘‘EI’’ is
unpredictable.

Predictable and unpredictable portions of amino-acid pairs. After the
above calculations, the amino-acid pairs in a protein can be classified
into predictable and unpredictable portions with respect to types and
frequencies, and the sum of both predictable and unpredictable por-
tions is 100%. Of the amino-acid pairs in AAS87580 hemagglutinin,
the unpredictable portion is 60% and 68% regarding types and fre-
quencies, respectively.

Type mutation and frequency mutation. As there are 400 types of
theoretically possible amino-acid pairs and we use the 100% to classify
them as predicable and unpredictable types, 0.25% thus represents one
of the 400 types, so 0.25% change indicates that one of the 400 types
mutates to an unpredictable type from a predictable one or vice versa.
This is the type mutation. However, the situation related to the fre-
quency is more complicated because the length of an amino-acid se-
quence differs in different hemagglutinins. Based on the data studied
herein, about 0.18% change can be regarded as a modification in an
amino-acid pair, since the average number of amino-acid pairs of 1201
hemagglutinins is 552. This is the frequency mutation.

Determination of periodicity with the fast Fourier transform. At the
beginning of this study, we had no intention to use the fast Fourier
transform (FFT) to determine the periodicity in hemagglutinins along
the time course. After noticing the fluctuations of unpredictable por-
tion of amino-acid pairs along the time course, we used the fast Fourier
transform to analyze the evolutionary process of hemagglutinins along
the time course because one of the important applications of Fourier
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analysis is to determine the periodicities in a chaotic fluctuating
dataset. The MatLab (MathWorks, 1984–2001) is used to perform the
fast Fourier transform.

Statistics. With respect to the actual and predicted values in a
single protein, the statistical inference is carried out as follows.
Generally, each of 20 kinds of amino acids has the chance of 1/20
(p = 0.05) to repeat once, and a type of amino-acid pair has the
chance of 1/400 (p = 0.0025) to repeat once. In case of AAS87580
hemagglutinin, there are 41 ‘‘N’’s, the most abundant amino acid,
Fig. 1. Unpredictable portion of amino-acid pairs in different subtype
hemagglutinins from influenza A viruses. The data are presented as
means ± SD.

Fig. 2. Time trend of unpredictable portion of amino-acid pairs in
and 9 ‘‘W’’s, the least amino acid. If the first amino acid is ‘‘N,’’
then the chance of the second amino acid being ‘‘N’’ is 40/447
(p = 0.089 > 0.05). If the first amino acid is ‘‘W,’’ then the chance of
the second amino acid being ‘‘W’’ is 8/447 (p = 0.018 < 0.05).
Accordingly, the chance of the first amino-acid pair being ‘‘NN’’ is
41/448 · 40/447 (p = 0.008 < 0.01), and the chance of the second
amino-acid pair being ‘‘NN’’ is 39/446 · 38/445 (p = 0.007 < 0.01).
1201 influenza A virus hemagglutinins along the time course.

Fig. 3. Periodicity of fluctuated unpredictable portion in influenza A
virus hemagglutinins over the last 35 years.



G. Wu, S. Yan / Biochemical and Biophysical Research Communications 333 (2005) 70–78 73
For the least amino acids ‘‘W,’’ the chance of the first amino-acid
pair being ‘‘WW’’ is 9/448 · 8/447 (p = 0.0004 < 0.001), and the
chance of the second amino-acid pair being ‘‘WW’’ is 7/446 · 6/445
(p = 0.0002 < 0.001). For that reason, the probability is less than
0.05 if the difference between the actual and predicted values is
greater than or equal to one.

With respect to the comparisons among proteins, the statistical
inference is conducted as follows. All the data are examined by the
Kolmogorov–Smirnov test to determine their distribution property.
For the normal distribution, the data are presented as means ± SD.
For the non-normal distribution, the data are presented as median
with interquartile range. The outlier is detected according to Healy�s
method [17]. The one-way ANOVA and the Friedman ANOVA rank
tests are used for parametric and non-parametric tests, respectively,
followed by comparison tests. The SigmaStat for Windows (SPSS,
1992–2003) is used to operate all the statistical tests, and the p < 0.05 is
considered statistically significant.
Fig. 5. Time trend of unpredictable portion of amino-acid pairs in avia

Fig. 4. Unpredictable portion of amino-acid pairs in hemagglutinins
of influenza A viruses from different species. The data are presented as
means ± SD. Statistically significant difference can be found between
any two groups at p < 0.001 level, except for the data between avian
and swine.
Results and discussion

After the calculations, the amino-acid pairs in a hem-
agglutinin are classified into randomly predictable and
unpredictable portions, of which the sum is 100%, so
we only use the unpredictable portion as the measure
in this study. Since the calculations are based on almost
all the full-length amino-acid sequences of hemaggluti-
nins from various influenza A viruses, the conclusion
obtained from these calculations will be valid for years
until the number of hemagglutinins in the protein data-
bank will be significantly increased.

Subtype difference

Fig. 1 shows the unpredictable portions of amino-acid
pairs in different subtype hemagglutinins from influenza
A viruses. Our previous studies show that the larger the
unpredictable portion is, the more sensitive to mutation
the protein is [8–15]. Although each hemagglutinin sub-
type has different sensitivity to mutation, a slight trend
can be seen in Fig. 1, for example, the unpredictable type
decreases from H0 to H4, from H5 to H7, and increases
from H11 to H14. Actually we are particularly interested
in H0, H1, H2, H3, H5, H7, and H9 because they are
linked to previous human infection. An intriguing fea-
ture is that the unpredictable types in H5 hemagglutinins
are statistically larger than others, except for H0 and
H14. Suggestive is that the H5 hemagglutinins are more
sensitive to mutation [8–15].

Time trend of all 1201 hemagglutinins

Fig. 2 displays the unpredictable type and frequency of
amino-acid pairs of 1201 hemagglutinins from various
n hemagglutinins from influenza A viruses along the time course.
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influenza A viruses over almost a century. Each symbol
presents the mean value of unpredictable portion of all
hemagglutinins in the given year. In these hemaggluti-
nins, the average values for unpredictable frequency
and type are 70.64% ± 2.82% (mean ± SD) and
63.28% ± 3.31%. Naturally we know that the number of
mutations changes from time to time as indicated by dot-
Fig. 6. Periodicity of fluctuated unpredictable portion in avian
hemagglutinins over the last 35 years.

Fig. 7. Time trend of unpredictable portion of amino-acid pairs in hum
ted lines in Fig. 2 although the efficiency of dotted lines is
from 1971 as no data are available in missing years.

In Fig. 2, two regressed lines indicate the time trend,
that is, the unpredictable portion of hemagglutinins is
decreasing, and the structure of hemagglutinin is becom-
ing more stable and less sensitive to mutation along the
an hemagglutinins from influenza A viruses along the time course.

Fig. 8. Periodicity of fluctuated unpredictable portion in human
hemagglutinins over the last 35 years.
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time. However, any spike in fluctuated unpredictable
portion suggests that the hemagglutinin may become
more sensitive to mutation at some time point leading
to the outbreak of influenza and bird flu. To time the
point at which the hemagglutinin becomes more sensi-
tive to mutation, we need at first to find the possible
periodicity in this fluctuated unpredictable portion from
fluctuating dotted lines in Fig. 2.

Periodicity over the last 35 years

Due to data limitation, the unpredictable portions
over the last 35 years have been analyzed using the fast
Fourier transform because the data have been obtained
without any missing year. As can be seen in Fig. 3, the
fluctuating dotted lines over the last 35 years in Fig. 2
Fig. 9. Unpredictable portion of amino-acid pairs in influenza A virus
hemagglutinins of terraneous (T) and aquatic (A) avian isolated from
1934 to 2004. The data are presented as means ± SD.

Fig. 10. Time trend of unpredictable portion of amino-acid pairs in hemagglu
have many periodicities. For instance, the first promi-
nent peak at both type and frequency is a cycle of about
2.5 years with heights of 1.21% and 1.22%, respectively.
Under Materials and methods, we define the type and
frequency mutation, in this case the type mutation is 5
(1.21%/0.25% = 4.84) and the frequency mutation 7
(1.22%/0.18% = 6.78). The interpretation of this cycle
is that the fluctuation in the unpredictable portion has
a periodicity of 2.5 years, which may lead to 5 type
mutations and 7 frequency mutations.

Species difference

Fig. 4 illustrates the species difference in the unpre-
dictable portion of amino-acid pairs. It can be seen that
the unpredictable portions are larger in human, smaller
in equine, while intermediate in avian and swine. These
large-scale calculations suggest that human hemaggluti-
nins are more sensitive to mutations among these four
species.

Time trend and periodicity of avian hemagglutinins

Fig. 5 demonstrates the time trend of unpredictable
portion of amino-acid pairs in avian hemagglutinins
from influenza A viruses along the time course. Avian
have a large reservoir for influenza A viruses, from
which new strains mutate frequently [18]. Although the
data in avian cover a shorter range than the data in
Fig. 3, a slight time trend can still be found in the unpre-
dictable frequency, which is becoming less sensitive to
mutations along the time course.

Fig. 6 exhibits the periodicity of mutation in avian
hemagglutinins from influenza A viruses. The major
peak occurs at 6.8 years at both type and frequency,
tinins from terraneous avian influenza A viruses along the time course.
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but the fluctuation is higher in type than in frequency.
Therefore, there would be more type mutations than fre-
quency mutations regarding this periodicity.

Time trend and periodicity of human hemagglutinins

The time trend in human hemagglutinins is more
clear from 1918 to 2004 as indicated by two regressed
lines (Fig. 7), therefore the human hemagglutinins are
less and less sensitive to mutations. This could be a piece
Fig. 11. Periodicity of fluctuated unpredictable portion in terraneous
avian hemagglutinins over the last 35 years.

Fig. 12. Time trend of unpredictable portion of amino-acid pairs in hemagg
of reasoning why the pandemics are less frequent nowa-
days. Still we notice that the spike in type is narrowing,
which means that we have been living in a period of rel-
atively stable human hemagglutinin since 1997 (the last
spike), which marked the H5N1 influenza virus spread
directly from poultry to humans in Hong Kong and
caused the deaths of 6 of 18 persons [19,20]. Four major
periodicities can be found in human hemagglutinins
after fast Fourier transform (Fig. 8).

Difference between terraneous and aquatic avian

Furthermore, we estimate the difference in hemagglu-
tinins between terraneous and aquatic avian (Fig. 9). In
general, there are more unpredictable types in aquatic
avian than in terraneous avian (p < 0.001). Fig. 10 dem-
onstrates that the time trend in terraneous avian is sim-
ilar to what we observe in Figs. 2, 5, and 7. The
periodicity in terraneous avian hemagglutinins can be
found in Fig. 11.

By clear contrast, the time trend in aquatic avian
hemagglutinins is completely different from others (the
regressed lines in Fig. 12). Their main periods are 2.0
and 4.3 in frequencies, 4.3 and 5.2 years in types (Fig.
13). In comparison, the terraneous avian has more type
mutations with a shorter period whereas the aquatic
avian shows more frequency mutations with a shorter
period. These results suggest that the terraneous avian
hemagglutinins mutate more frequently than the aquatic
avian hemagglutinins.

Where are we at the current cycle of hemagglutinin

evolutionary process

The unpredictable portion along the time course and
its Fourier analysis clearly demonstrate that mutations
lutinins from aquatic avian influenza A viruses along the time course.



Fig. 15. Our position at the current cycle of human hemagglutinin
evolutionary process.

Fig. 13. Periodicity of fluctuated unpredictable portion in aquatic
avian hemagglutinins over the last 35 years.
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in hemagglutinins have periodicities. Based on these
analyses, we can estimate our position at the current cy-
cle of hemagglutinin evolutionary process to determine
how many years remain before the next outbreak of
influenza and bird flu.

Fig. 14 indicates that the unpredictable portion from
1999 has finished 6/7 of its cycle (pink dashed-dotted
Fig. 14. Our position at the current cycle of hemagglutinin evolutionary pro
the reader is referred to the web version of this paper.)
line). Compared with five historical lines, our current
path is more likely to go downside for the last year of
this cycle, then we still have another year of going down-
side in the next cycle before a spike. Fig. 15 shows the
same situation using the data only from human hemag-
glutinins. As our previous studies clearly demonstrate
that the smaller the unpredictable portion is, the less
sensitive to mutation the protein is [5–15], therefore we
would not expect to see the severe mutations in the next
two years.

Outlook of hemagglutinin for the next half a century

In the figures of time trend, we notice that the
unpredictable portion and fluctuation are becoming
smaller along the time course. The trend line and chan-
nel suggest the future of hemagglutinins (Fig. 16). In
cess. (For interpretation of the references to color in this figure legend,



Fig. 16. Outlook of hemagglutinins for the next half a century.

78 G. Wu, S. Yan / Biochemical and Biophysical Research Communications 333 (2005) 70–78
general, we would expect that the unpredictable por-
tion and fluctuation are continuing smaller along trend
line and channel although some fluctuations may go
out of the band. This outlook can be explained by
our method. An unpredictable amino-acid pair should
be deliberately constructed for a certain purpose be-
cause it requires more time and energy for construc-
tion, and a protein needs only absolutely necessary
unpredictable amino-acid pairs. During the evolution-
ary process, nature is trying to minimize the unpredict-
able portion through mutations which may lead to new
unpredictable amino-acid pairs, and the new mutations
introduced result in the fluctuations as shown in this
study.
Note added in proof

With the time going on, the sentence ‘‘We are here.’’
in Figs. 14 and 15 and related text in Results and discus-
sion are referenced to 2004.
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