














Evolution of pH1N1 Hemagglutinin

FIG 4 Distribution of HA pHINI clusters per flu season. Results for clusters that contained more than 5% of the total number of sequences in any of the seasons
are plotted (the y axis indicates the percentage of sequences in a cluster relative to the total number of sequences in a season; e.g., cluster 1.1 harbors 47% of the
total number of sequences in season I [green bar], 31% of the sequences in season II [red bar], but only 2% of the sequences in season III [yellow bar]). Clusters
are sorted by cluster number on the x axis (numbering is according to that used for the phylogenetic tree and is explained in the legend to Fig. 3). Clusters
belonging to clade A or B (Fig. 3) are indicated.

(92%) with the introduction of substitution N44S in NA. Clusters ~ with substitution V3941 in NA. This substitution was not strongly
evolving from cluster 3.2 were up to 100% associated with N44S/  associated with any other cluster.

V2411/N396K in NA. This combination of mutations in NA was Modeling of substitutions in the pH1N1 structure Substitu-
found only 5 times outside clade A (possibly as a consequence of  tion pairs S188T/A200T and S186P/A137T were modeled into the
reassortment with clade A viruses). Clade A was 100% associated ~ crystal structure of pHINI1 (strain Cal04) in complex with the

FIG 5 Receptor-binding avidity of HA proteins of clades A and B with multiple amino acid substitutions. The effect of amino acid substitutions consecutively
occurring during the evolution of clades A (A, C) and B (B, D) on the binding avidity of soluble HA trimers of pHIN1 was determined by a solid-phase binding
assay (40 pg/ml HA on fetuin) (A, B) and hemagglutination (human erythrocytes) (C, D). HA from strain A/California/07/2009 (Cal07) was used as the template
for the introduction of the substitutions indicated on the x axis.
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FIG 6 Receptor-binding specificity of HA proteins of clades A and B with multiple amino acid substitutions. Precomplexed HA trimers were applied to a
custom-made glycan array. The effect of amino acid substitutions that were introduced into wild-type (Cal07) HA in a stepwise reconstruction of clades A and

B was examined. The structures of glycans (arranged in separate panels for N-

linked glycans, O-linked glycans, and single-chain glycans attached by an ethyl

linker to the array) that were bound (relative fluorescence units are indicated on the y axes) are shown below the panels. Binding was strictly specific for glycans
carrying o2-6-linked sialic acids (indicated by purple diamonds in the glycan structure) attached to a B1-4-linked galactose (yellow circles). Blue squares,
N-acetylglucosamine; yellow squares, N-acetylgalactosamine; green circles, mannose.

trisaccharide NeuAca(2-6)-Galp3(1-4)-GlcNAc (20). In Fig. 7, the
130 loop, 190 helix, and 220 loop which make up the RBS are
shown. Residues 188 and 200, substitution of which caused en-
hanced (S188T) or decreased (A200T) binding avidity, are located
at the surface of HA on the backside of the 190 « helix that is
involved in receptor binding. Residue 190D in the helix forms a
hydrogen bond with the GIcNAc of the sialylated ligand and is
crucial for the recognition of «2-6-linked sialic acid-containing
receptors. The side chain and backbone hydroxyl groups of resi-
due S188 form a hydrogen network (including a water molecule)
with the backbone of residues 189A and 190D (Fig. 7A). Addition

TABLE 1 Coevolution of substitution patterns in HA and NA

of a solvent-exposed hydrophobic methyl group caused by substi-
tution S188T (Fig. 7B) likely affects this hydrogen network and
presumably caused the observed increase in binding avidity. Sub-
stitution A200T (Fig. 7B) resulted in the creation of a hydrogen
bond between the hydroxyl group in the side chain of 200T and
the amino group in the side chain of 191Q. We conclude that
changing the interactions with the 190 o helix at opposing sides of
crucial residue 190D keeps the interactions with the sialoside re-
ceptor in balance. Residues 186 and 137 are located directly in the
receptor-binding site. Serine 186 interacts via a hydrogen bond
network (including water molecules) with the sialic acid moiety

No. (%) of sequences with the indicated mutation

in NA

No. of sequences
Cluster® Substitution(s) in HA in each cluster N44S V2411 N396K
3.8 S454N 14 1(7) 4(29) 3(21)
4.15 S454N, E377K 7 0 (0) 1(14) 2(29)
4.7 S454N, E377K, S188T 39 2 (5) 36 (92) 37 (95)
42 S454N, E377K, S188T, D100N 77 0(0) 74 (96) 75 (97)
3.2 S454N, E377K, S188T, A200T 55 49 (92) 50 (94) 51 (96)
4.9 S454N, E377K, S188T, A200T, 1463T 19 19 (100) 19 (100) 19 (100)
4.1 S454N, E377K, S188T, A200T, S146G 86 82 (95) 84 (98) 84 (98)
4.5 S454N, E377K, S188T, A200T, S146G, L-7M 33 33 (100) 32 (97) 33
4.1 S454N, E377K, S188T, A200T, S146G, N263D 12 12 (100) 12 (100) 12 (100)

“ The cluster number corresponds to the clusters shown in Fig. 3 and 4.
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FIG 7 Structural model of the amino acid substitutions in clade A and B HA proteins. The two pairs of amino acid substitutions that were shown to compensate
for the effects on HA binding of each other are circled in red (panels A and B show clade B mutations S188T/A200T; panels C and D show clade A mutations) in
the wild type (A, C) and double-substitution mutants (B, D). The receptor trisaccharide NeuAca(2-6)-GalB(1-4)-GlcNAc is colored in purple (SIA), yellow
(Gal), and blue (GlcNAc). The three structural elements that interact with the receptor are indicated in ribbon presentation (white, 130 and 220 loops; purple,
190 helix). Important backbone and side chain structures are also displayed. Two water molecules involved in a hydrogen bond network (green dotted lines)
between residue S186, the 220 loop, and the sialic acid are indicated in red. Substitution S186P disrupts this network by clashes (red dotted lines in panel D)
between the hydrophobic proline backbone and both water molecules. Substitution A137T leads to the formation of a new hydrogen bond between the threonine
side chain hydroxyl group and the sialic acid. Remarkably, formation of this new bond decreases binding avidity, whereas the disruption of the water-supported

network by S186P increases binding.

and the 220 loop (Fig. 7C). Substitution S186P disrupted this net-
work completely (Fig. 7D). Substitution A137T led to the forma-
tion of a hydrogen bond between the side chain hydroxyl group of
137T with the sialic acid moiety. We conclude that the absence and
the presence of direct interactions with the sialic acid moiety
maintain receptor binding by the S186P/A137T mutant HA pro-
tein at a level comparable to that of the first pHIN1 isolates in
2009.

DISCUSSION

The zoonotic transfer of [AV from swine to human led to the new
HIN1 pandemic in April 2009. This offered an excellent opportu-
nity to follow the early evolution of the viral HA protein in its new
host. Two selective forces are expected to drive the evolution of
this protein: optimizing HA binding to the new receptor reper-
toire and escaping from adaptive immune responses. Phyloge-
netic analysis of the HA protein (Fig. 3) showed that several clades
have become prominent during the latest flu seasons. Making use
of recombinant soluble HA trimers, we analyzed the cumulative

December 2013 Volume 87 Number 24

effects of consecutive single amino acid substitutions in the HA
head domain during the evolution of two of the major clades.
Remarkably, for both clades, a transient increase in binding avid-
ity with a broadening of receptor specificity was observed. This
was rapidly followed by the accumulation of fully compensatory
substitutions that restored the binding avidity and specificity to
the initial levels.

We identified several substitutions in the HA protein of
pHINTI that affected binding of recombinant soluble HA trimers
to sialosides. Modeling of the mutations in a structure model of
pHINI HA showed that changes in receptor binding are likely
explained by the effect of these mutations on hydrogen bond for-
mation either with the 190 helix or with the sialylated glycan di-
rectly. Importantly, mutations in HA that affected receptor bind-
ing, as detected with the recombinant protein approach, were also
shown to affect receptor binding in the context of complete virus
particles (13, 16; this study). Several of the substitutions that af-
fected receptor binding in vitro were shown by others to affect the
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pathogenicity or transmission of pH1N1 viruses in animal models
(16, 31), demonstrating that changes in receptor binding identi-
fied with our recombinant protein approach are of biological sig-
nificance in vivo, but the specific impact on viral phenotypes of the
HA substitutions studied here, with the exception of A200T, re-
mains to be determined.

The rapid accumulation of mutations that compensate for the
increase in receptor-binding avidity caused by preceding muta-
tions suggests that the binding properties of the HA of the earliest
isolates of pH1N1 were already optimal for infection of the human
host and have likely evolved as such in the swine host. NeuAca2-6
polylactosamine-containing glycans are the receptors that are the
most efficiently bound by pHIN1 HA. Glycan analysis of primary
swine respiratory epithelial cells (29) and the human respiratory
tract (3) has shown that these glycans are abundantly present in
both hosts. Optimal adaptation of HA binding to human recep-
tors in the swine host is therefore plausible. In a previous study, we
showed that two mutations in HA of pHIN1 (strain Cal04), in-
cluding T200A, that result in enhanced binding (13) also decrease
transmission in a ferret model (16). Decreased transmission may
explain the selection of compensatory mutations that restore the
binding properties of HA to their original values.

The optimal receptor-binding properties of a particular HA in
a specific host are also determined by the specific activity of the
accompanying NA protein. pHINI resulted from reassortment
between a triple-reassortant swine HIN1 virus (contributing HA)
and a Eurasian HIN1 swine virus (contributing NA) (32, 33). The
resulting combination of an HA exhibiting low avidity for glycan
receptors and weak NA enzymatic activity was shown to provide
the functional balance between HA and NA required for efficient
replication and transmission of pHINT1 in humans (6). In agree-
ment with the notion that the receptor-binding properties of HA
need to be balanced by the enzymatic activity of the NA protein to
achieve optimal replication and transmission, our analysis indi-
cates the presence of coevolutionary patterns of substitutions in
the HA and NA proteins of pHIN1. Future studies will be needed
to evaluate whether the NA substitutions coselected with specific
HAs are associated with changes in the specific activity of NA.

Why are mutations that increase receptor binding selected if
they are rapidly followed by compensatory mutations that de-
crease receptor binding again? Our observation may be explained
by the model of Hensley et al. (11). In this model, on the basis of
results obtained with alternating passages of IAV in immune and
naive mice, IAV initially escapes from neutralizing antibody pres-
sure by the selection of mutations that enhance binding avidity.
Single amino acid substitutions usually induce only very limited
antigenic change in HA, and their selection is therefore not readily
driven by a polyclonal antibody response. However, mutations
that enhance receptor-binding avidity may improve escape from a
polyclonal antibody response and therefore lead to their selection
in an increasingly immune population. Mutations that restore
binding properties are subsequently selected in naive individuals.
The accumulation of mutations affecting receptor binding ulti-
mately leads to a more extensive antigenic change due to the over-
lap of antigenic sites and the receptor-binding site. In agreement
with this model, we have revealed multiple occurrences of muta-
tion pairs (S188T/T200A, S188T/D100N, and, possibly, S186P/
A137T) that increase and subsequently decrease the receptor-
binding avidity of HA during the early evolution of pHIN1. Only
asingle event of a sequential increase and a subsequent decrease of
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binding avidity was detected along each branch, and thus, exten-
sive antigenic change is not yet expected. Indeed, an extensive
study of the antigenic properties of a large set of pHINI viruses
isolated from March to August 2011 (season V) revealed only
small antigenic differences compared to the original Cal07 virus
(10). Furthermore, these differences could not be attributed to
any specific branch of an evolutionary tree of the season V viruses,
which corresponded well to the phylogenetic tree shown in Fig. 3.

The evolution of HA appears to be driven by a complex inter-
play between HA, NA, host cell receptors, and innate and adaptive
immune responses. This complex interplay collectively deter-
mines the pathogenicity and transmission of IAV and the ability of
the virus to maintain itself in or to gain access to a certain host
population. In the current genomics era, it will be of interest to
link the enormous amounts of genomics data on IAVs to the phe-
notypic properties of the viral proteins in order to gain new in-
sights into the evolution of these pathogens and to be able to better
predict their biological properties.
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