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Abstract

Eleven influenza A H5N1 hemagglutinin N-terminal cleavable signal sequences, coded by single nucleotide substitutions relative
to reference A/Viet Nam/1203/2004, were identified by BLASTN search of GenBank and were characterized by molecular mod-
eling. The signal sequences statistically segregated into two classes of states. Members of one class were uncharged and conform-
ationally compact while members of the second class each carried a 2+ electric charge and were conformationally extended. Virtual
signal sequences, not found on GenBank and based upon hypothetical transversions in the third codon, had molecular character-
istics intermediate to those of the two classes of actual signal sequences. The high incidence of non-synonymous substitutions
(63.6%), the high transition/transversion ratio (10/1) and the results of molecular modeling all suggest that the N-terminal cleav-
able signal sequence is mutationally evolving more rapidly than proteins which must assume specific conformational states in the
mature influenza virion.
� 2006 Elsevier Inc. All rights reserved.
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An analysis of single nucleotide substitutions in the
influenza H5N1 hemagglutinin signal sequence based upon
bioinformatics of the viral nucleic acid gene and molecular
mechanics of the translated viral gene products is presented
here. The cleavable, N-terminal 16-mer signal sequence of
the hemagglutinin is essential for productive infection by
the influenza A virus [1] and therefore, it is important to
understand the fundamental principles that govern the
structure, function, and evolution of the influenza hemag-
glutinin signal sequence.

Materials and methods

The signal sequence of the lethal, human isolate H5N1 influenza
viral strain A/Viet Nam/1203/2004, was used as the reference for a

BLASTN [2] search of the GenBank non-redundant database for
influenza H5N1 strains with a hemagglutinin cleavable signal differing
from that of the reference strain by a single nucleotide substitution.
Signal sequences reported up to and including 2004, the year of iso-
lation of the reference strain, were included in this study. The DNA
sense representation of the antisense single stranded RNA signal
sequence coding for the reference A/Viet Nam/1203/2004 viral signal
sequence is: atggagaaaatagtgcttctttttgcaatagtcagtcttgttaaaagt. The amino
acid sequence of the reference hemagglutinin signal sequence is:
MEKIVLLFAIVSLVKS.

Molecular models of each of the hemagglutinin signal sequences
were constructed with TINKER [3] using the amoebapro force field [4].
The hemagglutinin signal sequences were modeled with the carboxy
termini N-methyl capped so as to mimic the covalent structure of the
hemagglutinin precursor. The geometry of each 16-mer signal sequence
peptide was optimized using TINKER MINIMIZE.EXE. Each geom-
etry optimized signal sequence peptide was characterized with TINKER
ANALYZE.EXE to obtain the total potential energy, the electric
charge, the dipole moment and the radius of gyration. Non-parametric
Mann–Whitney U statistical tests of significance [5] of the data were
performed with MATLAB (Version 7.0.1.24704). Descriptive statistics,
i.e., median, mode, range, mean, and skewness, were obtained with MS-
Excel.
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Results and discussion

Identification of influenza A H5N1 hemagglutinin signal

sequences

Eleven influenza A H5N1 hemagglutinin signal
sequences with single nucleotide substitutions relative to
the reference sequence were identified by the BLASTN
search and are listed in Table 1 along with their nucleotide
substitution and amino acid designation. Four synony-
mous substitutions (36.4%) and seven non-synonymous
substitutions (63.6%) were reported by the BLASTN
search. Ten single nucleotide substitutions in the signal
sequence are transitions relative to the reference signal
sequence. The six transitions in signal sequences K3E,
K3R, K3K, A9A, K15E, and S16G involve purine bases
while the four transitions in signal sequences F8L, F8F,
V11A, and V14V involve pyrimidines. The purine transi-
tion that occurred at the third position of codon 3 was
synonymous for LYS. The pyrimidine transition at the
third position of codon 8 was synonymous for PHE. Syn-
onymous transitions also occurred at the third positions
of codons 9 and 14. One of the 11 nucleotide substitutions
shown in Table 1, at the first nucleotide of the sixth
codon, is a cytosine) adenine transversion that causes
a conservative, non-synonymous LEU) ILE substitu-
tion at the sixth amino acid position of the signal sequence
(designated L6I).

Characterization of influenza A H5N1 hemagglutinin signal

sequences

Molecular characterizations of the influenza A H5N1
hemagglutinin signal sequences that were identified by
BLASTN search are given in Table 1. The median poten-
tial energy, electric charge, dipole moment, and radius of
gyration of the hemagglutinin signal sequences shown in
Table 1 were �269.1877 kcal/mol, +2 electron units,
41.249 D, and 14.951 Å, respectively. In all cases, the
mode equaled the median. The mean potential energy,
electric charge, dipole moment, and radius of gyration
of the hemagglutinin signal sequences shown in Table 1
were �296.6158917 kcal/mol, +1.666666667 electron
units, 36.52133 D, and 14.01383333 Å, respectively. In
all cases, the parameter mean was less than the median,
indicating non-normal distributions of molecular parame-
ters. Accordingly, the hemagglutinin signal sequences
were divided into two classes. Class 1 was defined as signal
sequences K3E and K15E. Class 2 was defined as all of
the other 10 signal sequences. The null hypothesis for
the statistical identity of signal sequence classes 1 and 2
was rejected by the Mann–Whitney U test for all four
molecular parameters with p = 0.0303 for each of the
four. The probability that classes 1 and 2 do not represent
statistically distinguishable molecular states is equal to
0.03034, or 8.4 · 10�7. No other distribution of the signal
sequences permitted such a definitive identification of two T
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