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Abstract Influenza virus neuraminidase inhibitors (NAIs),
currently used as anti-influenza drugs, can lead to the
appearance of drug-resistant variants. Resistance to NAls
appears due to mutations in the active site of the neuramin-
idase (NA) molecule that decrease the NA enzymatic activity
and sometimes in the hemagglutinin (HA) that decrease its
affinity for cell receptors and, therefore, reduce the require-
ment for NA activity in releasing mature virions from
infected cells. Using a set of sialo-oligosaccharides, we
evaluated changes in the receptor-binding specificity of the
HA and substrate specificity of the NA of influenza B
viruses that had acquired resistance to NAIs. The oligosac-
charide specificity of two pairs of field influenza B viruses,
namely: i) B/Memphis/20/96 and its NAl-resistant variant,
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B/Memphis/20-152K/96, containing mutation R152K in the
NA and 5 amino acid substitutions in the HA1, and ii)
B/Hong Kong/45/2005 and its NAI-resistant variant B/Hong
Kong/36/2005, containing a single R371K mutation in the
NA, was evaluated. Wild type viruses bound strictly to a
“human type” receptor, x2-6-sialo-oligosaccharide 6'SLN,
but desialylated it is approximately 8 times less efficiently
than the «2-3 sialosaccharides. Both drug-resistant viruses
demonstrated the ability to bind to “avian type” receptors,
«2-3 sialo-oligosaccharides (such as 3'SLN), whereas their
affinity for 6'SLN was noticeably reduced in comparison
with corresponding wild type viruses. Thus, the development
of the NAI resistance in the studied influenza B viruses was
accompanied by a readjustment of HA-NA oligosaccharide
specificities.
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specificity

Abbreviations
BODIPY FL  4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-propionic acid

HA hemagglutinin

HAU hemagglutinating unit

HARI inhibition of hemagglutination reaction

NA neuraminidase

NAI neuraminidase activity inhibitor

Neu5Ac N-acetylneuraminic acid

OS-PAA oligosaccharide-polyacrylamide conjugate
RBS receptor-binding site

3'SLN NeuSAca2-3Galp1-4GlcNAc

6'SLN NeuSAca2-6Galp1-4GlcNAc
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SLe® Neu5Aca2-3GalB 1-3GlcNAc
SLe? NeuSAca2-3GalB 1-3(Fucol-4)GleNAc
Introduction

Two viral glycoproteins expressed on the surface of
influenza virus virion interact with sialylated carbohydrate
chains [1, 2]. Hemagglutinin (HA) binds to sialic acid-
containing cell receptors initiating virus entry into the
host cell. In contrast to HA, another virus glycoprotein,
neuraminidase (NA) cleaves off the terminal sialic acid
residues from cellular and viral glycans, promoting the
release of virus progeny from the host cell and preventing
the formation of virion aggregates at the budding site.
Furthermore, NA desialylates natural inhibitors of virus
binding (such as mucins) thus facilitating virus entry into
target cells. The functional fitness of HA and NA to each
other is a prerequisite of successful influenza virus
replication [1, 3].

Balanced action of HA and NA activities is an important
condition of influenza virus efficient replication [1, 3-6],
but a role of the HA receptor-binding and NA substrate
specificities in maintaining such a balance remains poorly
studied. Virus adaptation to a new substrate (for example,
embryonated chicken eggs) or to new species often causes a
shift in the HA receptor-binding specificity [7, 8]. Emer-
gence of virus variants with reduced HA binding affinity
for host receptors can be also observed after virus
propagation in the presence of NA inhibitors (NAI) [9]. It
has been shown recently, that restoration of replication
activity of avian-human reassortant viruses having HA and
NA of different origin was accompanied by changing not
only receptor-binding specificity of the HA [6, 10], but
sometimes substrate specificity of the NA [11]. Thus, an
appropriate balance of HA and NA oligosaccharide
specificities may be necessary for influenza virus viability.
And “HA-NA readjustment” may be needed if the balance
between the HA and NA specificities was disturbed as a
result of a mutation [5, 12] or a deletion [13, 14] in the
glycoproteins, or as a consequence of a selection in the
presence of NAIs [9, 15-17].

Materials and methods

Synthesis of conjugates of NeuSAco2-3Gal31-4GlcNAc
(3'SLN), Neu5Acx2-6GalB1-4GlcNAc (6'SLN),
Neu5Aca2-3Galf31-3GIcNAc (SLe®), and NeuS5Aca2-
3Galf 1-3(Fucl-4)GIcNAc (SLe?) with polyacrylamide
or BODIPY FL has been described elsewhere [18, 19].
Receptor-binding specificity of influenza B viruses for
sialo-oligosaccharides 3'SLN, 6'SLN, SLe‘, and SLe?
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covalently coupled with a high molecular mass polyacryl-
amide (OS-PAA), was evaluated in a hemagglunation
reaction inhibition (HARI) assay as described previously
[18]. The concentration of OS-PAA at which the inhibition
of agglutination is still visible was assessed and expressed
as concentration of the neuraminic acid [NeuSAc, uM]. The
HA affinity for a particular oligosaccharide was expressed
as a 1/[NeuSAc, uM] value. Mean values were calculated
based on three independent experiments.

NA substrate specificity towards BODIPY-labeled
3'SLN, 6'SLN, SLe®, and SLe* was evaluated as described
earlier [19]. The method is based on a quantitative
separation of neutral BODIPY-labeled product from nega-
tively charged BODIPY-labeled uncleaved substrate, using
anion exchanger microcartridges [20]. A slope of a starting
linear region of the V, (starting velocity of enzymatic
reaction) versus S, (initial concentration of substrate in
reaction mixture) kinetic curve was calculated for each
substrate. Substrate specificity of each virus NA was
determined by comparison of V/S, values obtained for
all substrates at the same conditions. The mean values of
Vo/Sp were calculated from three independent experiments.

Viruses B/Memphis/20/96 (Mem/20), B/Memphis/20—
152K/96 (Mem/20-152K), B/Hong Kong/36/2005 (HK/36),
and B/Hong Kong/45/2005 (HK/45) were propagated in
Madin-Darby canine kidney (MDCK) cell culture and
purified by ultracentrifugation [3]. Virus titers were deter-
mined in a hemagglutination reaction assay with 0.5%
suspension of turkey red blood cells. Purified viruses were
diluted to 8 hemagglutination units (HAU) before the
receptor-binding assay. For NA substrate specificity assays,
HK/45 and Mem/20 were diluted to 40 HAU, while HK/36
and Mem/20-152K ones were used at the concentration of
160 HAU.

Reverse transcription-PCR and sequence analysis
have been described earlier [15]. GeneBank accession
numbers are: AF129892 for HA of Mem/20; AF129921
for NA of Mem/20; EU879085 for NA of HK/36.

Results and discussion

In the present study, we investigated the HA receptor-
binding and the NA substrate specificities of four clinical
isolates of influenza B virus, two of which were sensitive to
such NAI-drugs as zanamivir and oseltamivir (wild type
viruses) while two other ones were resistant to the drugs.
The Mem/20 virus and its NAl-resistant mutant Mem/20—
152K containing R152K mutation (N2 numbering) in the
NA active site and five amino acid substitutions in the HA1
(I121T, G141E, A168T, 1198T, and E237G) were recovered
from a patient before and after zanamivir treatment,
respectively [17]. Compared to the wild type virus the
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Mem/20-152K displayed a 10-fold and 40-fold reduction in
sensitivity to zanamivir and oseltamivir, respectively [15].
The second pair of influenza B viruses was represented by
HK/36 and HK/45, which were recovered from two
patients. The NA of HK/36 virus contains a R371K
mutation at a conserved residue of the enzyme active site.
Besides this mutation, the NAs of HK/36 and HK/45 were
identical as well as the HA sequences of both these viruses.
Compared to HK/45 virus the HK/36 displayed a 29-fold
and 407-fold reduction in sensitivity to zanamivir and
oseltamivir, respectively [15]. Receptor-binding and NA
substrate specificities of these two pairs of influenza B
viruses for synthetic sialo-oligosaccharides 3'SLN, 6'SLN,
SLe®, and SLe?, representing structures of naturally occur-
ring carbohydrate chains, were evaluated.

NA substrate specificity was analyzed by the fluorescent
assay with the sialo-oligosaccharides coupled to the
fluorescent dye BODIPY FL. Neuraminidases of HK/45
and Mem/20 desialylated «2-3 sialoside 3'SLN (0.017 and
0.027 min™', respectively) approximately 8 times more
efficiently than the «2-6 isomer, 6'SLN (0.002 and
0.004 min™', respectively). Both NAs discriminated the
inner part of o2-3 sialylated carbohydrates (Fig. 1),
cleaving off the fucose-containing tetrasaccharide SLe”
two-fold slower than non-fucosylated trisaccharide SLe°
(0.012 vs. 0.024 min™' for HK/45 and 0.014 vs. 0.027 min™'
for Mem/20). In general, the pattern of substrate specificity
for wild type influenza B viruses was similar to that for
human influenza A viruses, which are also known to
discriminate 3'SLN vs. 6'SLN and SLe® vs. SLe® [11, 19].

The pattern of substrate specificity for both mutant NAs
was very similar to each other, but different from that for
the corresponding drug-sensitive variants (Fig. 1). 3'SLN
was the best substrate for the both mutant NAs, while their
ability to desialylate other sialo-oligosaccharides was
poorly pronounced. However, hydrolytic activity of these
mutant NAs even to 3'SLN was very low (0.0004 min™"),
being no more than 2% comparing to their drug-sensitive
counterparts. These data are in a good agreement with the
earlier results on the Mem/20-152K NA activity [17].
Apparently, different NA substrate specificity patterns for
drug-resistant and drug-sensitive influenza viruses result
from different structures of their NAs. In the Mem/20—
152K NA the Argl52, a conserved amino acid of enzyme
active site forming hydrogen bond with the carbonyl
oxygen of N-acetyl group at NeuSAc [21], was substituted
by Lys. Such a mutation was observed during selection of
NAl-resistant variants of influenza viruses in vivo [9, 15].
In the HK/36 NA the Arg371, a highly conserved amino
acid in all influenza virus NAs, forming tri-arginine cluster
(Argl18, Arg 292, and Arg 371) of enzyme catalytic site
[21], was substituted by Lys. Such a mutation had not been
selected in the presence of any NAI. Thus, development of

drug-resistance in the both influenza viruses was accompa-
nied by a single amino acid substitution in the active site of
the NA thus seriously affecting functional properties of the
enzyme.

Sialo-oligosaccharides coupled to high molecular mass
polyacrylamide (OS-PAA) were used for measuring influ-
enza virus receptor-binding specificity. It has been shown
[18, 22] that such multivalent glycoconjugates were able to
inhibit the influenza virus HA-induced agglutination of
erythrocytes (HARI assay) if the oligosaccharide compo-
nent reflected adequately the structure of a particular HA
receptor. Both wild type viruses, Mem/20 and HK/45,
bound exclusively 6°SLN, a receptor for most human
influenza viruses [8]. However, affinity of Mem/20 for
6'SLN was 3.5 times higher than that of HK/45 (14 uM™
vs. 4 uM™). Such a difference may appear due to an
additional glycosylation site near the receptor-binding site
(RBS) of HK/45 whose HA differs from the Mem/20 HA
by two glycosylation sites, at Asn196 and Asn232. It was
shown that additional glycosylation sites may decrease the
HA affinity for the receptor [23-25].

Receptor-binding properties of NAl-resistant variants,
Mem/20-152K and HK/36, differed from the wild type
viruses. HK/36 bound 6'SLN four times weaker (1 pM™)
than the drug-sensitive counterpart (HK/45), while Mem/20
almost lost its 6'SLN-binding ability (<0.1 puM™). Al-
though 3'SLN was most favorable receptor for the Mem/
20-152K virus (0.4 pM™), while HK/36 was able to bind
better to tetrasaccharide SLe* (0.2 uM™), it should be
noticed, that both mutants displayed low affinity towards
«2-3-sialo-oligosaccharides. As a rule, a change of HA
receptor-binding properties is a result of a change in HA
structure [8]. The HA of Mem/20-152K differs from the
HA of Mem/20 by 5 amino acid residues, most of which
are located within or near the RBS (Fig. 2): Glyl4l, a
conserved amino acid of influenza B virus HAs forming
two hydrogen bonds with Neu5Ac in RBS, is substituted by
Glu in the HA of the drug-resistant variant; Glu237Gly
mutation is located in close proximity to conserved amino
acid residues interacting with human-type receptor [25];
[le198Thr substitution creates an additional glycosylation
site at Asnl96. Of note, the HA of the B/Gifu/2/73
influenza virus was shown to bind equally to «2-3 and
«2-6 sialylated carbohydrates; its HA differing from HAs
of «2-6-recognizing influenza B viruses by additional
glycosylation site at Asn196 and two amino acid residues
at 121 and 141 positions [26].

Taking into account that the HA sequences of HK/36
and HK/45 are identical, we suppose that the shift in the
specificity of HK/36 virus HA may be caused by the
R371K mutation in the NA molecule. Dramatically de-
creased sialidase activity of HK/36 could be insufficient for
a complete desialylation of 4 glycans located near RBS of
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Fig. 1 Receptor-binding (/ine) and neuraminidase (bars) substrate
specificities of Mem/20 (A), Mem/20-152K (B), HK/45 (C), and HK/
36 (D) influenza viruses. Data presented for NA hydrolytic activity are

the HA (Fig. 2). Three of the four glycans are situated in or
near by the regions forming RBS of influenza B virus HA
[26]: 196Asn lies in the region of 190-helix, while Asn232
and Asnl45 are in close proximity to 240- and 140-loops,
respectively. It was shown [12, 27, 28] that sialic acid

Fig. 2 Three-dimensional mod-
els of influenza B virus NA (on
the left, PDB ID 1A4G) and HA
(on the right, PDB ID 2RFU)
molecules in complex with
Neu5Ac (DS ViewerPro 5.0,
Accelrys Inc. software). Positions
of amino acid substitutions in
drug-resistant mutants of influen-
za B viruses are shown by light
circles (light-blue in online
version) for the HA and NA of
Mem/20-R152K, and dark circle
(dark-blue in online version) for
the HK/36 NA. Positions of
potential glycosylation sites near
the RBS of the HA of HK/36 and
HK/45 are shown by CPK
(dark-blue in online version)
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moieties on HA glycans situated in the vicinity of the RBS
can reduce efficiency of the HA binding to a receptor and
decrease viral dependence on the NA activity necessary
for replication. Interference with haemadsorption by sialic
acids of the HA carbohydrates located near the RBS was
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observed for influenza B viruses [29]. Gubareva et al. [30]
demonstrated that presence of terminal neuraminic acid
moieties on the HA of the mutant influenza A virus, whose
genome had lacked the coding capacity for NA active
site, reduced the HA receptor-binding efficiency. Thus,
sialylation of the HA carbohydrate chains served as a
compensatory mechanism for the loss of NA activity. In
addition, the nature of HA carbohydrate chains may affect
the HA receptor-binding specificity [18, 23, 31, 32].
Therefore, different receptor-binding properties of HK/36
and HK/45 viruses could be explained by differences in
structures and properties of their NAs.

Conclusion

It is known that the receptor-binding specificity of an
influenza A virus is determined by the structure of host
glycans presented on the surface of target cells as well as by
natural inhibitors of receptor binding [8]. The majority of
human influenza A viruses interact strictly with the
trisaccharide 6'SLN [18, 31, 33], while influenza B viruses
bind equally 6'SLN and 6'SL (Neu5Aca2-6Galp 1-4Glc)
[31; Mochalova, Katinger et al. unpublished).

NAs of influenza A viruses isolated from various species
display different ability to discriminate «2-3 and «2-6
linkages between NeuSAc and Gal in oligosaccharides [19,
34, 35]. Human influenza A virus NAs hydrolyze «2-3-
trisaccharides more efficiently than the «2-6 isomers and,
furthermore, are capable of distinguishing fucosylated/non-
fucosylated sialo-oligosaccharides and the structure of
sialylated carbohydrate core [11, 19, 34].

Here, we studied the receptor-binding and NA substrate
specificities of four influenza B viruses, two of which were
sensitive and two others resistant to NAIs. The drug resistant
mutants, Mem/20—152K and HK/36 acquired their resistance
in the course of treating of influenza infections with NAI
[15, 17]. In general, oligosaccharide specificities of the HA
and NA do not match for wild type viruses: the HA receptor,
6°'SLN, is not a good substrate of the influenza virus NAs
and, vice versa, the o2-3-trisaccharides, preferable substrates
for the influenza virus NAs, are not receptors for the
corresponding HA. In fact, receptor-binding and substrate
specificities have antagonistic trends in two wild type
influenza B viruses studied here, as it was observed earlier
for human influenza A viruses [19, 31, 36]. Such HA-NA
functional specificity for oligosaccharides seems to be
favorable for successful circulation of influenza viruses in
human population [37]. Why influenza viruses adapted to
humans maintain the «2-3-specificity of the NA along with
the «2-6 one? It may be related to different activities that NA
performs during the influenza virus reproduction circle: at
the initial step, it desialylates «2-3-sialylated glycans

inhibiting virus-cell interaction [38], whereas at the final
step, it facilitates releasing of mature virions by destroying
cell-surface receptors (o2-6-sialylated chains of human
epithelium cells) holding virus HAs [8].

Oligosaccharide specificities of the HA and the NA of
both drug-resistant influenza B mutants studied here seem to
have better match. Their NAs hydrolyzed «2-3 sialo-
oligosaccharides, while their HAs displayed an ability to
bind to these sialosides. In spite of the fact that NAs and
HAs of these drug-resistant mutants had very low activities
as a whole, they work in unison in the sense of their
receptor-binding/NA substrate specificities (especially in
case of Mem-20-152K). Such combination of the HA-NA
oligosaccharide specificities in the drug-resistant mutants
seems to reduce the negative effect of a critical mutation in
the NA and helps to the mutants to survive. In fact, two ways
of restoration of HA-NA functional balance destroyed during
selection in the presence of NAls have been observed. The
serious damage in the active site of the Mem/20-152K
mutant NA was compensated by amino acid changes in the
HA and, as a result, in its receptor-binding properties. In the
case of HK/36 virus, a single mutation in the NA seems to be
responsible for the change in the HA receptor-binding
specificity.

Thus, a readjustment of the HA-NA functional specific-
ity for receptor-substrate provided successful replication of
drug-resistant mutants in MDCK cells and, apparently, in a
patient, in spite of drastic changes in the NA active site.
The shift in oligosaccharide specificities of the NA and,
especially, of the HA allows us to speculate that viruses
acquiring resistance to NAIs have a potential for changing
their cell tropism. Such a possibility requires comprehen-
sive strategy for drug use as well as monitoring of receptor-
binding and NA substrate specificities in drug-resistant
viruses.
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