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Subtype HIN1 influenza A virus (IAV) that caused a pandemic in 2009, called A(HIN1)pdmO09, has been
circulating as a seasonal IAV among humans, escaping from herd immunity through amino acid substitutions in
hemagglutinin (HA). Additionally, position 162 of HA in A(H1N1)pdmO9 evolved to be N-linked glycosylated by
2017. Here the effect of N-linked glycosylation at position 162 of HA in A(HIN1)pdmO09 was examined by
comparing the ratio of nonsynonymous diversity (zy) to synonymous diversity (zs) (zn/7s) at structurally defined
categories of amino acid sites between 1785 (162+) and 7562 (162—) sequences of HA that were and were not
considered to be N-linked glycosylated at position 162, respectively. In 162— sequences, nn/zg for the sites
located inside 15 A from position 162 was not significantly smaller than one and was greater than that for the
sites located outside 15 A. In 162+ sequences, my/7s for the sites located inside and outside 15 A from position
162 were smaller than the corresponding values in 162— sequences, and were not significantly different from
each other. These results suggest that N-linked glycosylation at position 162 of HA may shield epitopes against
antibodies in A(H1N1)pdmO9.

Influenza A virus (IAV) is an etiological agent of influenza. The virion
of IAV is enveloped and 80-120 nm in diameter. The genome of IAV
consists of eight segments of linear and single-stranded RNA with
negative polarity. Hemagglutinin (HA) and neuraminidase (NA)
constitute envelope glycoproteins, with HA existing ~10 times more
abundantly than NA (Mitnaul et al., 1996). HA is the sialic acid receptor-
binding protein and the major target of humoral immunity (Skehel and
Wiley, 2000). NA is the sialidase for cleaving the sialic acid receptor
from galactose (McAuley et al., 2019). The balance between the activ-
ities of HA and NA (HA-NA balance) is crucial for efficient replication of
IAV (Wagner et al., 2002; Xu et al., 2012). According to antigenic and
genetic properties of HA and NA, IAV is classified into subtypes H1-H18
and N1-N11, respectively.

Subtype H3N2 IAV that caused a pandemic in 1968, called A(H3N2)
pdm68 in the present study, subsequently became seasonal and has been
circulating among humans. A(H3N2)pdm68 has been escaping from
herd immunity through amino acid substitutions in HA (Suzuki, 2006;
Chen and Sun, 2011; Murrell et al., 2012) and reassortments involving
the HA segment (Barr et al., 2005; Nelson and Holmes, 2007; Suzuki,
2010). Additionally, the number of sequons, which are defined as the
sequence of asparagine (N), any amino acid (X) except for proline (P),

and serine (S) or threonine (T) increased in HA during evolution of A
(H3N2)pdm68. The N residues of sequons in HA were experimentally
demonstrated to be mostly N-linked glycosylated (Altman et al., 2019).
It is considered that N-linked glycans on HA provided A(H3N2)pdm68
with selective advantage through shielding epitopes against antibodies
(Suzuki, 2011; Kobayashi and Suzuki, 2012b). Notably, N-linked glycans
may also interfere with the sialic acid receptor-binding activity of HA
(Wang et al., 2009; de Vries et al., 2010). However, in parallel with the
increase in the number of sequons, the net-charge, which is calculated
by subtracting the number of aspartic acid (D) and glutamic acid (E)
residues from the number of histidine (H), lysine (K), and arginine (R)
residues and is usually positive for HA, also increased during evolution
of A(H3N2)pdm68 (Hensley et al., 2009). Since the sialic acid receptor is
negatively charged, the increase in the net-charge possibly compensated
for the reduction in the sialic acid receptor-binding activity of HA caused
by the increase in the number of sequons (Kobayashi and Suzuki,
2012a).

Besides, subtype HIN1 IAV that caused a pandemic in 2009, called A
(H1N1)pdmO9, subsequently became seasonal and has been circulating
among humans. Similarly to the case for A(H3N2)pdm68, A(HIN1)
pdmO09 has been escaping from herd immunity through amino acid
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substitutions in HA (Koel et al., 2015; Lee et al., 2015), although the
evolutionary significance of reassortment has not been clarified (Su
et al., 2015). Interestingly, the number of sequons also increased in HA
during evolution of A(HIN1)pdmO09; a novel sequon was created at
positions 162-164 in 2014 and became prevalent by 2017 (Altman et al.,
2019). The purpose of the present study was to examine the effect of N-
linked glycosylation at position 162 of HA in A(HIN1)pdm09 from
molecular evolutionary analyses of nucleotide sequences.

HA is a homotrimeric type 1 transmembrane glycoprotein. HA of A
(HIN1)pdmO09 comprises 566 amino acid sites, constituting the signal
peptide (17 sites: positions [—17]-[—1]), HA1 (327 sites: positions
1-327), and HA2 (222 sites: positions 328-549) from the N-terminus to
the C-terminus (Skehel and Wiley, 2000). The ectodomain of HA trimer
consists of a distal globular head and a proximal stem. The globular head
is composed of a part of HA1 (positions 43-274), while the stem is
composed of the remaining parts of HA1 (positions 1-42 and 275-327)
and a part of HA2 (positions 328-503) (Lu et al., 2014). The sialic acid
receptor-binding sites reside in the globular head, and are surrounded by
neutralization epitopes in the globular head as well as the stem of HA1
(Yan et al., 2019).

Nucleotide sequences encoding the entire coding regions of HA (566
amino acid sites) and NA (469 amino acid sites) without ambiguous
nucleotides, minor gaps, or premature termination codons for 9637
strains of A(H1IN1)pdmO09 were retrieved from International Nucleotide
Sequence Database (INSD) through NIAID Influenza Research Database
(IRD) (Zhang et al., 2017) on March 7, 2020 (Supplementary Table S1).
Isolation years of these strains ranged from 2009 to 2019; the numbers
of strains isolated in 2009-2019 were 4294, 1114, 742, 307, 633, 447,
411, 1301, 349, 36, and 3, respectively. The number of sequons and the
net-charge were calculated for the deduced amino acid sequences of HA
and NA, and were averaged for each isolation year.

In HA, the N residues of the sequons identified in any of 9637 se-
quences were located at positions 10, 11, 23, 38, 87,119, 147, 160, 162,
183, 205, 239, 276, 287, 308, 431, 438, 472, 481, and 540 (Supple-
mentary Table S2). To focus on the effect of N-linked glycosylation at
position 162, inconsistencies in the configuration of other sequons were
removed by eliminating the sequences that did not contain the sequons
with the N residues located at positions 10, 11, 23, 87, 276, 287, 481,
and 540 and those that contained the sequons with the N residues
located at positions 38, 119, 147, 160, 183, 205, 239, 308, 431, 438, and
472.

It was experimentally demonstrated that position 162 of the sequon
at positions 162-164 of HA in A(HIN1)pdmO09 was N-linked glycosy-
lated only when positions 163 and 216 were occupied by glutamine (Q)
and threonine (T), respectively (Altman et al., 2019). Therefore, the HA
sequences that contained a sequon at positions 162-164 with the Q and
T residues at positions 163 and 216, respectively, were regarded to be N-
linked glycosylated at position 162 and thus were designated 162+ se-
quences, and the HA sequences that did not contain a sequon at positions
162-164 were regarded not to be N-linked glycosylated at position 162
and thus were designated 162— sequences in the present study. The HA
sequences that contained a sequon at positions 162-164 without the Q
and T residues at positions 163 and 216, respectively, were eliminated
from the analysis for clarity.

Effect of N-linked glycosylation at position 162 on other amino acid
sites of HA may be evaluated by comparing the ratio of nonsynonymous
diversity (zn) to synonymous diversity (zs) (zn/7s) between 162— and
162+ sequences. For this purpose, it is required that 162— and 162+
sequences form distinct clusters in the phylogenetic tree. Therefore,
162— and 162+ sequences were aligned together with the HA sequence
for A/South Carolina/1/1918(H1N1) (INSD accession number:
AF117241), which was adopted as the outgroup, using the computer
program MAFFT (version 7.305b) (Katoh et al., 2002). The HA tree was
constructed by the p distance-based neighbor-joining (NJp) method,
which was reported to perform better than other methods generally in
constructing the phylogenetic tree (Nei and Kumar, 2000; Yoshida and
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Nei, 2016), using MEGA X: Molecular Evolutionary Genetics Analysis
across computing platforms (version 10.1.7) (Kumar et al., 2018). The
reliabilities of interior branches in the HA tree were assessed by the
bootstrap method with 1000 resamplings. After eliminating 162— se-
quences included in the cluster of 162+ sequences and vice versa, 7562
162— and 1785 162+ sequences (totally 9347 sequences) of HA for A
(HIN1)pdmO09 were observed to form distinct clusters in the HA tree,
although the bootstrap probability for the interior branch supporting the
cluster of 162+ sequences was not significantly high (66%) (Supple-
mentary Fig. S1) (Rambaut, 2018).

Comparison of zy/ns between 162— and 162+ sequences was con-
ducted for structurally defined categories of amino acid sites based on
the tertiary structure of HA trimer for A(HIN1)pdmO09 (A/Washington/
5/2011(H1N1); Protein Data Bank (PDB) accession number: 4LXV). The
amino acid sites in HA1 and HA2 were categorized into solvent acces-
sible and inaccessible sites using PISA (version 1.48) (Krissinel and
Henrick, 2007). Reportedly, the sites located within 8-17 A from the N
residue of sequon were considered to be covered by N-linked glycan
(Kobayashi and Suzuki, 2012b). Therefore, the sites whose a-carbons
were located within 10 A or 15 A from the o-carbon of the amino acid at
position 162 in HA trimer were assumed to be covered by N-linked
glycan in 162+ sequences (Supplementary Table S3). For each category
of sites, 7n/ns was computed for 162— and 162+ sequences using MEGA
X: Molecular Evolutionary Genetics Analysis across computing plat-
forms (version 10.1.7) (Kumar et al., 2018). The variances of 7y and 7g
were obtained by the bootstrap method with 1000 resamplings, and the
variance of zy/7g was obtained by the formula, V(zyn/7s) = (1 /ﬂ'g)V(ﬂ'N)
+ (/7 V(rs) (Ota and Nei, 1994).

Occurrences of reassortments during evolution of A(HIN1)pdmO09
may be inferred from differences in topologies of phylogenetic trees
between different genomic segments (Suzuki, 2010). Therefore, NA se-
quences for the same set of 9347 strains of A(H1N1)pdmO09 employed for
constructing the HA tree above were aligned together with the NA
sequence for A/South Carolina/1/1918(H1N1) (INSD accession num-
ber: AF250356), which was adopted as the outgroup, using MAFFT
(version 7.305b) (Katoh et al., 2002). The NA tree was constructed by
the NJp method, and the reliabilities of interior branches were assessed
by the bootstrap method with 1000 resamplings using MEGA X: Mo-
lecular Evolutionary Genetics Analysis across computing platforms
(version 10.1.7) (Kumar et al., 2018). The topology of the NA tree was
compared with that of the HA tree (Supplementary Fig. S1).

In the deduced amino acid sequences of HA for A(H1N1)pdmO09
isolated during 2009-2019, both the number of sequons and the net-
charge increased with the isolation year; the correlation coefficient (r)
for the number of sequons and the isolation year was 0.888 (P < .05 by t-
test) and the r for the net-charge and the isolation year was 0.784 (P <
.05 by t-test) (Supplementary Fig. S2). The number of sequons and the
net-charge were positively correlated with each other (r = 0.544; P < .05
by t-test). In the deduced amino acid sequences of NA, the net-charge
increased with the isolation year (r = 0.599; P < .05 by t-test) (Sup-
plementary Fig. S2). However, the number of sequons did not increase
with the isolation year (r = —0.306) (Sun et al., 2011; Zhang et al.,
2004), and thus the number of sequons and the net-charge were not
positively correlated with each other (r = 0.000463).

Estimate of zn/7s for the entire region of HA was smaller than one in
both 162— and 162+ sequences of A(HIN1)pdmO09 (P < .05 by Z-test),
reflecting functional constraint operating on HA (Fig. 1; Supplementary
Table S4). However, when HA was divided into HA1 and HA2, 7y/7g for
HA1 was greater than that for HA2 in both 162— and 162+ sequences,
apparently because mutations in HA1 were selected for escaping from
herd immunity (Koel et al., 2015; Lee et al., 2015). Notably, in both HA1
and HA2, nn/ns for 162— sequences was greater than that for 162+
sequences. This was consistent with the observation that zy/zg in the
pandemic period was greater than that in the post-pandemic period for
most of the proteins encoded by A(HIN1)pdmO09, possibly due to
relaxation of functional constraint or adaptation to new host
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immediately after interspecies transmission (Su et al., 2015).

When the amino acid sites in HA1 and HA2 were categorized into
solvent accessible and inaccessible sites (Supplementary Table S3), zy/
g was not significantly different between these categories in both HA1
and HA2 for either 162— or 162+ sequences (Fig. 1; Supplementary
Table S4). The amino acid sites in HA1 were also categorized into those
located inside or outside 10 A or 15 A from position 162. However, the
number of sites located inside 10 A appeared to be too small for
obtaining reliable estimates of ayn/7zg (Supplementary Table S3).
Therefore, ny/ns was computed for the sites located inside and outside
15 A from position 162. In 162— sequences, nn/7g for the sites located
inside 15 A was not significantly smaller than one and was greater than
that for the sites located outside 15 A (P < .05 by Z-test) (Fig. 1; Sup-
plementary Table S4). For both the sites located inside and outside 15 A,
7n/7s in 162+ sequences was smaller than that in 162— sequences (P <
.05 by Z-test). In addition, difference in zn/7s between the sites located
inside and outside 15 A was obscured in 162+ sequences. Similar ten-
dency was observed when the sites located inside and outside 15 A were
categorized into solvent accessible and inaccessible sites (Fig. 1; Sup-
plementary Tables S3 and S4).

In the HA tree, 7562 162— and 1785 162+ sequences for A(HIN1)
pdmO09 made distinct clusters, although the bootstrap probability for the
interior branch supporting the cluster of 162+ sequences was not
significantly high (66%), as described above (Supplementary Fig. S1).
However, in the NA tree constructed for the same set of strains as in the
HA tree, it was observed that NA sequences for the strains with 162+
sequences of HA were included in the cluster of NA sequences for the
strains with 162— sequences of HA, and vice versa, indicating occur-
rences of reassortments, although the bootstrap probabilities for the
interior branches were again not significantly high (0-73%) (Supple-
mentary Fig. S3) (Rambaut, 2018).

In the present study, the effect of N-linked glycosylation at position
162 of HA in A(HIN1)pdm09 was examined from molecular evolu-
tionary analyses of nucleotide sequences. During evolution of A(HIN1)
pdm09, the number of sequons increased in HA but not in NA, probably
because humoral immunity was directed mainly against HA. In 162—
sequences of HA, ny/rg for the amino acid sites located inside 15 A from
position 162 was relatively large irrespective of whether the sites were
solvent accessible or inaccessible, suggesting that mutations at inac-
cessible sites as well as accessible sites may contribute to escaping from
humoral immunity through epistatic effects (Kryazhimskiy et al., 2011).
In 162+ sequences of HA, however, ny/7g for the sites located inside 15
A from position 162 was small and comparable to that for the sites
located outside 15 A, suggesting that N-linked glycosylation at position
162 may shield epitopes against antibodies in A(HIN1)pdm09. It should
be noted that the receptor binding pocket of HA in A(HIN1)pdmO9 is
composed of 190-helix (positions 184-191), 220-loop (positions
218-225), and 130-loop (positions 131-135), together with positions
91, 150, 180, and 192 forming the base (Yang et al., 2010). Since two
(positions 184 and 218) of these positions were located inside 15 A from
position 162, N-linked glycosylation at position 162 may also interfere
with the sialic acid receptor-binding activity of HA in A(H1N1)pdmO09.
However, the net-charge increased in both HA and NA, which may
compensate for the reduction in the sialic acid receptor-binding activity
of HA caused by the increase in the number of sequons (Kobayashi and
Suzuki, 2012a). Reassortment apparently contributed to distributing
162+ sequences of HA among A(H1N1)pdmO9 strains.

Reportedly, N-linked glycosylation of HA may be deleterious for A
(HIN1)pdmO9, because N-linked glycans may be recognized by lectins
of the innate immune system (Tate et al., 2014; York et al., 2018).
However, it was also demonstrated that N-linked glycans can be added
to HA without eliciting the innate immune response (Hansen and
Holmskov, 2002; Medina et al., 2013). Rather, N-linked glycosylation of
HA may be advantageous for A(HIN1)pdmO09, because HA without N-
linked glycans may induce stress in the endoplasmic reticulum and
trigger innate and adaptive immune responses (Hrincius et al., 2015).
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Fig. 1. Estimates of zy/zs with standard errors for structurally defined cate-
gories of amino acid sites in (A) 162— and (B) 162+ sequences of HA for A
(H1N1)pdmO09. The terms “acc” and “inacc” designate solvent accessible and
inaccessible sites, respectively, and the terms “< 15” and “> 15” designate the
sites whose a-carbons were located inside or outside 15 A, respectively, from
the a-carbon of the amino acid at position 162 in HA trimer for A(HIN1)pdmO09
(PDB accession number: 4LXV). Red bars indicate that 7y was smaller than g
with statistical significance (P < .05), whereas blue bars indicate that 7y and 7g
were not different with statistical significance. The “*” signs placed between
bars within (A) and (B) indicate that zyn/7s was different between categories
with statistical significance (P < .05). The “*” signs above bars in (B) indicate
that zn/7s in (B) was smaller than the corresponding value in (A) with statis-
tical significance (P < .05).

Notably, the sequon at positions 162-164 of HA changed from NXS to
NXT during 2017-2018 in A(HIN1)pdmO09, which was considered to
facilitate N-linked glycosylation at position 162 (Altman et al., 2019).
Taken together, these observations and the results obtained in the pre-
sent study suggest that N-linked glycosylation at position 162 of HA may
provide A(HIN1)pdm09 with selective advantage through shielding
epitopes against antibodies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.mgene.2020.100828.
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