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In view of its critical role in influenza A virus (IAV) tropism
and pathogenesis, we evaluated the receptor binding proper-
ties of HA proteins of the closely related swine and new pan-
demic human IAVs. We generated recombinant soluble tri-
meric H1 ectodomains of several IAVs and analyzed their
sialic acid binding properties using fetuin-binding and glycan
array analysis. The results show that closely related swine and
new pandemic H1 proteins differ dramatically in their ability
to bind these receptors. Although new pandemic H1 protein
exhibited hardly any binding, swine H1 bound efficiently to a
number of �2–6-linked sialyl glycans. The responsible amino
acids were identified by analyzing chimeric H1 proteins and by
performing systematic site-directed mutagenesis of swine and
new pandemic human H1 proteins. The difference was found
to map to residues at positions 200 and 227. Although substi-
tution of either residue significantly affected the binding phe-
notype, substitution of both was found to act synergistically
and reverse the phenotype almost completely. Modeling of the
T200A and E227A substitutions into the crystal structure of
the new pandemic human H1 protein revealed the loss of
potential hydrogen bond formation with Gln191, which is part
of the 190-loop of the receptor binding site, and with the pe-
nultimate galactose, respectively. Thus, a residue not belong-
ing to the receptor binding site may affect the interaction of
HA with its receptor. Interestingly, whereas alanine at position
200 is found in most new pandemic human viruses, the residue
at position 227 in these viruses is invariably a glutamic acid.

All influenza A virus (IAV)2 pandemics known so far origi-
nated from avian or swine IAV strains that managed to cross
the species barrier to humans and acquire the capacity of hu-
man-to-human transmission. The most recent example of
this was the new H1N1 swine origin IAV that emerged in
2009 and rapidly spread around the world (1, 2). The specific-
ity of the interaction of HA with sialic acid (SIA), the cellular

receptor, largely explains the host range of IAVs (3). Thus,
viruses that infect humans bind preferentially to SIA linked to
the penultimate galactose in an �2–6 configuration, whereas
avian viruses prefer binding to SIA with �2–3 linkages (4).
However, the adaptations in HA required for swine IAVs to
become infectious for humans and to establish themselves in
the human population are much less characterized.
The HA receptor binding site (RBS) is formed by three

structural elements at the tip of the HA molecule, an �-helix
composed by residues 190–198 (the 190-helix) and two loop
structures formed by residues 133–138 (the 130-loop) and
220–229 (the 220-loop). Four conserved residues, comprising
Tyr98, Trp153, His183, and Tyr195, form the base of the RBS (5).
The amino acid residues in the RBS that are critical for the
recognition of either avian or human receptors have been well
characterized (4, 6, 7). For H1, glutamic acid and glycine resi-
dues at positions 190 and 225, respectively, result in binding
to avian SIA receptors, whereas H1 proteins that carry aspar-
tic acid residues at these positions interact with human SIA
receptors (8–11). For H2 and H3, mutations of glutamine and
glycine residues at positions 226 and 228 to leucine and ser-
ine, respectively, correlate with a shift from avian to human
receptor specificity (6). The same mutations also allow bind-
ing of H5 to human SIA receptors (11).
In addition to birds, pigs also serve as a reservoir of new

human IAVs. As pigs carry cell surface receptors for both
avian and human IAVs, they may act as intermediate hosts or
mixing vessels for the generation of IAV reassortants that can
be transmitted to humans (12, 13), as was recently demon-
strated by the new H1N1 swine origin IAV (1). The swine ori-
gin H1N1 virus is a reassortant with at least three parents. Six
of the segments, including the one coding for HA, are closest
in sequence to those of H1N2 “triple-reassortant” IAVs iso-
lated from pigs in North America. The remaining two seg-
ments (for neuraminidase (NA) and M1) are from different
Eurasian “avian-like” viruses of pigs (14). Not much, however,
is known about the adaptations required for swine IAVs to
overcome barriers of cross-species transmission. Although
mutations in the IAV polymerase can enable such transmis-
sions (15, 16), efficient spread in the human population is very
likely to also involve adaptive mutations in HA. These may
involve changes in the binding preference of HA, from �2–3-
to �2–6-sialyl glycans, as well as, for swine viruses already
having an �2–6 preference, more subtle changes affecting the
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avidity and/or specificity with which the diverse spectrum of
different �2–6-linked SIA receptors are recognized (17, 18).

In view of the important role of HA in host range tropism
and pathogenesis, we decided to study and compare the re-
ceptor binding properties of the H1 proteins of closely related
swine and new pandemic swine origin IAVs. To this end, we
generated recombinant soluble trimeric H1 ectodomains of
several IAVs and analyzed their sialic acid binding properties
using fetuin solid phase and hemagglutination assays and gly-
can array analysis. The results show that closely related swine
and new pandemic swine origin H1 proteins differ dramati-
cally in their ability to bind these receptors. Although hardly
any binding could be observed for the new pandemic swine
origin H1, the swine H1 protein bound efficiently to several
�2–6 SIA-containing glycans. The amino acid residues re-
sponsible for the difference in receptor binding were identi-
fied by analyzing chimeric H1 proteins as well as by perform-
ing systematic site-directed mutagenesis of swine and new
pandemic swine origin H1 proteins. Molecular modeling of
the responsible mutations (T200A and E227A) demonstrated
the loss of two potential hydrogen bond interactions with
Gln191 in the 190-helix and with the penultimate galactose,
respectively, thereby providing a rationale for the observed
differences in H1-receptor binding.

EXPERIMENTAL PROCEDURES

Genes, Expression Vectors, Protein Expression, and
Purification—Codon optimized H1-encoding cDNAs
(Genscript) of A/Cal/04/09 (GenBankTM accession no.
FJ966082; referred to as swine origin H1), A/Swine/Ohio/01
(GenBankTM accession no. AF455675; referred to as swine
H1), A/Kentucky/07 (GenBankTM accession no. CY028163;
referred to as seasonal H1), A/Puerto Rico/8/34 (GenBankTM
accession no. NP_040980.1; referred to as PR8 H1), and
A/Duck/NZL/76 (GenBankTM accession no. ABB20429.1;
referred to as duck H1) were cloned into pCD5 expression as
described previously (19). The swine origin IAV A/Cal/04/09
replicates efficiently in cell culture and has been shown to
replicate in and transmit among guinea pigs with similar effi-
ciency to that of a seasonal H3N2 influenza virus (20). Site-
directed mutagenesis of the H1-encoding sequences was per-
formed with the QuikChange Site-directed Mutagenesis kit
(Stratagene). Chimeric HA expression plasmids were gener-
ated by conventional cloning using SgRAI, AgeI, NheI, and
PacI restriction enzymes. The HA proteins were expressed in
HEK293S GnT1(�) cells and purified from the cell culture
supernatants as described previously.
HA Receptor Binding Assays—Binding of HA to fetuin was

assessed using a fetuin solid phase binding assay as described
previously (19, 21). Briefly, purified, soluble trimeric H1 was
precomplexed with HRP-linked anti-Strep tag mouse anti-
body and with HRP-linked anti-mouse IgG (4:2:1 molar ratio)
prior to incubation of limiting dilutions on the fetuin-coated
(1 �g/ml fetuin per well) 96-well Nunc MaxiSorp plates. HA
binding was subsequently detected using tetramethylbenzi-
dine substrate (BioFX) in an ELISA reader (EL-808 (BioTEK)),
reading the OD at 450 nm. Hemagglutination assays were
performed with 0.5% chicken or human erythrocytes using

HA precomplexed as described previously (19) at a starting
concentration of 10 �g/ml.
Glycan Array Analyses—Glycan array analysis of the HA

proteins was performed by the Core H of the Consortium for
Functional Glycomics as described previously (19, 22).
Modeling—Three-dimensional crystal structures of swine

origin H1 (Protein Data Bank code 3LZG (23)) and of the H1
protein from A/Swine/Iowa/30 (Protein Data Bank code
1RV0, in binary complex with an �2–6-linked SIA trisaccha-
ride (24)) were downloaded from the Protein Data Bank. Sub-
stitutions T200A and E227A were modeled on the Cal/04/09
structure using SWISS-MODEL (25). Subsequent energy min-
imizations were not necessary as inspection of the modeled
structure by GROMOS revealed no unfavorable energy inter-
actions. Next, the C�-backbone atoms of residues lining the
receptor binding site of Swine/Iowa/30 were superpositioned
with the corresponding atoms of the modeled Cal/04/09 (mu-
tant) H1 protein. The root mean square deviation of the su-
perpositioned atoms was smaller than 1.02 Å, allowing the
SIA receptor to be copied from the Swine/Iowa/30 structure
into the Cal/04/09 structures. Molecular interactions were
further examined using the Swiss-Pdb Viewer (26).

RESULTS

H1 Proteins of Swine and New Pandemic IAVs Differ in
Their Receptor Binding Properties—In a previous study (19),
we showed that recombinant soluble trimeric HA proteins
produced in mammalian cells are excellent tools for perform-
ing HA receptor binding studies. Here, we exploited this ap-
proach to study and compare receptor binding properties of
the H1 proteins of a new pandemic swine origin H1N1 virus
(swine origin H1) and of a triple-reassortant swine H1N2 vi-
rus (swine H1). The HA gene segment of the swine origin
H1N1 virus is closest in sequence to those of the swine H1N2
triple-reassortant IAVs, with the particular swine H1 protein
used in this study being the first hit in a protein blast search.
The selected swine origin and swine H1 proteins differ only at
26 amino acid residues in their ectodomains. As controls, sol-
uble trimeric H1 proteins of a human seasonal H1N1 virus
(seasonal H1), of IAV Duck/NZL/76/H1N3 (duck H1) and of
IAV Puerto Rico/8/34/H1N1 (PR8 H1) were taken along. An
alignment of these different H1 proteins is shown in supple-
mental Fig. S1. The purified proteins were first tested for their
ability to bind fetuin (Fig. 1). Fetuin is a blood glycoprotein
with mono-, bi-, and triantennary glycans containing �2–3
and �2–6 SIA in a 2:1 ratio (27–29). Binding to fetuin by
swine origin H1 was hardly detectable. In comparison, swine
and duck H1 exhibited strong binding to fetuin, whereas sea-
sonal and PR8 H1 displayed intermediate binding efficiency.
The different binding properties of the swine and swine origin
H1 proteins were confirmed by hemagglutination assays using
either chicken or human erythrocytes (supplemental Fig. S2).
Identification of Responsible Residues—To identify the resi-

dues responsible for their different SIA-binding properties, a
set of chimeric HA proteins was generated. In the first two,
the HA1 domains were exchanged (Fig. 2A). Clearly, only the
chimeric protein with the HA1 domain derived from the
swine H1 (SO/S-NA) was able to efficiently bind to fetuin
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(Fig. 2, B and C); the inverse chimeric protein (SO/S-AP) did
not exhibit binding just like the swine origin H1 protein. Ad-
ditional chimeric proteins (Fig. 2D) were generated to narrow
down the HA1 region responsible for the receptor binding

difference. Chimeric proteins carrying the amino terminus of
the swine or the swine origin H1 protein (SO/S-NS and SO/
S-SP proteins, respectively) were not affected in their (in)abil-
ity to bind fetuin (Fig. 2, E and F). In contrast, exchanging the

FIGURE 1. Fetuin binding of recombinant soluble trimeric H1 proteins. A, limiting dilutions of recombinant soluble H1 trimers, complexed with HRP-
conjugated antibodies, were applied in the fetuin binding assay. B, bar graph of HA-fetuin binding at a HA concentration of 2.5 �g/ml. S.D. are indicated.
Asterisks indicate H1 binding significantly different from that of swine origin H1 (p � 0.05; Student’s t test).

FIGURE 2. Fetuin binding of chimeric H1 proteins. A and D, schematic representation of the soluble trimeric swine origin and swine H1 proteins and chim-
ers thereof. The HA ectodomains are preceded by a signal sequence (SS) and contain a GCN4 trimerization motif (GCN4) and the Strep tag II (ST) at their car-
boxyl terminus. The positions in the HA protein corresponding with the sequences recognized by the restriction enzymes (NheI, SgrAI, AgeI, and PacI) used
to generate the chimeric proteins are indicated. White and black boxes correspond with swine origin and swine H1 protein sequences, respectively. B and E,
limiting dilutions of recombinant soluble H1 trimers, complexed with HRP-conjugated antibodies, were applied in the fetuin binding assay. C and F, bar
graphs of HA-fetuin binding at a HA concentration of 2.5 �g/ml. S.D. are indicated. Asterisks indicate H1 binding significantly different from that of swine
origin H1 (p � 0.05; Student’s t test).
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C-terminal HA1 region clearly affected the fetuin-binding
capacity of the resulting H1 proteins (Fig. 2, E and F). Thus,
the chimeric protein, in which this region was derived from
the swine H1 (SO/S-SA), demonstrated efficient fetuin bind-
ing, whereas the opposite was observed for the reciprocal chi-
mera (SO/S-NS-AP) (Fig. 2, E and F).

The results show that the region between residues 143 and
332 of the H1 protein (H3 numbering) is responsible for the
observed difference in the receptor binding between swine
and swine origin H1 proteins. Within this region, the two pro-
teins differ at 14 positions (supplemental Fig. S1). To find out
which amino acids are responsible for the binding difference,
we changed these residues one by one, in the background of
the swine origin H1 protein, to those of the swine H1 protein.
All HA proteins containing a single amino acid mutation were
expressed, purified, and tested for fetuin binding. Only one of
the mutated swine origin H1 proteins, the one carrying the
E227A mutation, showed a significant increase in fetuin bind-
ing (Fig. 3, A and B). The fetuin binding of this mutant pro-
tein was, however, less than that of the wild type swine H1
protein, indicating that additional residues must play a role.
To identify any additional residues important for the more

efficient SIA receptor binding of the swine H1 protein, the
same mutations were made now in the background of the
swine origin E227A mutant protein. The subsequent fetuin
binding assay showed that, with one exception, all double mu-
tant proteins displayed a similar intermediate SIA binding as
the swine origin E227A H1 protein, though some small differ-
ences were sometimes observed (Fig. 4, A and B). The excep-
tion was the swine origin T200A/E227A H1 protein, which
bound to fetuin with similar efficiency as the swine H1 pro-

tein. Thus, while changing the Thr at position 200 in the
swine origin H1 protein did not have an apparent effect on
fetuin binding (Fig. 3), in combination with the E227A muta-
tion, its consequences were significant (Fig. 4). Similar results
were obtained when these HA proteins were tested in the
hemagglutination assay (supplemental Fig. S2).
Next, we analyzed whether the T200A mutation also had a

synergistic effect on fetuin binding in combination with other
mutations than the E227A substitution. Therefore, the same
mutations were made again, now in the background of the
swine origin T200A H1 protein. However, none of the mutant
HA proteins containing two amino acid substitutions dis-
played increased fetuin binding with the exception of the
swine origin T200A/E227A HA protein (Fig. 5, A and B).
These results demonstrate, that the positive effect of the
T200A mutation on fetuin binding is only observed in combi-
nation with the E227A substitution.
To confirm the importance of the Ala residues found at

positions 200 and 227 in the swine protein for strong fetuin
binding of HA, these amino acids were changed to the resi-
dues found in the swine origin H1 protein, both separately
and combined. The fetuin binding assay revealed that, al-
though the effect of the A200T substitution was small, the
A227E substitution had a much larger negative effect on SIA
binding (Fig. 6). Again, the combination of both mutations
had the most drastic effect, resulting in the same nondetect-
able fetuin binding as the swine origin H1 protein. Thus, by
introducing two substitutions in the swine origin (T200A and
E227A) or in the swine (A200T and A227E) H1 proteins, HA
proteins are obtained with fetuin-binding properties that mir-
ror each other. We conclude that the amino acid differences

FIGURE 3. Fetuin binding of swine origin H1 proteins carrying single amino acid substitutions. A, limiting dilutions of swine origin H1 proteins carrying
single amino acid substitutions, complexed with HRP-conjugated antibodies, were applied in the fetuin binding assay. Wild type swine origin and swine H1
proteins were taken along as controls. B, bar graph of HA-fetuin binding at a HA concentration of 2.5 �g/ml. S.D. are indicated. Asterisks indicate H1 binding
significantly different from that of swine origin H1 (p � 0.05; Student’s t test).

FIGURE 4. Fetuin binding of swine origin H1 proteins carrying amino acid substitutions in addition to E227A. A, limiting dilutions of swine origin H1
proteins carrying amino acid substitutions in addition E227A, complexed with HRP-conjugated antibodies, were applied in the fetuin binding assay. Wild
type swine origin and swine H1 proteins as well as the swine origin E227A H1 protein were taken along as controls. B, bar graph of HA-fetuin binding at a
HA concentration of 2.5 �g/ml. S.D. are indicated. Asterisks indicate H1 binding significantly different from that of swine origin E227A H1 p � 0.05; Student’s
t test).
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at these two positions are largely responsible for the different
SIA binding properties of the swine and swine origin H1 pro-
teins, at least as assessed by the fetuin-binding and hemagglu-
tination assays.
Glycan Array Analysis—For a detailed study of the SIA

binding properties of the swine origin H1 proteins in compar-
ison with the closely related swine and the seasonal H1 pro-
teins, we subjected our soluble trimeric HA preparations to
glycan array analysis in collaboration with the Consortium for
Functional Glycomics. None of the proteins bound to �2–3-
linked SIA-containing glycans (Fig. 7 and supplemental Ta-
ble), as might be expected from the presence of residues
Asp190 and Asp225 in all proteins (8–10). Remarkably, the
seasonal and the swine H1 proteins and the swine origin
T200A/E227A double mutant H1 all bound most efficiently to
the same set of 12 glycans, albeit with differences in their rela-
tive binding avidity. For example, only the swine H1 bound
with high avidity to bi-antennary N-linked type glycans 54–57
(glycan numbering corresponds with that of supplemental
Table, whereas their structures are shown in Fig. 7) contain-
ing two �2–6-linked SIAs. These N-linked type glycans have
been demonstrated to occur in human upper respiratory epi-
thelium (30) and primary swine respiratory epithelial cells
(31). Note that all other bi-antennary glycans were not bound
by any of the H1 proteins. Consistent with the fetuin-binding
and hemagglutination assays, the swine origin HA protein
displayed hardly any binding to the glycan array.
Introduction of the T200A mutation into the swine origin

H1 protein resulted in modest binding to the same set of 12

glycan species, with the exception of the long, three lac-
tosamine repeat-containing glycan 330, which was bound
much more efficiently. However, when this glycan was fucosy-
lated (glycan 268), this increased binding was less apparent.
Importantly, linear lactosamine repeat-containing glycans
have been detected in swine and human respiratory epithelial
cells (30, 31). Introduction of the E227A mutation into the
swine origin HA protein also resulted in more efficient bind-
ing to the three lactosamine repeat-containing glycans 268
and 330, as well as to a sulfated single lactosamine repeat-
containing glycan 265. This increased binding was not appar-
ent for similar nonsulfated glycans 266–267. Combining the
T200A and E227A mutations had a synergistic effect and re-
sulted in a HA protein with a similar binding profile as the
swine H1 protein, although the biantennary glycans 54–57
were less efficiently bound by the double mutant H1 protein.
Modeling of T200A and E227A Substitutions—We modeled

the T200A and E227A substitutions into the crystal structure
of the swine origin H1 protein (23) and examined how
changes in the molecular interactions could explain the al-
tered binding with human SIA receptors. An �2–6-linked SIA
trisaccharide receptor was fitted into the modeled structure
by superposition with the H1 protein from A/Swine/Iowa/30
in binary complex with �2–6-linked SIA trisaccharide (24).
Fig. 8 shows the relevant part of the RBS of the swine origin
H1 and of the double mutant. The view of the RBS is such
that the potential hydrogen bond interactions in the swine
origin H1 between Thr200 and Gln191 and between Glu227 and
penultimate galactose (GlcNAc not shown) are visible. Substi-

FIGURE 5. Fetuin binding of swine origin H1 proteins carrying amino acid substitutions in addition to T200A. A, limiting dilutions of swine origin H1
proteins carrying amino acid substitutions in addition T200A, complexed with HRP-conjugated antibodies, were applied in the fetuin binding assay. Wild
type swine origin and swine H1 proteins as well as the swine origin T200A H1 protein were taken along as controls. B, bar graph of HA-fetuin binding at a
HA concentration of 2.5 �g/ml. S.D. are indicated. Asterisks indicate H1 binding significantly different from that of swine origin T200A H1 (p � 0.05; Stu-
dent’s t test).

FIGURE 6. Fetuin binding of swine H1 proteins carrying single or double amino acid substitutions. A, limiting dilutions of swine H1 proteins carrying
single or double amino acid substitutions, complexed with HRP-conjugated antibodies, were applied in the fetuin binding assay. Wild type swine origin and
swine H1 proteins were taken along as controls. B, bar graph of HA-fetuin binding at a HA concentration of 2.5 �g/ml. S.D. are indicated. Asterisks indicate
H1 binding significantly different from that of swine H1. The significant difference between the swine A227E and the swine A200T/A227E H1 proteins is also
indicated (p � 0.05; Student’s t test).
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tution of the residues at position 200 and 227 by alanine re-
sulted in the loss of these potential hydrogen bonds. It is con-
ceivable that the loss of a direct interaction of the receptor
with position 227 in the RBS of the double mutant can affect
the dynamic interactions between the receptor and the RBS,
thereby resulting in altered, in this case increased, binding of
particular glycans. Position 200, which is located on the sur-
face, outside of the RBS, does not directly interact with the
receptor. However, in the wild type swine origin H1, a poten-
tial hydrogen bond between Thr200 and Gln191 occurs, which
is lost in the double mutant. Gln191 is a highly conserved
amino acid in the 190-helix, of which amino acids Asp190 and
Ser193 have been shown to interact directly with the receptor.
Any potential hydrogen bond with this helix may obviously
influence its exact orientation and thereby have an indirect
effect on receptor binding.
Amino Acid Distribution at Positions 200 and 227—We

analyzed the amino acid distribution at positions 200 and 227
of all H1 proteins of IAVs of human, swine, and avian origin
(Table 1). The ancestral H1 from the 1918 pandemic strain
contains Ala200 and Ala227. Ala200 is (almost) completely con-
served in avian (100%) and human seasonal H1N1 (99.7%)
viruses. Swine H1N1 and H1N2 viruses display a more diverse
pattern. Ala200 is dominant in H1 from classical swine H1N1
(95%) human-like H1 from H1N2 (96%) viruses. However,
Thr200 is dominant in Eurasian swine H1N1 viruses (79%) and
occurs frequently in triple-reassortant H1N2 viruses (28%).

Remarkably, Thr200 is only present in 1.4% of pandemic 2009
H1N1 viruses. The frequency of its occurrence remained at a
low level since the start of the pandemic (data not shown).
The H1 proteins derived from the swine origin new pan-

demic H1N1 virus invariably contain E227 (Table 1). The seg-
ment encoding this protein is derived from the H1N2 triple-
reassortant influenza virus isolated from pigs in North
America. The H1 proteins of these viruses contain either Glu
(17%) or Ala (83%) at position 227 (Table 1). The triple-reas-
sortant virus, in turn, obtained its HA-encoding segment
from the classical swine H1N1 virus. Remarkably, most HA
proteins of these latter viruses contain Ala at position 227
(91%), whereas Glu has never been detected.

DISCUSSION

Transmission of IAVs from birds and swine to humans is
posing a serious global health threat. Although the molecular
determinants governing the switch from avian to human re-
ceptor specificity have been elucidated for several HAs (4, 6,
32), much less is known about the HA requirements for pig to
human transmission and subsequent efficient spread in the
population. As a first step to address this point, we analyzed
the differences in the receptor binding properties of the H1
proteins of closely related swine and new pandemic swine
origin IAVs. Although the swine H1 protein efficiently bound
to several �2–6-linked SIA-containing glycans, the swine ori-
gin H1 protein displayed only very poor binding to these gly-

FIGURE 7. Glycan array analysis of (mutant) H1 proteins. Seasonal, swine, swine origin, swine origin T200A (T200A), swine origin E227A (E227A), and
swine origin T200A/E227A (T200A/E227A) H1 proteins were subjected to glycan array analysis. Glycan numbers are given on the y axis and are sorted ac-
cording to the binding profile of the HA protein of the seasonal H1 protein. �2– 6-Linked, �2–3-linked, and �2–3- and �2– 6-linked sialyl glycans are indi-
cated blue, red, and green, respectively. Several glycan structures (generated with GlycoWorkbench (39)) are shown. The complete glycan array results as
well as the identity of all glycans are shown in supplemental Table.
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cans. Although the two proteins differ at 26 amino acid resi-
dues, their different receptor binding properties were found
to be largely determined by only two residues, located at posi-
tions 200 and 227. Substitution of both these residues was
shown to have a synergistic effect. Importantly, reciprocal
results were obtained when the residues at these positions
were mutated in the context of the swine H1 protein. These
findings provide new insights into H1 receptor interactions
and show that residues 227 and 200, which are located within

and outside of the RBS, respectively, can affect HA receptor
binding properties.
In a previous study, in which glycan arrays were probed

with whole viruses, dual receptor specificity was reported for
new pandemic swine origin H1N1 viruses (33). However, our
recombinant trimeric swine origin H1 preparations exclu-
sively bound to �2–6- and not to �2–3-linked sialyl glycans,
in agreement with other studies using recombinant new pan-
demic swine origin H1 trimers (34, 35). However, recombi-
nant H1 proteins of several new pandemic swine origin H1N1
viruses (35), which all contain Ala200, appeared to display
more efficient binding to the glycan array than our recombi-
nant H1 protein with the T200A substitution. These differ-
ences may be attributed to the H1 proteins differing at other
residues but also to the different expression systems used.
Although the HA proteins used by Yang and corkers were
produced in insect cells (35), which contain paucimannose
N-glycans, our H1 proteins were generated in HEK293S
GnTI(�) cells, which produce proteins with high mannose
N-glycans. We recently demonstrated that recombinant solu-
ble HA proteins with paucimannose N-linked glycans display
more promiscuous receptor binding when compared with
proteins that carry high mannose or desialylated complex N-
glycans (19).
In contrast to the swine H1 protein, the swine origin H1

protein displayed only very modest receptor binding, for
which the residues at positions 200 and 227 were shown to be
largely responsible. Yet, we observed highly similar receptor
specificities for these various H1 proteins. Close inspection of
the glycan array data (Fig. 7 and supplemental Table) revealed
that selecting the 12 strongest binding glycans for each (mu-
tant) H1 protein yielded almost completely overlapping sets.
From these results, we conclude that the amino acids at posi-
tions 200 and 227 mainly contribute to the receptor binding
affinity.
Our observations demonstrate that the identity of the resi-

due at position 200, which is not part of RBS, can affect the
interaction of HA with its receptor. Modeling of the T200A
substitution into the structure of the swine origin H1 protein
(23) revealed the loss of a potential hydrogen bond with resi-
due Gln191 in the 190-loop, thereby probably affecting the
interaction of H1 with SIA-containing glycans. Other studies
already hinted at the putative involvement of residue 200 in
H1 receptor binding. Characterization of zanamivir-selected
drug-resistant H1N1 viruses not only revealed a massive dele-
tion in the region encoding the NA active center but also an
A200T mutation in HA (36), in agreement with the notion
that HA mutations resulting in weaker cell attachment often
arise during in vitro selection with NA inhibitors (37). Fur-
thermore, passaging in naïve mice of high avidity binding PR8
mutant viruses (H1N1), which had been selected in mice im-
munized with influenza vaccine, selected for additional HA
substitutions, including an A200T substitution, that resulted
in decreased cell binding (38).
Substituting the residue at position 227, which is located

within the RBS, had a much larger effect on receptor binding
of H1 than substitution of the residue at position 200. Maines
and co-workers (34) suggested that the presence of Glu227 in

FIGURE 8. Structural model of the swine origin H1 RBS in complex with a
�2– 6-linked sialyl glycan. A, structural model of the swine origin H1 RBS
in complex with a �2– 6-linked sialyl glycan. Key amino acids are indicated
and shown in a stick representation (gray, carbon; red, oxygen; blue, nitro-
gen). The �2– 6-linked SIA is shown in red, and penultimate galactose is
shown in blue. Potential hydrogen bond interactions are shown by dotted
lines. B, substitution of the residues at positions 200 and 227 resulted in the
loss of potential hydrogen bond interactions with Gln191 and with galac-
tose. The red dotted circles highlight the presence or absence of the poten-
tial hydrogen bond interactions.

TABLE 1
Frequency of residues at positions 200 and 227 in H1

a Amino acids are indicated by single letters.
b Total number of unique full-length sequences are shown. Only for new pan-
demic H1N1 all full-length sequences were counted-indicates absence of se-
quences with particular residues.
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combination with Ile219 in the new pandemic H1 protein
would disrupt optimal contacts with �2–6-sialylated glycans.
In this study, we demonstrate that the E227A substitution
indeed results in increased receptor binding regardless, how-
ever, of the identity of the 219 residue. In agreement with our
results, also for the H1 protein of PR8, substitution of the ala-
nine at position 227, this time by a threonine residue, corre-
lated with decreased cell binding (38). According to our
model (Fig. 8), the E227A substitution disrupts the potential
hydrogen bond interaction with the penultimate galactose of
the sialyl glycan. Loss of a hydrogen bond may affect the dy-
namic interactions between receptor and RBS and thereby
change receptor binding affinity. However, the synergistic
effect of substituting the residues at positions 200 and 227 is
not easily explained on the basis of a static model.
In contrast to the T200A substitution, which is found in

most new pandemic swine origin H1N1 viruses, the identity
of residue 227 in the HA protein of all swine origin H1N1 iso-
lates is invariably a glutamic acid. The T200A substitution
may provide a selective advantage to the swine origin H1N1
virus, by its subtle effect on receptor binding (this work)
and/or by modifying antigenicity (38). However, it appears
that the larger increase in receptor binding resulting from
mutation of Glu227 is not compatible with spread of the swine
origin H1N1 virus in the human population. It will be of in-
terest to determine the biological consequences of these mu-
tations in H1 and to establish their relationship to the effi-
cient propagation of H1N1 viruses in humans.
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