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a b s t r a c t

In the evolutionary studies of proteins, the average effect of natural selection operating on amino acid
mutations may be examined by comparing the numbers of synonymous (dS) and nonsynonymous (dN)
substitutions that have accumulated during the same time period. In this method, destabilizing muta-
tions occurring across protein molecules may interfere with detection of natural selection, particularly
positive selection, operating on other mutations. Here an attempt to detect positive selection eliminating
effects of structural constraints is demonstrated using hemagglutinin (HA) of H3N2 human influenza A
virus as an example. Compatible and incompatible amino acids were inferred at each site from the com-
putational analysis of three-dimensional structure using the thermodynamic stability as an indicator, and
natural selection was examined by comparing dS and dN among compatible amino acids. In the analysis of
2701 nucleotide sequences for the entire coding region of HA, the new method identified twice as many
positively selected amino acid sites as the ordinary method (16 and 4 sites in the former method without
and with correction for multiple testing, respectively, and 8 and 2 sites in the latter method). Positively
selected sites were involved in epitopes, receptor-binding pocket, epistasis, and stabilization, which
appeared to be biologically reasonable. Nevertheless, there still appeared to be several problems, which
may largely render this method conservative. It may be effective to analyze many densely sampled
sequences in this method.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

In the evolutionary studies of proteins, the average effect of nat-
ural selection operating on amino acid mutations may be exam-
ined by comparing the numbers of synonymous (dS) and
nonsynonymous (dN) substitutions that have accumulated during
the same time period under the assumption that synonymous
mutations are selectively neutral or nearly neutral; positive, nega-
tive, and no selection are inferred when dS < dN, dS > dN, and dS = dN,
respectively (Kimura, 1977; Hughes and Nei, 1988; Suzuki and
Gojobori, 1999). However, it has been reported in cellular organ-
isms that on average �36% of amino acid mutations are deleterious
and >80% of deleterious mutations affect the thermodynamic sta-
bility of proteins (Tokuriki and Tawfik, 2009), which may lead to
unfolding or misfolding and aggregation or degradation of proteins
(Bloom et al., 2005; DePristo et al., 2005). The stability effect of
mutations may be measured with the difference (DDG) in the free
energy (DG) between native and mutant proteins. Since the rate of
destabilizing mutations is >20 times greater than that of stabilizing
mutations, proteins are only marginally stable; DG ranging from

�3 to �15 kcal/mol and stability margin from 1 to 3 kcal/mol
(DePristo et al., 2005; Tokuriki et al., 2007). It should be noted that
a single amino acid mutation may alter DG by 0.5–5 kcal/mol
(DePristo et al., 2005). Mutations affecting the stability occur
across a protein molecule and stability effects of multiple muta-
tions are largely additive (Wells, 1990; DePristo et al., 2005). It
has been reported that viral proteins tend to be loosely packed
and partially disordered, where the stability as well as the destabi-
lizing effect of mutations may be relatively small compared with
cellular organisms (Tokuriki et al., 2009). However, �50% of muta-
tions were shown to be deleterious in the experimental studies of
hemagglutinin (HA) in influenza A virus (Nakajima et al., 2003,
2005).

Amino acid mutations destabilizing proteins are likely to be del-
eterious, such that they are immediately eliminated from the pop-
ulation and do not contribute to the evolution of proteins (Woo
et al., 2010; Williams et al., 2011). In the study of natural selection
by comparing dS and dN, these mutations may reduce dN. Since
destabilizing mutations are ubiquitous, it is possible that they
may interfere with detection of natural selection, particularly posi-
tive selection, operating on other mutations. The purpose of the
present study was to demonstrate an attempt to detect positive
selection eliminating effects of structural constraints using HA of
H3N2 human influenza A virus as an example.
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2. Materials and methods

2.1. Methodology

Natural selection operating at single amino acid sites of proteins
may be detected by comparing dS and dN at single codon sites of
corresponding protein-coding nucleotide sequences. Parsimony
(Fitch et al., 1997; Suzuki and Gojobori, 1999), likelihood (Suzuki,
2004a; Kosakovsky Pond and Frost, 2005; Massingham and Gold-
man, 2005), and Bayesian (Nielsen and Yang, 1998; Yang et al.,
2000) methods have been developed for this purpose. In the pres-
ent study, the parsimony method was modified to detect positive
selection eliminating effects of structural constraints. However,
the same approach can be incorporated into the likelihood and
Bayesian methods as well.

In the ordinary methods for detecting natural selection (Hughes
and Nei, 1988; Fitch et al., 1997; Suzuki and Gojobori, 1999), dS and
dN were computed through dividing the numbers of synonymous
(cS) and nonsynonymous (cN) differences by those of synonymous
(sS) and nonsynonymous (sN) sites, respectively. Although cS and
cN were obtained by simply counting synonymous and nonsynony-
mous differences, sS and sN were computed from the relative rates
of synonymous and nonsynonymous mutations, which were de-
fined as the probabilities of occurrence of synonymous and
nonsynonymous mutations when 1 nucleotide site in the relevant
codon sites was assumed to mutate, regardless of the type of amino
acid mutation it may cause. However, if the amino acid mutation
destabilizes proteins, it may not contribute to increasing cN but
only to increasing sN, which may lead to a reduction in dN and an
interference with detection of natural selection, particularly posi-
tive selection, operating on other mutations. Therefore, the fraction
of sN corresponding to destabilizing mutations may be discarded
from the comparison of dS and dN for detecting natural selection
other than negative selection operating on structural constraints.

Destabilizing mutations may be inferred from the computa-
tional analysis of three-dimensional structure for proteins using
the thermodynamic stability as an indicator (Tokuriki and Tawfik,
2009; Williams et al., 2011). In the structure of proteins, each site
may be mutated to 20 amino acids and the thermodynamic stabil-
ity of mutant proteins may be evaluated in silico. At each site, the
amino acid that provides the least stability required for proper
functions of proteins may be determined as the marginal amino
acid. Amino acids providing the stability equal to or greater than
the marginal amino acid may be considered as compatible to the
site, whereas those providing smaller stability incompatible. Muta-
tions from compatible to incompatible amino acids may be consid-
ered as destabilizing. It may not be easy to determine the marginal
amino acid theoretically (Williams et al., 2011). However, since the
rate of destabilizing mutations is much higher than that of stabiliz-
ing mutations and proteins are only marginally stable (DePristo
et al., 2005; Tokuriki et al., 2007), the marginal amino acid may
be inferred empirically as the amino acid that provides the least
stability among those observed in samples of sequences and pre-
dicted to have existed during evolution.

This strategy is similar to that adopted in examination of natu-
ral selection operating on the amino acid mutations that maintain
physicochemical properties of amino acids such as charge, polarity,
and volume (conservative mutations). In this method, 20 amino
acids were classified into several categories according to the phys-
icochemical properties and sN corresponding to mutations chang-
ing the physicochemical properties was discarded from the
comparison of dS and dN (Hughes et al., 1990; Suzuki, 2007). The
new method is equivalent to this method by regarding compatible
amino acids as belonging to a single category and each of incom-
patible amino acids to a separate category. The performance of

the latter method has been examined extensively with computer
simulation and real data analysis, and it has been concluded that
the method was generally conservative and reliable (Suzuki,
2007), which should also apply to the former method.

2.2. Sequence data

Influenza A virus is an etiological agent of influenza (Shope,
1931). HA, together with neuraminidase (NA), constitute envelope
glycoproteins of virions, where HA exists �10 times more abun-
dantly than NA. According to the antigenicity of HA and NA, influ-
enza A virus is classified into subtypes H1-H17 and N1–N10,
respectively (World Health Organization, 1980). In the present
study, HA of human H3N2 virus was analyzed because of the clin-
ical importance of this virus causing annual epidemics and the
availability of sequence data containing a large amount of genetic
variation as well as structural data. HA is a homotrimeric type I
transmembrane glycoprotein consisting of 566 amino acid sites,
and is the sialic acid receptor-binding protein and the major target
of humoral immunity (Skehel and Wiley, 2000). The antigenic sites
constitute 5 epitopes (A–E) in H3N2 virus (Wilson et al., 1981; Su-
zuki, 2004b). HA is a good example for evaluating the performance
of the method for detecting positive selection empirically, because
the functions of amino acid sites have been well characterized. In
fact, detection of positively selected amino acid sites has been con-
ducted for this protein in previous studies (Bush et al., 1999; Yang,
2000; Suzuki, 2006; Chen and Sun, 2011; Murrell et al., 2012).

A total of 4167 nucleotide sequences for the entire coding re-
gion of HA for human H3N2 virus, excluding laboratory and vac-
cine strains, were retrieved from the Influenza Virus Resource at
the National Center for Biotechnology Information as of May 16,
2012 (Bao et al., 2008). After eliminating sequences with the same
strain names as others, sequences identical to others, sequences
derived from incidental human infections of swine strains, and se-
quences with minor gaps, ambiguous nucleotides, and premature
termination codons, 2701 sequences were used in the following
analysis (Supplementary Table S1). A duck H3N8 virus [A/duck/
Hokkaido/10/1985(H3N8); International Nucleotide Sequence
Database (INSD) accession number: AB276113] was added as the
outgroup to identify the position of the root for the phylogenetic
tree of human H3N2 virus. Each sequence consisted of 1698 nucle-
otide sites.

2.3. Data analysis

Multiple alignment of nucleotide sequences for HA of 2702 hu-
man and duck viruses was made by using the computer program
MAFFT (version 6.901b) (Katoh et al., 2002), which did not contain
any gaps. Phylogenetic trees were constructed by the neighbor-
joining method (Saitou and Nei, 1987) with the p distance (Nei
and Kumar, 2000) and the maximum composite likelihood (MCL)
distance (Tamura et al., 2004), which were known to produce reli-
able phylogenetic trees when a large number of closely related se-
quences was analyzed, using MEGA (version 5.05) (Tamura et al.,
2011). Nucleotide sequences at interior nodes of the phylogenetic
tree were inferred by the maximum parsimony method (Fitch,
1971; Hartigan, 1973) using PAML (version 4.4b) (Yang, 2007).

The marginal as well as compatible and incompatible amino
acids were inferred at each site of HA using the three-dimensional
structures for A/Hong Kong/19/1968(H3N2) (corresponding to
amino acid positions 17–344 and 346–520; Protein Data Bank
[PDB] ID: 2HMG) and A/Victoria/3/1975(H3N2) (positions 26–341
and 346–516; 4GMS), which were different at 26 (5.339%) amino
acid sites. In either structure, each site was mutated to 20 amino
acids and DG of mutant proteins was predicted using FOLDX (ver-
sion 3.0 beta 5.1) (Guerois et al., 2002; Schymkowitz et al., 2005).
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Table 1
Positively selected amino acid sites detected in HA of H3N2 human influenza A virus.

aWiley et al. (1981).
bSkehel and Wiley (2000).
cKryazhimskiy et al. (2011).
dVanderlinden et al. (2010).
eThe + symbol indicates that positive selection was detected using the phylogenetic trees constructed with the p and MCL distances.
fThe box is colored grey when positive selection was detected with correction for multiple testing.
gThe + symbol is indicated in parentheses when positive selection was detected using the phylogenetic tree constructed with the p distance but not with the MCL distance.
hN.A.: not applicable because the position was not included in the three-dimensional structure for A/Victoria/3/1975(H3N2).
iFitch et al. (1997).
jPlotkin and Dushoff (2003).
kShih et al. (2007).
lChen and Sun (2011).
mBush et al. (1999).
nYang (2000).
oSuzuki and Gojobori (1999).
pSuzuki (2006).
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The marginal amino acid was determined as the amino acid that
provided the least stability among those observed at exterior nodes
and inferred at interior nodes of the phylogenetic tree. It should be
noted that, in the phylogenetic tree of HA, exterior nodes may con-
tain slightly deleterious mutations (Pybus et al., 2007), which may
be destabilizing. Therefore, only the amino acids inferred at inte-
rior nodes were also used in determination of marginal amino acid.

Natural selection was examined at each amino acid site of HA
by discarding sN corresponding to destabilizing mutations from
the comparison of dS and dN (Suzuki and Gojobori, 1999). Here
the transition/transversion rate ratio for nucleotide mutation (j)
was required in the computation of sS and sN. Using the ratio of
the average numbers of transitional/transversional nucleotide sub-
stitutions estimated with the 2-parameter model (Kimura, 1980) at
89 fourfold degenerate sites in 2701 sequences for human H3N2
virus, j was estimated to be 3.994. Therefore, j was assumed to
be 4 in the computation (Suzuki, 2011). Positive selection was de-
tected when the null hypothesis of dS = dN was rejected at the sig-
nificance level of 0.05 (two-tailed test) with dS < dN. The correction
for multiple testing was also conducted with the family-wise sig-
nificance level of 0.05 (Suzuki, 2011). The relative solvent accessi-
bility of each amino acid site in the three-dimensional structures of
HA was obtained by using ASAVIEW (Ahmad et al., 2004). Amino
acid sites were judged as surface exposed or core buried when
the accessibility was >0.16 or 60.16, respectively (Rost and Sander,
1994).

3. Results and discussion

3.1. Detection of positive selection eliminating effects of structural
constraints

When natural selection was examined at each amino acid site of
HA using the phylogenetic tree constructed with the p distance un-
der the assumption that 20 amino acids were compatible, positive
selection was detected at 8 and 2 sites without and with correction
for multiple testing, respectively (Table 1). To eliminate effects of
structural constraints, marginal as well as compatible and incom-
patible amino acids were inferred at each site using the structure
for A/Hong Kong/19/1968(H3N2). When the amino acids observed
at exterior nodes and inferred at interior nodes of the phylogenetic
tree were used in determination of marginal amino acid, the num-
ber of compatible amino acids decreased to 9.591 ± 6.577 (Table 2).
Consequently, the number of positively selected sites increased to
14 and 3 without and with correction, respectively (Table 1). In
addition, by using only the amino acids inferred at interior nodes
in determination of marginal amino acid, the number of compati-
ble amino acids further decreased to 6.990 ± 6.261 (table 2) and
that of positively selected sites increased to 16 and 4 without
and with correction, respectively (Table 1).

Although the exact sets of compatible and incompatible amino
acids changed at more than �70% of sites in HA by using the struc-
ture for A/Victoria/3/1975(H3N2), more than �80% of compatible
and incompatible amino acids were shared at each site using dif-
ferent structures (Table 2). Positively selected amino acid sites var-
ied slightly using different structures without correction for
multiple testing. However, the same sites were identified as posi-
tively selected with correction (Table 1). Similar results were ob-
tained by using the phylogenetic tree constructed with the MCL
distance (Tables 1 and 2).

3.2. Functions of positively selected amino acid sites

Most of the amino acid sites identified as positively selected (13
of 18) were located in epitopes (Table 1), which have been charac- Ta
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terized as targets of positive selection through promoting mutants
to escape from humoral immunity (Fitch et al., 1997; Suzuki and
Gojobori, 1999). In addition, 6 sites were associated with the
receptor-binding pocket (PBP), which may also be positively se-
lected by facilitating immune evasion of mutants through changing
receptor-binding avidity (Laeeq et al., 1997; Hensley et al., 2009).
Furthermore, 5 sites have been reported to be involved in epistasis
with other sites, which may be important for adaptive evolution of
HA (Kryazhimskiy et al., 2011). At least one of these functions
could be assigned to all of the positively selected amino acid sites
identified in the present study, except for position 220, which ap-
peared to be buried inside the HA molecule (Table 1). It has been
reported that position 220 is located at the inter-subunit interface
of HA trimer and involved in its stabilization (Vanderlinden et al.,
2010). Since the flanking positions of position 220 are involved
in epitope D (position 219) and RBP (position 221), it is possible
that position 220 plays a role of compensating for destabilizing ef-
fects of amino acid mutations at flanking positions, which may be
positively selected through inducing immune escape. Some of the
positively selected amino acid sites detected in the present study
have not been identified in previous studies (Table 1) (Fitch
et al., 1997; Bush et al., 1999; Suzuki and Gojobori, 1999; Yang,
2000; Plotkin and Dushoff, 2003; Suzuki, 2006; Shih et al., 2007;
Chen and Sun, 2011), which may be due to effects of structural
constraints.

3.3. Limitations in the new method

To eliminate effects of structural constraints from the analysis
of natural selection operating at the amino acid sequence level,
sN corresponding to destabilizing mutations was discarded from
the comparison of dS and dN in the present study. Since sN was de-
creased and thus dN was increased, positive selection was identi-
fied at a greater number of amino acid sites compared with the
ordinary method, where 20 amino acids were assumed to be com-
patible to each site (Table 1). The positively selected sites identified
by the new method in HA of human H3N2 virus appeared to be
biologically reasonable, suggesting that this method was useful
for detecting positive selection. Nevertheless, there still appeared
to be several problems in the new method. First, in this method,
the amino acids providing the stability equal to or greater than
the marginal amino acid were considered as compatible to each
site of proteins. However, mutations increasing the stability of pro-
teins can also be deleterious by affecting dynamics and regulation
of proteins (DePristo et al., 2005; Tokuriki et al., 2007). If this was
the case, effects of structural constraints may still remain in the
new method. Second, destabilizing mutations may spread in the
population if they provide advantageous effects on some aspects
other than stability that were greater than deleterious effects on
stability. In this case, incompatible amino acids may be errone-
ously considered as compatible if they appear at exterior or inte-
rior nodes of the phylogenetic tree. Third, marginal as well as
compatible and incompatible amino acids may fluctuate during
evolution at each site of proteins according to the occurrence of
substitutions at other sites (epistasis) (Nakajima et al., 2003,
2005; Gaucher et al., 2008; Kryazhimskiy et al., 2011; Williams
et al., 2011; Breen et al., 2012). In particular, it has been reported
that many of the amino acids that were accepted at each site in
the long-term evolution of proteins were not acceptable in the
short-term evolution (Breen et al., 2012). In the present study, it
was observed that the amino acid sites identified as positively se-
lected were largely identical using the structures of HA that were
different at �5% of amino acid sites (Table 1), suggesting that the
effect of epistasis on detection of positive selection may be small
as long as the divergence of amino acid sequences analyzed was
relatively low (at least �5%). It should be noted that the problems

listed above may cause overestimation of sN and underestimation
of dN, rendering detection of positive selection conservative but
reliable (Suzuki, 2010).

Finally, in the new method, the marginal amino acid was deter-
mined among those observed at exterior nodes and inferred at
interior nodes of the phylogenetic tree. However, the marginal
amino acid may not necessarily have existed in nature. If this
was the case, sN may be underestimated and dN may be overesti-
mated, which may inflate the false-positive rate of detecting posi-
tive selection. To avoid this problem, it may be important to
observe multiple amino acids at each site of proteins. Taken to-
gether with the results obtained above, these observations suggest
that it may be effective to analyze many densely sampled se-
quences for detecting positive selection in the new method.
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