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Abstract—It was previously shown that hemagglutinin residues Thr155, Glu158, and Ser228 are crucial for the recognition
of Neu5Gec. In this study, we demonstrated that the ability to bind the Neu5Gc-terminated receptor is related to the amino
acid 145: viruses of years 1972-1999 with Lys145 bind to the receptor, whereas viruses with Asn145 do not. Sporadic appear-
ance and disappearance of the ability to bind Neu5Gc oligosaccharides and the absence of Neu5Gc in the composition of
human glycoconjugates indicate the non-adaptive nature of this ability. It was previously shown that unlike HIN1 viruses,
H3N2 viruses of years 1968-1989 did not distinguish between NeuSAca2-6Galf1-4Glc (6'SL) and NeuSAca2-6GalP1-
4GIcNAc (6'SLN). H3N2 viruses isolated after 1993 have acquired the ability to distinguish between 6’SL and 6’SLN, sim-
ilarly to HIN viruses. We found that the affinity for 6'SLN has gradually increased from 1992 to 2003. After 2003, the virus-
es lost the ability to bind a number of sialosides, including 6’SL, that were good receptors for earlier H3N?2 viruses, and
retained high affinity for 6’'SLN only, which correlated with the acquisition of new glycosylation sites at positions 122, 133,
and 144, as well as Glu190Asp and Gly225Asp substitutions, in hemagglutinin. These substitutions are also responsible for
the receptor-binding phenotype of human HI1NI1 viruses. We conclude that the convergent evolution of the receptor speci-

ficity of the HIN1 and H3N?2 viruses indicates that 6’SLN is the optimal natural human receptor for influenza viruses.
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Influenza viruses are negative-strand enveloped
RNA viruses with segmented genomes. They contain
eight different RNAs that encode 10 to 11 proteins. The
viral particle includes two major envelope glycoproteins:
hemagglutinin (HA) and neuraminidase (NA). The natu-
ral reservoir of influenza viruses are wild aquatic birds, in
which viruses with 16 currently known HA antigenic sub-
types and 9 NA subtypes can be found. The viruses can

Abbreviations: CE, embryonated chicken egg; Glyc-PAA, gly-
cosylated polyacrylamide; Glyc-PAA-biotin, biotinylated gly-
cosylated polyacrylamide; HA, hemagglutinin; NA, neur-
aminidase; RBS, receptor-binding site; Sia, sialic acid (either
NeuSAc or Neu5Ge).

* To whom correspondence should be addressed.

* Deceased.

sometimes transmit from the birds to other wild and
domestic animals. On rare occasions, they adapt to new
species and form stable host-specific lineages. It is
believed that all known lineages of influenza viruses in
other species, including humans, have originated from
viruses of wild aquatic birds [1].

Sialic acids are the minimal essential determinants of
the cell surface receptors for influenza viruses [2, 3].
Sialyloligosaccharides of cell surface glycoproteins and
glycolipids exhibit significant structural diversity. The
ability of sialic acids to serve as receptor determinants of
influenza viruses may be influenced by the structure of
their carbohydrate chain. One of the main characteristics
of the receptor specificity of influenza viruses is the abili-
ty to discriminate between NeuS5Aca2-3Gal and
Neu5Aca2-6Gal disaccharide moieties [4, 5]. Thus,
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non-egg-adapted human influenza A and B viruses
strongly bind to Neu5Aca2-6Gal-terminated receptors,
but not to the Neu5Aca2-3Gal-terminated ones [6]. In
contrast, avian viruses do not bind Neu5Aco2-6Gal irre-
spectively of their HA subtype and exhibit higher affinity
for the Neu5Aca2-3Gal-terminated receptors than for
free neuraminic acid (NeuS5Ac), which is indicative of
specific interactions between the HA receptor-binding
site (RBS) and 3-linked Gal. Comparison of the HA
amino acid sequences revealed that residues at positions
138, 190, 194, 225, 226, and 228 are conserved in the
RBSs of influenza viruses of the H1-H 12 subtypes isolat-
ed from wild ducks. Amino acids 226 and 228 are
replaced in H3 HAs of early human H3N2 viruses, while
residues 138, 190, 194, and 225 are replaced in H1 HAs of
human HINI1 viruses [7, 8].

Human HINI viruses bind to the NeuSAca2-
6GalB1-4GIcNAc trisaccharide (6’SLN) with a higher
affinity than to Neu5Aca2-6Galp1-4Glc (6'SL), whereas
early human H3N2 viruses lacked the ability to distin-
guish between these two structures [5, 8-10]. After 1992,
human influenza H3N2 viruses have lacked some proper-
ties; namely, they lost the ability to grow in embryonated
chicken eggs (CEs) and to agglutinate chicken red blood
cells [11-13].

During the years 1993-2003, several substitutions
(e.g., Glul90Asp) have appeared in the HAs of human
H3N2 viruses at previously conserved positions responsi-
ble for the receptor binding [12]. Ile and then Val have
become predominant residues at position 226 of H3 HA
instead of Leu, which had been typical for HAs of previ-
ous H3N2 human isolates [13-15]. New potential glyco-
sylation sites have emerged at positions 122, 133, and 144.
Selection of antigenically distinct H3N2 variants can
contribute to the switch in the binding affinity of the
viruses. Thus, substitutions of residues 156, 158, 189, and
193 altered the binding to the minor human-type glycans
YDS and 6-STF and the swine-specific Neu5Gce-Tn
receptor [16].

Later, the Gly225Asp substitution appeared. It is
interesting to note that Asp190 and Asp225 are conserved
residues responsible for the selectivity of human HINI1
viruses for the NeuSAca2-6GalB1-4GIcNAc receptor. It
was shown that H3N2 isolates of years 1998 and 1999
exhibited higher affinity to 6’SLN than to 6’SL [17].

Due to the RBS rearrangement, viral adaptation to
embryonated chicken eggs via new patterns of amino acid
substitutions has become possible [18]. Large-scale muta-
tional analysis of the RBSs of the A/WSN/33 (HIN1) and
A/Hong Kong/1/1968 (H3N2) viruses revealed many
replication-competent mutants not yet observed in nature
[19].

Viruses display year-to-year variations in the binding
specificity profiles. The earliest human H3N2 viruses
preferentially bound short, branched sialylated glycans,
while more recent viruses bound long polylactosamine
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chains terminating in sialic acid, rather than short sialy-
lated glycans [20]. Glycan binding assay demonstrated
that early human H3N2 viruses bound to broad range of
human receptor analogs, whereas recent (2006-2011) iso-
lates have a more restricted binding profile and preferen-
tially bind to the branched glycans with extended poly-N-
acetyl-lactosamine (poly-LacNAc) chains, a feature
shared with HA of the 2009 pandemic HIN1 (Cal/04)
virus. These human-type long-branched receptors have a
potential to increase the binding affinity by simultaneous-
ly interacting with two subunits of the HA trimer [21, 22].

In this study, we investigated the receptor-binding
properties of human H3N2 influenza viruses isolated
from 1968 to 2003.

MATERIALS AND METHODS

Materials. Horseradish peroxidase—streptavidin
conjugate and o-phenylenediamine from Boehringer
Mannheim (Germany) and 96-well plates (Costar, USA)
were used. o.-Benzyl sialoside (SBn) and 6'SLN (9-NAc)
were synthesized as described elsewhere [23, 24].
Unlabeled glycosylated polyacrylamides (Glyc-PAAs;
30 kDa) were synthesized as described earlier [25].
Biotinylated Glyc-PAA-biotin polymers (1000 kDa) were
synthesized as described in [26]. See Table 1 for the struc-
tures and abbreviations of receptor analogs.

Propagation of viruses. The viruses were obtained
from the Centers for Disease Control (Atlanta, GA,
USA) virus repository. The viruses were isolated in chick-
en embryo (E) orin MDCK cells (M) and propagated in
MDCK cells. Viruses were grown in MEM medium for
48 h at 37°C and inactivated with 0.1% glutaraldehyde.
The cultural liquids were clarified by low-speed centrifu-
gation; the viruses were collected by high-speed centrifu-
gation, resuspended in 0.02 M Tris buffer (pH 7.2) con-
taining 0.1 M NaCl and 50% glycerol, and stored at
—20°C.

Direct binding assays. The assay was performed with
Glyc-PAA-biotin compounds (1000 kDa) as described in
[8]. The plates were coated with purified influenza virus
with the titer of 4-8 hemagglutination units (100 ul/well)
at 4°C for 2 h, followed by washing with phosphate
buffered saline (PBS). Then, 100 pl/well of the blocking
solution (0.1% BSA in PBS) was added, and the plates
were incubated for 1 h, followed by washing with cold
PBS containing 0.05% Tween 20 (washing solution).
After addition of 2-fold serial dilutions of Glyc-PAA-
biotin (50 pl/well) in the working buffer (PBS with 0.01%
Tween 20, 0.1% BSA, and 1 uM neuraminidase inhibitor
oseltamivir carboxylate), the plates were incubated for 2 h
at 4°C. The starting concentration of Glyc-PAA-biotin
was 0.5 uM with respect to sialic acid. The plates were
washed with cold washing solution and incubated with
streptavidin—peroxidase in the working buffer at 4°C for
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Table 1. Structures of polyacrylamide-attached oligosaccharides

Glyc Glyc- PAA-biotin structure
3'SL Neu5Aca2-3GalB1-4Glcp-PAA-biot
6'SL Neu5Aca2-6GalB1-4GlcB-PAA-biot
6'SLN NeuSAca2-6Galp1-4GlcNAcB-PAA-biot
6’'SLN(Gc) Neu5Gcea2-6Galp1-4GIlcNAcB-PAA-biot
Glyc-PAA structure
SBn NeuSAca-OCH2C6H4- PAA
6'SL NeuS5Aca2-6GalB1-4Glcp-PAA
6'SLN NeuSAca2-6GalB1-4GIcNAcB-PAA
YDS (Neu5Aca2-62-6G*-GN-M)2-3,6-M-GN-GNB-PAA
LSTb GalB1-3(Neu5Aca2-6)GIcNAcB1-3Galp1-4Glc-PAA
STn Neu5Aca2-6GalNAca-PAA
6STF GalB1-3(NeuSAca2-6)GalNAca-PAA
Su-6’SLN Neu5Aca2-6GalB1-4-(6-O-Su)GIcNAcB-PAA
6'SLN(9-NAc) 9-N-Ac-NeuSAca2-6GalB1-4GlcNAcB-PAA

1 h. After washing, peroxidase activity in the wells was
assayed using o-phenylenediamine solution.

Competitive binding assay. The virus affinity to Glyc-
PAA (30 kDa) was determined in the fetuin binding inhi-
bition assay as previously described [27]. The assay is
based on the competition between the receptor analog
and standard preparation of peroxidase-labeled fetuin for
the binding sites on the immobilized virus. The competi-
tive assay was performed for 1 h at 2-4°C in the working
buffer. The results were expressed as affinity constants
(K, formally equivalent to the dissociation constants of
the virus—receptor analog complexes. The constants were
calculated based on the concentration of sialic acid
residues in the solution; the data from the same set of
experiments were averaged.

Statistics. The dissociation constants and standard
deviations were calculated with the EXCEL software.

RESULTS

We have studied the receptor-binding properties of
human influenza H3N2 viruses isolated in MDCK cells
(M) and in chicken embryos (E). For more adequate
comparison, egg-adapted viruses were grown and harvest-
ed in MDCK cells.

In the first set of experiments, we performed direct
binding assay using five labeled receptor analogs: peroxi-
dase-labeled fetuin and four Glyc-PAA-biotin probes
(1000 kDa) [Glyc is 3'SL, 6'SL, 6'SLN, and 6'SLN(Gc),
respectively] (see Table 1 and Fig. 1 for the Glyc struc-
tures and molecular models). The obtained results are
shown in Table 2. For the ease of comparison, the data are
presented in qualitative form: three asterisks, the
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strongest binding; two asterisks, one order of magnitude
weaker binding; one asterisk, weak binding; minus sign,
no binding.

Recognition of the sialic acid linkage type (a2-3 vs.
a2-6). In agreement with our earlier studies [10, 17],
none of the MDCK-derived viruses bound to 3'SL, while
all egg-adapted viruses bound to this receptor analog,
despite the fact that they were MDCK-grown at the last
passage (Table 2).

Binding to fetuin. Fetuin is a glycoprotein possessing
mostly bi- and triantennary N-glycans terminated with
Siaa2-3GalB1-4GIcNAc and Siaa2-6GalB1-4GIcNAc
[28]. All the viruses isolated before 1999 and all egg-
adapted viruses bound fetuin with a high affinity. Most of
the viruses isolated after 1999 lost this ability, which cor-
related with the appearance of new glycosylation sites
(GS) at positions 122, 133 and 144. The Texas/41/99 and
Alaska/37/99 viruses, in which the GS122 was absent,
and the A/New York/68/2003 and A/New York/72/2003
viruses that lost the GS144 a second time, partly pre-
served the affinity to fetuin. The loss of GS126 restored
the ability to bind fetuin at a very low level. Hence, the
abundance of new glycosylation sites (positions 122, 133,
and 144) is crucial for the inability to bind fetuin.

Recognition of the sialic acid type (IN-acetylneur-
aminic vs. N-glycolylneuraminic). No specific pattern in
the ability of the tested H3N2 viruses to recognize N-gly-
colylneuraminic acid was observed. Both early and late
viruses with Trp155 lacked the ability to bind 6’'SLN(Gc).
The A/Port Chalmers/73 virus bound N-acetylneur-
aminic and N-glycolylneuraminic acids with equal affin-
ity, with is in good agreement with the results of studies
[29, 30] demonstrating that the H3N2 viruses with Tyr155
recognize Neu5Gca2-6Gal. The ability to bind Neu5Gc
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6'SLN

Su-6'SLN

6'SLN(Gc)

Fig. 1. Structures of tested sialooligosaccharides.

of the viruses from 1992-1999 correlated with the combi-
nation of Lys145 and His155. Viruses with Lys145 bound
Neu5Gc, while viruses with Asnl145 did not (Table 2).
Viruses isolated after 2002 did not bind 6’'SLN(Gc) even
with Lys145 and His155 in HA, which might be due to
further RBS rearrangement, including substitutions of
amino acid 190, 225, and 226.

Recognition of 6'SL vs. 6'SLN. Human H3N?2 virus-
es of 1968-2003 demonstrated different affinity to 6'SL
compared to 6’'SLN. Viruses isolated from 1968 to 1992
recognized these compounds with equal affinity. H3N2
viruses isolated after 1993 bound 6'SLN with a higher
affinity than 6'SL. As a rule, viruses isolated after 2002
completely lost the ability to bind 6'SL. The A/New
York,/68/2003 and A/New York/72/2003 viruses without
GS144 are exceptions to this rule; they bound 6'SL at a
low level. The first sign of increasing affinity to 6'SLN in
comparison with 6’SL was observed for viruses isolated in
1993, in which Glu replaced Asp at position 190 (Table
3). This trend has strengthened after the appearance of
new GSs (Table 2). Viruses with GS144 and Gly225/Asp
substitution did not bind 6’SL. Nevertheless, their ability
to bind to 6’'SLN remained elevated.

Virus specificity to Sia(2-6)-terminated receptors
with different saccharide cores. The receptor-binding
phenotypes of human H3N2 viruses were determined

using NeuSAca2-6Gal receptors differing in their inner
core (Table 1 and Fig. 1). Receptor mimetics a-benzyl
sialoside (SBn) and 6'SLN (9-NAc) were synthesized;
the other sialooligosaccharides were found in natural gly-
coproteins or glycolipids and isolated from biological
materials. Unlabeled sialoglycopolymers with low molec-
ular weight (30 kDa) were used in the competitive assay
[25]. The binding affinities for these receptor analogs are
presented in Table 3. All the tested viruses bound to
6’'SLN and 6-O-Su-6'SLN with equal affinity. None of
the viruses bound to 6'SLN(9-NAc) and 6-STF; hence,
the data for 6-O-Su-6'SLN, 6'SLN(9-NAc), and 6-STF
were omitted.

The equal affinity to 6'SLN and its sulfated analog 6-
O-Su-6'SLN is not surprising, since the sulfo group
attached to O-6 of N-acetylglucosamine is directed from
the RBS toward water. The absence of binding to
6'SLN(9-NAc) is not surprising either, since the 9-NAc-
group cannot interpose between C-9 of NeuSAc and the
surface of receptor-binding pocket in the region of amino
acids 183, 190, and 228 [3]. The absence of binding to 6-
STF could be explained by disadvantageous overlapping
of the Galf moiety with the 222-226 fragment of the
polypeptide chain in the RBS.

All the tested viruses demonstrated high affinity to
6’'SLN. The affinity to the 6’SLN-containing biforked

BIOCHEMISTRY (Moscow) Vol. 84 No. 10 2019



EVOLUTION OF RECEPTOR SPECIFICITY OF HUMAN INFLUENZA H3N2 VIRUSES

oligosaccharide YDS was lower than to 6’'SLN. The dif-
ference increased with the year of isolation and could be
explained by steric overlapping of the YDS second anten-
na with carbohydrate moieties of HA in the RBS region.
The results of the competitive and direct binding assays
were the same.

Viruses isolated before 1999 demonstrated nearly
equal affinity to 6’SL and 6’SLN, whereas viruses isolat-
ed after 1999 had low or no affinity to 6'SL. The affinity
to STn and LSTb was similar between all the tested virus-
es: it was very low for viruses from 1968-1992, up to
Umea/02/92 virus. The Qingdao/53/92, Stockholm/1/93,

Table 2. Virus binding with sialoglycoconjugates
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Wyoming/1/93, and Spain/351/95 viruses displayed a
high affinity to these two compounds, which was only
slightly lower than the affinity to 6’'SLN. All these viruses
have the Glul90Asp substitution. The Wuhan/359/95
virus (with Leu226lle substitution) exhibited a strongly
decreased affinity to these oligosaccharides. Later viruses
with Ile/Val226 and GS133 and GS144, virtually did not
bind to STn and LSTb.

It was shown earlier that o-benzyl sialoside (SBn)
(Table 1) is a strong inhibitor of binding of human H3N2
viruses [31, 32]. Indeed, for all but three viruses (three last
viruses in Table 3), the affinity to SBn was equal to the

HA position Sialoglycoconjugate
Virus Fet
122 | 133 | 144 | 145 | 155 | 190 | 225 3'SL | 6'SL | 6'SLN | 6'SLN (Gc)
Aichi/2/68 E Ser | Thr | Glu |Gly | +++ | + +++ | +++ _
USSR/039/68 E Ser | Thr | Glu |Gly | +++ | + +++ | +++ _
Canada/228/68 E Ser | Thr | Glu |Gly | +++ | + +++ | +++ —
Taiwan/1/69 E Ser | Thr | Glu |Gly | +++ | + +++ |+ -
Canada/2/70 E Ser | Thr | Glu |Gly | +++ | + +4++ |+t -
Port Chalmers/1/73 E Ser | Tyr | Glu |Gly | +++ | + +++ | A+t +++
Seoul/23/91 E Lys | His | Glu |Gly | +++ | ++ | +++ | +++ ++
Seoul/46/91 E Lys | His | Glu |[Gly | +++ | + +++ | 4+t ++
Kasauli/149/92 E Lys | His | Glu [Gly | +++ | + +++ | +++ ++
Umea/01/92 M Lys | His | Glu |Gly | +++ | — +++ | +++ ++
Umea/02/92 M Lys | His | Glu |Gly | +++ | — | +++ | +++ ++
Indonesia/3946/92 M Lys | His | Glu |Gly | +++ | — | +++ | +++ ++
Qingdao/53/92 E Asn | His | Glu |Gly | +++ | ++ ++ ++ —
Russia/125/93 M Lys | His | Glu |Gly | +++ | — | +++ | +++ ++
Stockholm/1/93 M Asn | His | Asp |Gly | +++ | — | +++ | +++ nd
Georgia/3/93 M Asn | His | Asp [Gly | +++ | — | +++ | +++ nd
New York/3/93 M Asn | His | Asp |Gly | +++ | — | +++ | +++ nd
Wyoming/1/93 M Asn | His | Asp |Gly | +++ | — | +++ | +++ —
Washington/26/93 M Asn | His | Asp |Gly | +++ | — +++ | +++ —
Hong Kong/1/94 M Lys | His | Asp |Gly | +++ | — | +++ | +++ ++
Hong Kong/55/94 M Lys | His | Asp [Gly | +++ | — | +++ | +++ ++
Wuhan/359/95 E Lys | His | Asp |Gly | +++ | + | +++ | +++ +
Spain/351/95 M Lys | His | Asp |Gly | +++ | — | +++ | +++ ++
Changwon/9/95 M Asn | His | Asp [Gly | +++ | — +++ | +++ —
Canada/17/96 M Asn | His | Asp [Gly | +++ | — +++ | A+t -
Texas/41/99 M GS| GS | Lys | His | Asp |Gly | ++ - ++ +++ nd
Alaska/37/99 M GS| GS | Lys | His | Asp |Gly | ++ - ++ +++ +
Egypt/8811/99 M | GS | GS Lys | His | Asp |Gly | + - + -+ nd
California/32/99 E | GS| GS Lys | His | Asp |Gly | +++ | ++ ++ +++ +
Fujian/411/2002 M [ GS | GS| GS | Lys | Thr | Asp |Asp | — - — +++ nd
England/01/21/2003 M | GS | GS| GS | Lys | Thr | Asp | Asp — — — +++ nd
Wisconsin/32/2003 M [ GS | GS| GS | GIn | Thr | Asp |Asp | — - — +++ nd
Hong Kong/797/2003 M [ GS | GS| GS | Lys | Thr | Asp |Asp | — - +++ nd
Nebraska/6,/2003 M [ GS | GS| GS | Lys | Thr | Asp |Asp | — - — +++ —
Texas/33/2003 M [ GS | GS| GS | Lys | Thr | Asp |Asp | — — — +++ —_
Texas/39/2003 M | GS | GS| GS | Lys | Thr | Asp | Asp - — — +++ nd
Texas/40/2003 M [ GS | GS| GS | Lys Thr| Asp |Asp | -— - — +++ nd
Texas/42/2003 M [ GS | GS| GS | Lys Thr | Asp |Asp - — - +++ nd
Wyoming/3e/2003 E |GS| GS| GS | Lys Thr Asp|Asp | +++ + + +++ nd
Chile/8266¢/2003 E | GS| GS Lys Thr Asp|Asp | +++ | + ++ | +++ _
New York/16/2003 M [ GS | GS| GS | Lys Thr Asp|Asp| - — — +++ nd
New York/68/2003 M | GS | GS Lys His Asp|Asp | ++ — + +++ —
New York/72/2003 M | GS | GS Lys His Asp |Gly | ++ - ++ +++ —
New York/74/2003 M [ GS | GS| GS | Lys Thr Asp|Asp| - - — +++ nd

Note: M and E, human influenza H3N?2 viruses isolated in MDCK cells and chicken Embryos, respectively; Fet, fetuin; GS, glycosylation sites;

nd, not determined.

BIOCHEMISTRY (Moscow) Vol. 84 No. 10 2019



1182

GAMBARYAN et al.

Table 3. Virus binding affinity (K, pM) with sialylglycoconjugates

HA position Sialoglycoconjugate
Virus
190 225 | 226 | SBn | 6'SL | 6'SLN STn LSTb YDS
Aichi/2/68 E Glu Gly | Leu 1 1 1 50 50 2
USSR/039/68 E Glu Gly | Leu 1 1 1 50 50 2
Canada/228/68 E Glu Gly | Leu 1 1 1 50 50 2
Taiwan/1/69 E Glu Gly | Leu 1 1 1 50 50 2
Canada/2/70 E Glu Gly | Leu 1 1 1 50 50 2
Port Chalmers/1/73 E Glu Gly | Leu 4 2 2 100 100 2
Seoul/23/91 E Glu Gly | Leu 1 1 1 30 30 1
Seoul/46/91 E Glu Gly | Leu 2 2 2 30 100 10
Kasauli/149/92 E Glu Gly | Leu 1 1 1 30 30 1
Umea/01/92 M Glu Gly | Leu | 0.3 0.3 0.3 50 50 1
Umea/02/92 M Glu Gly | Leu | 0.3 0.3 0.3 50 50 1
Indonesia/3946/92 M Glu Gly | Leu | 0.3 0.3 0.3 50 50 1
Qingdao/53/92 E Glu Gly | Leu 1 1 1 3 3 3
Stockholm/1/93 M Asp Gly | Leu | 0.3 0.3 0.2 1 2 2
Wyoming/1/93 M Asp Gly | Leu | 0.2 0.2 0.1 0.2 0.2 0.2
Hong Kong/55/94 M Asp Gly | Leu | 0.2 0.5 0.2 1 0.5 1
Spain/351/95 M Asp Gly | Leu | 0.2 0.2 0.1 0.2 0.2 0.2
Wuhan/359/95 E Asp Gly | Ile 1 1 0.4 10 10 5
Texas/41/99 M Asp Gly | Val 1 1 0.1 50 50 2
Alaska/37/99 M Asp Gly | Val 1 2 0.1 100 100 3
New York/72/2003 M Asp Gly | Val 3 3 0.1 100 100 2
Wyoming/3/2003 M Asp Asp Ile >50 | >50 1 nd nd nd
Texas/33/2003 M Asp Asp | Val | >50 | >50 0.5 nd nd nd
New York/68/2003 M Asp Asp Ile | >50 50 0.5 40 40 5

Notes: Affinity constants (K,y) are formally equivalent to the dissociation constants of the virus—receptor analog complexes; higher K values cor-
respond to lower affinities. The data were averaged from three sets of experiments; standard deviations did not exceed 60% of the mean val-
ues. M and E, human influenza H3N2 viruses isolated in MDCK cells and chicken Embryos, respectively; nd, not determined.

affinity to 6’SLN. The Wyoming/3/2003, Texas/33/2003,
and NewYork/68/2003 viruses demonstrated a dramati-
cally decreased affinity to SBn and 6’SL and had the
Gly225Asp substitution in HA. It is likely that bulky
hydrophilic Asp residue completely abolished the
hydrophobic interaction of the benzyl group with Val226.

DISCUSSION

Herein, we evaluated the evolution of the receptor
specificity of 1968-2003 human H3N2 viruses in a con-
text of amino acid substitutions in the RBS and of sialo-
side core structure. Two replacements, GIn226Leu and
Gly228Ser, distinguished HA of early human viruses from
the consensus sequence in avian viruses. These substitu-
tions changed the virus preference for the receptor deter-
minant from Neu5Aca2-3Gal to NeuS5Aco2-6Gal.
However, this preference was not absolute — the affinity
to the non-anchored 3'SL was nearly 5 times lower than
to 6'SL [31, 32]. The complex of Neu5Aca2-3Gal-termi-
nated receptor with the Aichi/2/68 HA was successfully
crystallized, and its three-dimensional structure was
determined [33]. Early human H3N2 viruses had been
able to bound to Neu5Aca2-3Gal-terminated ganglio-
sides; but this ability has decreased and was lost after-
wards [7].

According to Anders and Suzuki, HA amino acids
155, 158, and 228 may be critical for the recognition of
NeuSAc and Neu5Ge [29, 30]. In our study, the ability of
viruses isolated in 1992-1999 to bind to Neu5Gc correlat-
ed with the pair of amino acids 145 and 155: viruses with
Lys145 and His155 bound to the Neu5Gc receptor, while
viruses with Asn145 and His155 or Lys145 and Thr155 did
not (Table 2). The proposed position of Lys145 relative to
the N-glycolyl group of N-glycolylneuraminic acid and
Trp153 is shown in Fig. 2. Apparently, the amino-group
of Lys145 is able to form a hydrogen bond with the N-gly-
colyl group.

Sporadic appearance and disappearance of the affin-
ity for Neu5Gc in viruses from 1968-2003 indicates the
non-adaptive character of this feature. The Neu5Gc moi-
ety is absent on human cells; hence, the ability to bind
this form of sialic acid cannot provide a virus with the
selective advantage. Sporadic appearance of this ability
seems to be an accidental result of the amino acid
replacements in the hypervariable regions of antigenic
sites.

Early human H3N2 viruses were not adapted to a
certain sialyloligosaccharide in the human respiratory
epithelium. Initial GIn226Leu and Gly228Ser substitu-
tions in HA ensured virus interactions with the methylene
group of galactose moiety adjacent to 2-6Sia. Receptor
mimetics of the general NeuSAca-OCH,-R structure
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Fig. 2. Putative position of Lys145 in the RBS of H3 HA. Trp153, Lys145 and N-glycolyl group of sialic acid (SA) are shown. Substitutions of
Ser145 with Lys145 and N-acetyl group of SA with N-glycolyl group were performed with the DS ViewerPro 5.0 software (Accelrys Inc.) using
the three-dimensional model of X-31 HA complexed with the LSTc pentasaccharide [33].

containing hydrophobic aglycon, such as benzyl sialoside
and even a-methyl sialoside, exhibited high affinity to
early H3N2 viruses [31]. When the asialic part of the car-
bohydrate receptor analog did not sterically hinder the
binding, different compounds with the 2-6 linked sialic
acid demonstrate almost identical high affinity toward the
viruses [9, 31]. With the appearance of human subpopu-
lation with the antibodies against H3N2, new glycosyla-
tion sites in HA at positions 126 and 246 have appeared in
H3N2 viruses, reducing the neutralizing effect of the
antibodies. At the same time, some natural receptors have
become inaccessible for the viruses. Thus, the ability to
bind GM3 and 3-SPG gangliosides decreased with the
acquisition of GS126 and disappeared with the acquisi-
tion of GS246 [7].

When Glul90 (residue conserved in the avian virus-
es) was replaced with Asp, at least two new natural
sialooligosaccharides (STn and LSTb) became available
for the viruses. Viruses with Asp190 and Leu226 bound
STn and LSTb with a high affinity, but this ability was lost
with the Leu226lle/Val substitution. Since the residues
190 and 225 are in the close contact the terminal part of
the receptor (sialic acid and adjacent galactose fragment),

BIOCHEMISTRY (Moscow) Vol. 84 No. 10 2019

they cannot directly affect distant monosaccharides. It is
probable that substitutions at these positions slightly turn
the sialic acid, resulting in a more or less successful fitting
of STn and LSTb in the RBS.

When STn and LSTb became available for the virus-
es, 6'SLN became the receptor with the highest affinity,
and further evolution promoted this trend. The affinity to
STn, LSTb, and 6’SL gradually disappeared, while the
affinity to 6’SLN remained high. After Gly225Asp substi-
tution, the original mechanism of receptor recognition
(via hydrophobic interaction) was lost, and the viral RBS
underwent a deep rearrangement. After 2003, the viruses
contain Asp190, Asp225, Val226, and Ser228 in the RBS
instead of Leu226 and Ser228, which distinguishes them
from the avian viruses.

In conclusion, it appears that over the course of evo-
lution, the receptor phenotypes of human H3N2 and
HINI viruses have converged, and the amino acid com-
position of their RBSs has become closer than in the
beginning of H3N2 circulation. Both HIN1 and H3N2
viruses of 2003-2009 have numerous glycosylation sites in
the upper part of HA, along with Asp at positions 190 and
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225, and strongly discriminate between the receptors with
6'SL and 6’'SLN. The role of Asp190 and Asp225 in the
selective affinity of HIN1 viruses to 6'SLN was shown
earlier [10]. Crystallography studies of the H1 HA mole-
cule revealed hydrogen bonds between Aspl190 and the
amine nitrogen of the GIcNAc-3 moiety of the 6'SLN
molecule [34]. Hence, it is possible that a similar mecha-
nism is responsible for the discrimination between 6'SL
and 6'SLN in the binding of H3N2 viruses. Such conver-
gent evolution of the receptor specificity of HIN1 and
H3N2 subtypes suggests that 6'SLN is the optimal natu-
ral human receptor for the influenza viruses.
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