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Influenza A viruses (IAVs) are a major cause of human respiratory tract
infections and cause significant disease and mortality. Human IAVs origi-
nate from animal viruses that breached the host species barrier. IAV parti-
cles contain sialoglycan receptor-binding hemagglutinin (HA) and receptor-
destroying neuraminidase (NA) in their envelope. When IAV crosses the
species barrier, the functional balance between HA and NA needs to be
adjusted to the sialoglycan repertoire of the novel host species. Relatively
little is known about the role of NA in host adaptation in contrast to the
extensively studied HA. NA prevents virion aggregation and facilitates
release of (newly assembled) virions from cell surfaces and from decoy
receptors abundantly present in mucus and cell glycocalyx. In addition to a
highly conserved catalytic site, NA carries a second sialic acid-binding site
(2SBS). The 2SBS preferentially binds a2,3-linked sialic acids and enhances
activity of the neighboring catalytic site by bringing/keeping multivalent
substrates in close contact with this site. In this way, the 2SBS contributes
to the HA-NA balance of virus particles and affects virus replication. The
2SBS is highly conserved in all NA subtypes of avian [IAVs, with some
notable exceptions associated with changes in the receptor-binding speci-
ficity of HA and host tropism. Conservation of the 2SBS is invariably lost
in human (pandemic) viruses and in several other viruses adapted to mam-
malian host species. Preservation or loss of the 2SBS is likely to be an
important factor of the viral host range.

Introduction

Sialoglycans are omnipresent at the surface of every
cell type and therefore appear attractive attachment/
entry receptors for viruses. These glycans contain ter-
minal sialic acids (SIAs), derivatives of the nine-carbon
monosaccharide neuraminic acid (reviewed by Ref.
[1]). Members of several virus families initiate cell
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infection by binding to cell surface sialoglycans, such
as influenza viruses, coronaviruses, picornaviruses, and
paramyxoviruses [2,3]. Binding to sialoglycans comes
at a cost, however, as the sheer abundance of these
glycans makes it inherently difficult for viruses to bind
their bona fide receptors as required for cell entry, and

2SBS, second sialic acid-binding site; BLI, biolayer interferometry; H1-16, hemagglutinin subtypes 1-16; H1N1pdmQ09, pandemic influenza A
virus H1N1 from 2009; HA, hemagglutinin; AV, influenza A virus; N1-9, neuraminidase subtypes 1-9; NA, neuraminidase; NeubAc, N-
acetylneuraminic acid; Neu5Gce, N-glycolylneuraminic acid; SIA, sialic acid; STD-NMR, saturation-transfer difference nuclear magnetic

resonance.
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on the other hand to be released from cells at the end
of the infection cycle. To solve this problem, some
enveloped viruses not only contain glycan receptor-
binding properties, but also receptor-destroying activ-
ity, carried in either a separate glycoprotein or an
enzymatic domain genetically fused to the glycan-bind-
ing protein. These include neuraminidase (NA) pro-
teins of influenza A and influenza B viruses (IAV and
IBVs), hemagglutinin-esterase fusion proteins of influ-
enza C and influenza D viruses, hemagglutinin—ester-
ase proteins of some coronaviruses (embecoviruses),
and hemagglutinin—neuraminidase proteins of some
paramyxoviruses.

Cleavage of sialoglycans has originally been recog-
nized as being required for release of newly assembled
virions and to prevent virion aggregation [4], but it is
increasingly being appreciated that it also enables vir-
ion mobility through mucus layers containing heavily
sialylated mucin decoy receptors (reviewed by Ref.
[5]). A functional balance between low-affinity binding
of individual attachment proteins to sialoglycans, in
combination with glycan-destroying activity, is thought
to enable these virions to move through environments
with high concentrations of sialoglycans in search for
their cell surface entry receptors.

Influenza A viruses are zoonotic pathogens that
infect a broad range of host species, including humans,
wild birds, poultry, pigs, horses and marine mammals
[6,7]. Aquatic birds are the natural host reservoir, from
which TAVs can jump to other host species. In
humans, TAVs cause seasonal epidemics resulting in
major public health problems and a huge economic
burden [8]. Occasional pandemics of influenza are
caused by animal IAVs that managed to cross the host
species barrier and adapt to humans [9]. In little more
than 100 years, four of such pandemics have been
recorded: HINI Spanish pandemic in 1918, H2N2
Asian pandemic in 1957, H3N2 Hong Kong pandemic
in 1968, and HIN1 pandemic in 2009 (HIN1pdm09)
[9,10]. The HINI1 Spanish pandemic, which stands as
the single most fatal event in human history, killed an
estimated 50 million or more people. The other pan-
demics were less severe, resulting in much lower casu-
alties. In postpandemic years, the pandemic viruses
establish themselves in the human population and
cause seasonal influenza, thereby usually replacing pre-
vious human TAV subtypes.

Influenza A virus particles contain two major sur-
face glycoproteins: hemagglutinin (HA) and NA. HA,
of which 16 subtypes exist in aquatic birds (H1-16), is
responsible for virus binding to SIA receptors on the
cell surface and mediates virus—cell membrane fusion
after endocytosis (for recent reviews, see Ref. [11,12]).
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The receptor-destroying enzyme NA, of which nine
subtypes are known in wild waterfowl (N1-9), cleaves
SIA from glycosylated proteins and lipids. Influenza
A-like viruses (H17N10 and H18N11) that have been
found in bats neither bind nor cleave SIAs (reviewed
by Ref. [13]). As HA and NA have apparent opposite
functions and work in concert, a balance between HA
binding and NA cleavage is needed for efficient viral
replication [5,14-16]. For example, substitutions in
NA, conferring resistance to antiviral drugs, often
result in reduced NA activity altering the HA-NA bal-
ance [17-19]. The balance is subsequently restored by
selecting for compensatory substitutions in NA and/or
HA that enhance NA activity [20-22] or decrease HA-
binding affinity [23].

The HA-NA balance of IAVs is probably highly
adapted to the specific sialoglycan host repertoire and
represents an important host range determinant. When
viruses cross the species barrier and encounter a novel
sialoglycan repertoire in mucus and on the epithelial
cell surface, the HA-NA balance of these viruses needs
to be readjusted to allow efficient replication and
intra- and inter-host spread. When avian TAVs cross
the species barrier and adapt to humans, this host
switch is accompanied by a change in the receptor-
binding preference of HA from SIAs connected to the
penultimate galactose via o2,3-linkage (avian-type
receptors) to SIAs connected by 02,6-linkage (human-
type receptors) [24-26]. The substitutions in the recep-
tor-binding site of HA that cause this alteration have
been extensively studied and characterized for different
HA subtypes (for reviews, see Refs [27-29]). Compared
to the well-documented adaptive changes in the HA,
much less is known about the role of NA in host
adaptation. Here, we review the available literature on
a 2nd SIA-binding site (2SBS) in NA, which is increas-
ingly being recognized as an important determinant of
NA enzymatic activity, HA-NA balance, virus replica-
tion, and host tropism.

Neuraminidase is a type II glycoprotein, which
forms tetramers of four identical polypeptides. Each
protomer of about 470 amino acids harbors four dis-
tinct domains: the N-terminal cytoplasmic tail, the
transmembrane region, the thin stalk, and the catalytic
head (Fig. 1) (reviewed by Refs [30,31]). Crystal struc-
tures of the box-shaped NA head domain have been
determined for all IAV NA subtypes ([32] and refer-
ences therein). Each protomer forms a six-bladed pro-
peller-like structure, with each blade having four
antiparallel B-sheets that are stabilized by disulfide
bonds and connected by loops of variable length. Each
head domain contains a catalytic site with highly con-
served residues that directly contact SIA and
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framework residues that keep the catalytic site in
place. Close to the catalytic site, NA contains a 2SBS
(also referred to as hemadsorption site) with sialogly-
can-binding properties (Fig. 1) [33,34].

The NA catalytic site is highly conserved among all
TIAVs. Regardless whether NA is derived from an
avian or a human virus, it cleaves o2,3-linked sialo-
sides more efficiently than o2,6-linked sialosides.
Human viruses, however, are generally more efficient
in cleaving o2,6-linked SIAs than avian viruses [35-
37]. For example, N2 protein of human H2N2 and
H3N2 viruses evolved an increased ability to cleave
02,6-linked SIAs, presumably to match the binding
preference of HA. Increased cleavage of o2,6-linked
SIAs was, however, not yet observed in the early pan-
demic H2N2 viruses [35]. The dual cleavage specificity
of NA, that is, the ability to cleave both «2,3- and
a2,6-linked SIAs, appears to contrast the apparent
clear receptor preference of HA of human viruses for
02,6 sialylated glycans and of avian viruses for o2,3
sialylated glycans (for reviews on HA receptor speci-
ficity, see Refs [28,38]).

In contrast to the NA catalytic site, the stalk
domain is subject to host species adaptation. Stalk
deletions in several NA subtypes are regarded as a
poultry adaptation of IAVs derived from aquatic birds
[39,40]. Experimental studies showed that stalk trunca-
tions confer increased virulence in chickens [41] and
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interestingly also in mice [42]. All human pandemic
and seasonal TAVs contain full-length stalk domains.
The length of the stalk domain has been shown to
affect NA enzymatic activity of virus particles on mul-
tivalent receptor surfaces [39,43]. Deletions in the stalk
result in lower enzymatic activity presumably by
reducing access of the NA catalytic site to sialoglycan
substrates [44]. The role of the stalk domain in IAV
replication and host tropism has been reviewed in
detail elsewhere [40,45]. Besides the stalk domain, also
the 2SBS displays host species adaptation. While the
2SBS is highly conserved in most avian [AVs, it is
invariably lost in human [AVs [37,46-48], suggesting
that the 2SBS plays an important role in the adapta-
tion of IAV to humans as is discussed in more detail
below.

Structure and conservation of the
2SBS

Hemagglutinating activity of NA was first discovered
in 1984 for N9 NA [34]. In contrast to the NA cat-
alytic activity, the hemadsorption activity of NA was
not inhibited by an NA inhibitor targeting the NA cat-
alytic site. Amino acid residues responsible for hemad-
sorption were identified by sequencing monoclonal
antibody escape mutants of N9 NA that had lost this
activity [49]. These effects led to the conclusion that

Fig. 1. NA structure. (A) Schematic representation of NA structure. NA forms a homo-tetramer of four identical subunits. Each subunit
contains a cytoplasmic tail (CT), transmembrane domain (TMD), and stalk and head domain (PDB ID: 1W20). Cys residues present in the
stalk domain result in the formation of two disulfide-bonded protomers (C—C) (for reviews on the structure, see Refs [30,31]). (B) Crystal
structure of N6 NA head domain (PDB ID: 1W20) complexed with sialic acid shown in surface representation. The catalytic site and 2SBS
are colored red and blue, respectively. Two SIA molecules bound to each NA monomer are shown as sticks (oxygen in red; nitrogen in blue;
carbon in cyan). The figures were made using pymoL (Delano Scientific, San Carlos, CA, USA) http://www.csb.yale.edu/userguides/graphics/
pymol/index.html.
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enzymatic and hemadsorption activities of NA are
associated with two separate sites on the head domain
of N9. Hemagglutinating activity was acquired upon
transfer of these amino acids by site-directed mutagen-
esis to an hemadsorption-negative N2 NA [50]. Struc-
tural evidence for the role of 2SBS in the
hemadsorption activity of NA was obtained in 1997,
by solving the crystal structure of N9 NA in complex
with SIAs bound to both the catalytic site and the
2SBS [33]. While the catalytic site forms a deep pocket,
the 2SBS forms a shallow pocket (Fig. 2). Three pep-
tide loops, 370 loop (residues 366-373), 400 loop (resi-
dues 399-404), and 430 loop (residues 430-433), form
the 2SBS and contain SIA contact residues: S367,
S370, S372, N400, W403, and K432 (N2 numbering is
used; for an alignment, see Ref. [30]). These residues
directly interact with SIA via hydrophobic interactions
(W403) and via the formation of hydrogen bonds
(other residues). Until now, direct binding of SIA to
the 2SBS has been demonstrated using X-ray crystal-
lography for N2, N5, N6, and N9 NAs [32,33,51,52]
(Fig. 2) and by saturation-transfer difference nuclear
magnetic resonance (STD-NMR) for N1 NA [53].
Similar residues form direct contacts between the 2SBS
and SIA for the different NAs as determined by X-ray
crystallography, with exception of the residue at posi-
tion 432, which forms a direct hydrogen bond with
SIA only in N9 NA (Fig. 2). Residue 432 is, however,
hydrogen bonded to SIA via a water molecule in N2
and N5 NAs, while in N6 NA rotation of the side
chain of K432 can readily allow formation of a hydro-
gen bond directly or via water. SIAs in the 2SBS and
catalytic site adopt the chair and boat conformation,
respectively [32]. SIA bound to the receptor-binding
site of HA adopts the chair conformation as well [27].
There is no direct interaction between the penultimate
galactose residue and the 2SBS, which is different from
HA receptor binding where the galactose and N-acetyl-
glucosamine residues in the sialoglycan also interact
with the HA receptor-binding site [27,32].

To visualize the conservation of the 2SBS of IAVs
derived from different host species, we generated
sequence logos of the three loops that constitute the
2SBS. The SIA contact residues in the 370 and 400
loops are highly conserved in avian TAVs regardless of
the NA subtype (Fig. 3), with exception of residues at
position 400 in N1 NA and 370 in N3 NA. The K432
SIA contact residue in the 430 loop of N9 is conserved
in some, but not in other NA subtypes. Substitution of
K432 in N1 [37] or N9 [49] NA negatively affected
sialoglycan binding via the 2SBS. However, as avian
N2 proteins carrying Q432 have a functional 2SBS
[47.48], a K at position 432 is not absolutely required

Second sialic acid-binding site of neuraminidase

for sialoglycan binding. Of note, N1 and N9 NA dis-
play some variations in residues, which do not form
direct contacts with SIA (positions 369 and 401) but
may nevertheless affect the receptor-binding properties
of NA [37,54]. Although receptor-binding activity of
2SBS has only been demonstrated for NI, N2, NS5,
N6, and N9 NAs, all other NA subtypes, with the
exception of N3 NA, display a high conservation of
the SIA contact residues in the 370 and 400 loops in
avian viruses, indicating that a functional 2SBS is a
highly conserved feature in most avian viruses.

The sequence logos of the 2SBS of N1 NA indicate
that, while the SIA contact residues are highly con-
served in N1 NAs of avian viruses, this conservation
is invariably lost for both the seasonal (prior 2009)
and the HINIpdmO09 viruses (Fig. 4) [37,47]. Based
on Brownian dynamic simulation, it was concluded
that some of the key features of the 2SBS are
retained in N1 NA of HINIpdm09, although this
NA displayed a 16-fold reduced k,, compared with
N1 NA from an avian virus [56]. In agreement here-
with, STD-NMR analyses indicated that the 2SBS of
NA of seasonal HINI virus (isolated prior to the
2009 pandemic) and of HINIpdm09 bound very
weakly if at all to o2,3-sialyllactose as compared with
readily detectable binding of the 2SBS of an avian
HSNI virus [53].

Just as in N1 NA of human viruses, the 2SBS of
human H2N2 and H3N2 viruses essentially invariably
contains substitutions. The NA of the H2N2/1957
pandemic influenza virus originated from an avian pre-
cursor. The large majority of virus strains that circu-
lated during the first year of the pandemic contained
substitutions in one of the contact residues of 2SBS,
which markedly reduced hemadsorption activity [47].
Additional substitutions in both contact and noncon-
tact residues of 2SBS were acquired during subsequent
seasonal circulation of H2N2 viruses in humans and
after transmission of this NA via reassortment to a
novel pandemic H3N2 virus in 1968 (Fig. 4) [46-48].
The lack of conservation in the 2SBS of both N1 and
N2 NAs of human viruses indicates that a 2SBS with
substitutions represents a marker of influenza virus
adaptation to humans.

The 2SBS is highly conserved in N2 of avian HXN2
viruses, with the exception of HIN2 viruses, which dis-
play a large variability in contact and noncontact resi-
dues [57-60] (Fig. 4). HON2 viruses transmitted and
adapted from aquatic birds to gallinaceous poultry
(chicken, turkey, and quail) in Asia in early 1990s and
since then became endemic in farmed poultry across
Asia, Middle East, and North and West Africa [61].
Transmission to poultry was accompanied by
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N5

S370

N9

substitutions in 2SBS of NA, among them S367K and
N400S [60].

H3N2 viruses of dogs originated from avian H3N2
viruses and can now transmit between dogs and from
dogs to cats [62,63]. The change in host range of these
H3N2 viruses was accompanied by a S370L substitu-
tion in the 370 loop of the 2SBS (Fig. 4). Equine
H7N7 and H3NS viruses also contain substitutions in
the 2SBS compared with their avian counterparts. All
equine H7N7 viruses contain substitution S370L, while
approximately half of the equine H3NS8 viruses contain
N400D. The conservation of some of the noncontact
residues is also less strict in the equine viruses. All
H3NS8 dog viruses, which originate from equine H3N§
viruses, contain D400 in the 2SBS. Most N3 NAs of
avian viruses do not have a strict conservation of the
SIA contact residue S370 and rather contain G370.
S370 is, however, strictly conserved in H16N3 gull
viruses and in a specific lineage of H7N3 chicken
viruses. Although founder effects cannot be excluded,
the obvious correlation between structure of the 2SBS
and the virus—host species is indicative of an important

E432

K432
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Fig. 2. Interaction of 2SBS with NeubAc.
The complexes of Neu5Ac with the 2SBS
of neuraminidases N2 (PDB ID: 4H53; [51]),
N5 (PDB ID: 4QN5; [32]), N6 (PDB ID:
TW20 [52]), and N9 (PDB ID: TMWE; [33])
are shown. NeubAc is shown as sticks
(oxygen in red; nitrogen in blue; carbon in
cyan). The numbering of residues in the
2SBS that contact Neu5Ac is indicated.
Hydrogen bonds are shown as dashed
magenta lines. W403 forms van der Waals
contacts with the N-acetyl group of
NeubAc. The figures were made by using
PYMOL.

role for the 2SBS in host range of IAVs. More detailed
phylogenetic and functional analysis of substitutions in
the 2SBS in relation to IAV host range is warranted.

Receptor-binding properties and
contribution to NA catalytic activity

In early studies, the receptor-binding specificity of the
2SBS was studied by analyzing the interaction of red
blood cells with cell surface-expressed NA. Hemad-
sorption by NA could be observed with erythrocytes
from chicken and human origin, but not with equine,
bovine, or swine erythrocytes, suggesting that these lat-
ter erythrocytes do not contain sufficient amounts of
sialoglycans that are recognized by the 2SBS [46].
Equine, bovine, and swine erythrocytes abundantly
display N-glycolylneuraminic acid (Neu5Gc), in addi-
tion to N-acetylneuraminic acid (Neu5Ac). Neu5Gc is
absent in humans and most avian species [1], suggest-
ing that recognition of Neu5Gc-containing sialoglycans
by the 2SBS would play no role in these species. In
other studies, erythrocytes that had been desialylated,
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Fig. 3. Sequence logos of the 2SBS of avian N1-9 NA. Sequence
logos were created for the three loops in the 2SBS: 370 loop
(residues 366 to 373), 400 loop (residues 399 to 404), and 430 loop
(residues 430 to 433) with the WeblLogo program (https://web
logo.berkeley.edu/logo.cgi) [55] using all sequences available for
avian N1 to N9 NAs in Influenza Research Database (https://www.f
ludb.org/). For N2 NA, H9N2 viruses were excluded from the
analysis. The overall height of the stack represents the sequence
conservation at that position, while the height of the symbols
within the stack indicates the relative frequency of each amino acid
at that position. Asterisks indicate SIA contact residues. Six
residues interacting with SIA (SIA contact residues) are labeled
with black asterisks.

followed by linkage-type specific re-sialylation using
02,3- or o2,6-sialyltransferases, were used to show that
the 2SBS of N1 and N2 NAs of avian viruses bound
to both o2,3- and a2,6-linked SIAs [47,64]. The 2SBS
bound «2,3-sialyllactose in the presence of oseltamivir
carboxylate, which efficiently competed with binding
of this sialoglycan to the NA catalytic site [53]. This
finding of preferred binding of NA inhibitors to the
catalytic site over the 2SBS was supported by the
Brownian dynamic simulations [65]. In contrast to the
observed dual specificity when using resialylated red
blood cells in combination with cell-expressed NA
[47,64], cell-derived vesicles containing N1 or N2 NA

Second sialic acid-binding site of neuraminidase

proteins were shown, by using biolayer interferometry
(BLI), to exclusively bind via 2SBS to synthetic gly-
cans containing o2,3-linked SIAs [37,48]. Also, N9, as
shown by glycan array analysis, prefers binding via its
2SBS to a2,3-linked sialosides, particularly bi- and tri-
antennary glycans with multiple LacNAc repeats,
whereas weak or no binding to o2,6-linked sialosides
was observed [54]. This discrepancy in the data on
receptor-binding preference of the 2SBS is probably
explained by the different methods used to analyze the
receptor specificity of the 2SBS. For example, a higher
receptor density on erythrocytes compared with the
BLI sensor surface might allow for 2SBS binding of
02,6-linked SIAs. In addition, binding to resialylated
erythrocytes might be affected by prior incomplete
desialylation.

Interestingly, receptor binding via the 2SBS of avian
N9 NA appeared more efficient than that of avian N1
NA, as hemagglutination in the presence of oseltamivir
carboxylate was observed for nanoparticles multiva-
lently displaying recombinant N9 NA, but not NI NA
[37]. Despite that, glycan receptor binding, including
hemagglutination, could be demonstrated for N1 NA
by displaying the protein in vesicles or virus-like parti-
cles, resulting in increased multivalency [37,66]. The
presence of 1400 in N1 NA might explain the reduced
receptor binding of this NA compared with N9
(Fig. 2) [37]. Using STD-NMR, binding of o2,3-sialyl-
lactose via the 2SBS was observed for avian N1 NA,
which was much stronger than for NI NA of
HIN1pdmO09 [53]. Substitutions in all three loops of
the 2SBS were shown to affect the receptor-binding
properties of NA. These include substitutions of SIA
contact residues in both the 370 loop (S367N for N2
and NO9; S370L for N1, N2, and N9; and S372Y for
N9) [47-49,64,67] and the 400 loop (N400S for N2,
N400K for N9, and W403R for N2) [47.,49], as well as
some noncontact residues (N369H for N1; A369D and
T401A for N9) [37,49,54]. Also, substitutions of resi-
due K432, which is a direct SIA contact residue in N9
(Fig. 2), were shown to abolish hemagglutination by
NI NA (substitution K432E; [37]) and reduce activity
of N9 NA (substitution K432N; [49]).

Uhlendorff et al. [47] showed that a single amino
acid substitution, which reduced binding activity of the
2SBS, had no effect on desialylation of monovalent
sialosides, but significantly reduced SIA cleavage from
polyvalent natural and synthetic glycoconjugates con-
taining multiple copies of SIA. These experiments
demonstrated that binding of the SIA-containing
macromolecules to 2SBS facilitates their desialylation
by the catalytic site. These findings were later con-
firmed and expanded in the studies on different NAs
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Fig. 4. Sequence logos of the 2SBS of NA proteins from viruses that infect different species. Sequence logos were generated for the three
loops that constitute the 2SBS similarly as described in the legend to this figure. All NA sequences available for viruses infecting different
species from the Influenza Research Database (https://www.fludb.org/) were used with the indicated limitations. For N1 NA of human
viruses, sequences were limited to those of seasonal H1N1 IAVs isolated prior to 2009 (Human (1918-2009)) and swine-origin human
HT1N1pdmO09 IAVs isolated between years 2009 and 2016 (Human (2009-2016)). For N2 NA of human viruses, sequences were limited to
sequences prior to 2012. N3 NA avian sequences include sequences from gull viruses. SIA contact residues are labeled with black

asterisks.

and sialoglycan substrates [37,48,54,66,67]. Thus,
2SBS-positive N9 NA displayed a lower K, value for
fetuin, but not for monovalent 2’-(4-methylumbellif-
eryl)-o-p-N-acetylneuraminic acid, compared with a
2SBS-negative N9 NA variant, while their k., values
were similar [67]. Substitutions in all three receptor-
binding loops of the 2SBS of N1, N2, and N9 NAs
were shown to affect cleavage of multivalent substrates
[37,48,54]. In agreement herewith, glycan array analy-
sis showed that glycans that were efficiently bound by
the N9 2SBS were also cleaved efficiently [54]. Cleav-
age of synthetic glycans immobilized on BLI sensors
by N1 and N2 NAs carrying a functional 2SBS was
observed for o2,3-linked but not a2,6-linked sialogly-
cans, corresponding with their binding preference for
o2,3-linked glycans [37,48]. Likewise, cleavage of SIAs
from fetuin, which contains both «2,3- and o2,6-linked
sialosides, was generally much more affected by dis-
ruption of the 2SBS than cleavage of SIAs from trans-
ferrin, which only contains o2,6-linked sialosides
[37,48,54,66]. Nevertheless, cleavage of some multiva-
lent synthetic and natural substrates only containing
a2,6-linked sialosides was affected by substitutions in
the 2SBS [37,47,48,54,66], suggesting that the 2SBS
binds to some extent to these human-type receptors.
Collectively, these studies indicate that amino acid
substitutions in the 2SBS affect NA catalytic activity
by changing substrate binding via the 2SBS rather
than by directly affecting the structure and function of
the adjacent catalytic site.

Enhancement of NA catalytic activity by the 2SBS
may be explained by a ‘bind and trans-cleave’ model

[47,54], in which the 2SBS recruits and keeps sialosides
in close proximity of the catalytic site (Fig. 5A). More
recently, an alternative model was proposed (Fig. 5B)
[68], in which the SIA receptors first bind to the 2SBS
before being transferred to the catalytic site, referred
to as a ‘bind and transfer’ mechanism. This latter
model is based on the Brownian dynamic simulations,
which indicate that substrates bind faster to the 2SBS
of avian NA than to the catalytic site [56,69], and on
chlorine anion distribution and the projection of the
electrostatic potential onto the NA surface, which may
indicate the existence of a path between the 2SBS and
the catalytic site wide enough to allow movement of
negatively charged SIAs [68]. Even though the 2SBS
prefers binding to o2,3-linked SIAs, cleavage of a2,6-
linked SIAs by NA may be enhanced to a similar
extent by a functional 2SBS as cleavage of «2,3-linked
SIAs, as long as the multivalent substrate (e.g., fetuin)
also displays a2,3-linked sialosides [48]. This result fits
well with the ‘bind and trans-cleave’ model but is more
difficult to reconcile with the ‘bind and transfer’
model. In this latter model, enhanced cleavage of sub-
strates would only be expected for those glycans that
are efficiently bound by the 2SBS. Furthermore, the
‘bind and transfer’ model is not consistent with the
lack of an effect of the 2SBS on cleavage of monova-
lent sialosides [47,48]. Further studies are needed to
clarify the mechanism behind 2SBS-mediated enhance-
ment of the NA catalytic activity. Of note, enhance-
ment of catalytic efficiency of glycoside hydrolases, by
combining catalytic and glycan-binding domains,
appears to be a common theme that is observed for
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most eukaryotic and bacterial NAs [70] and for other
viral receptor-destroying enzymes, such as the hemag-
glutinin—esterase protein of embecoviruses [71,72] and
hemagglutinin—neuraminidase protein of paramyx-
oviruses [73,74].

Importance of the 2SBS for the HA-NA
receptor balance

Uhlendorff er al. [47] showed that a functional 2SBS
contributes to catalytic activity of both isolated NA
molecules and NA in the context of virions. Recombi-
nant variants of pandemic virus A/Hong Kong/1/68
(H3N2) that only differed in their 2SBS displayed
identical hemagglutination activity but differed in the
NA-driven disaggregation of the erythrocytes. Thus,
virus with a nonfunctional 2SBS destroyed receptors
on red blood cells more slowly than did its 2SBS-posi-
tive counterpart. Recent application of BLI-based
assays to study virus—receptor interactions [75] enabled
a more detailed analysis of the contribution of the
2SBS to the HA-NA receptor balance. BLI enables
analysis of virus binding by determining the initial
binding rate of virus binding to a receptor-coated sur-
face [75], or by analyzing the receptor density at which

CS 2SBS = CS 2SBS
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half-maximum binding occurs [76]. These assays are
usually performed in the presence of inhibitors of the
NA catalytic site. When NA activity is not or no
longer inhibited, the latter by washout of the inhibitor,
virus binding is followed by NA-driven virion mobility
on the sensor surface, which finally results in virion
self-elution when the receptor density is too low to
sustain virion association [75]. The rate, at which
viruses are released from the sensor surface, reflects
the HA-NA receptor balance, as it depends on the
interplay between HA binding to the immobilized
receptors and NA cleavage of these receptors.

Using BLI, the 2SBS was shown to contribute to
receptor binding of virus, the effect being dependent
on properties of both viral HA and sialic acid-contain-
ing receptor molecules [48,67]. A functional 2SBS was
shown to enhance H3N2 virion binding to synthetic
glycans carrying o2,3-linked but not o2,6-linked SIAs,
in agreement with the binding preference of the 2SBS.
When combined with an H3 HA that preferentially
bound to o2,6-linked SIAs, the 2SBS of N2 NA also
enhanced binding to glycoprotein receptors LAMPI,
carrying mostly N-glycans, and glycophorin A, carry-
ing mainly O-linked sugars. Enhanced binding to these
glycoproteins was not observed when N2 NA was

Extracellular

:
Eémm 1T cotmenbrne

NA

Fig. 5. Proposed models of the enhanced cleavage activity induced by the 2SBS. (A) ‘Bind and trans-cleave’ model [47,54]: binding of the
2SBS to SIA residues presented on multivalent substrates brings adjacent SIA closer to the catalytic site (CS) in the same or another
protomer, resulting in a higher cleavage efficiency. (B) ‘Bind and transfer’ model [68]: SIA receptors first bind to the 2SBS, after which they
are transferred to the CS, resulting in enhanced cleavage of SIA by CS. Blue and yellow rectangles represent NAs. Purple diamond:
NeubAc; yellow circle: galactose; green circle: mannose; blue square: N-acetylglucosamine.
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combined with an H3 HA that preferentially bound to
02,3-linked SIAs [48]. The presence of a functional
2SBS was also shown to result in a lower receptor den-
sity, at which half-maximum virion binding was
observed [67]. The 2SBS is also a critical determinant
of the HA-NA receptor balance of virus particles, as
analyzed by BLI. 2SBS-positive viruses (H3N2 [48],
HS5NI1, and HINT [66]) display faster self-elution from
surfaces containing LAMP1 or glycophorin A. Of
note, the contribution of the 2SBS to virion self-elu-
tion is larger when NA is combined with an HA that
binds these receptors more strongly. Substitutions that
decreased HA receptor-binding avidity also decreased
the contribution of the 2SBS to virion self-elution [66].
Apparently, a weaker-binding HA does not require a
2SBS-positive NA with a higher enzymatic activity for
efficient self-elution from the receptor-coated surface.

Disruption of the 2SBS affects virus replication
in vitro in an HA- and cell type-dependent manner.
Several studies show that the loss of a functional 2SBS
negatively affected virus replication when NA was
combined with HAs preferring binding to «2,3-linked
sialoglycans (H1 [37], H2 [46], H3 [48], HS [37,66]). A
recombinant virus, in which a 2SBS-negative N1 NA
was combined with H5 HA, rapidly reverted to a func-
tional 2SBS, indicating that the virus with the restored
2SBS has replicative advantage in cell culture [37,66].
In contrast, a recombinant virus harboring the same
NA and H1 HA of the laboratory-adapted strain A/
PR8/8/34, which displays a lower receptor-binding
avidity than H5 HA, stably maintained the debilitating
substitution in the 2SBS [37,66]. In agreement here-
with, self-elution of the virus with the weak-binding
H1 HA from sialoglycoproteins was much less inhib-
ited by disruption of the 2SBS, than that of the virus
with the strong binding H5 HA [66].

Also, the preference of HA for o2,3-linked or to
o2,6-linked SIAs affects the contribution of the 2SBS
to virus replication. An H3N2 virus with preferred
binding to a2,3-linked SIAs displayed reduced self-elu-
tion from sialylated glycoproteins and reduced replica-
tion upon loss of a functional 2SBS. In contrast, the
absence of a functional 2SBS in N2 NA enhanced
virus replication when combined with H3 from the
1968 pandemic virus, which prefers binding to o2,6-
linked SIAs [48]. In this latter case, reduced virus repli-
cation and fuzzy plaques (resulting from the presence
of many noninfected cells), in the presence of a func-
tional 2SBS, correlated with increased catalytic activity
and thus virion self-elution from sialoglycoproteins in
the BLI assay. These results suggest that high NA
activity combined with low HA-binding avidity shifts
the HA-NA receptor balance toward virus dissociation

W. Du et al.

from the cell surface before it can enter the cells.
Replication in MDCK cells of a recombinant H3N9
virus-carrying HA from a recent seasonal human
H3N2 virus was enhanced by the presence of a func-
tional 2SBS in N9. No difference in virus propagation
was observed, however, on MDCK cells with increased
levels of o2,6-linked sialoglycans [67]. Possibly, a func-
tional 2SBS can enhance binding to cells when insuffi-
cient numbers of receptors are present. In summary,
an optimal HA-NA balance appears to exist for virus
replication in vitro, which is significantly influenced by
the absence or presence of a functional 2SBS. The
importance of a functional 2SBS in NA depends on
HA-binding affinity for the receptor repertoire on the
surface of target cells.

So far, only one study investigated potential effects
of a functional 2SBS on virus replication in vivo [46].
No difference in virus replication in ducks was
reported for viruses with or without a 2SBS, although
replication in vitro was reduced in the absence of the
2SBS. In this study, recombinant viruses were used
containing HA and NA derived from different viruses.
This may have resulted in a mismatched HA-NA com-
bination, in which the presence of the 2SBS might be
of minor influence. Alternatively, the virus acquired
compensatory substitutions in HA (discussed below)
or a functional 2SBS may not be required for efficient
replication, but rather for transmission between ducks.
Obviously, additional studies are needed to demon-
strate the importance of the 2SBS for IAV replication
and transmission in vivo.

In view of the interplay between HA and NA, it is
not surprising that substitutions in the 2SBS often go
hand in hand with substitutions in HA that affect its
receptor-binding properties. This, as mentioned above,
holds true for the human NI1- and N2-containing
viruses, in which NAs with a disrupted 2SBS (Fig. 4)
are associated with HAs that prefer binding to human-
type receptors. Likewise, substitutions in the 2SBS in
canine H3N2 and H3N8 viruses is for both subtypes
correlated with a W222L substitution in the receptor-
binding site of H3 [77,78]. Canine H3 proteins pre-
dominantly bind to o2,3-linked sialosides, but display
higher binding avidity to fucosylated and sulfated gly-
can receptors, and glycans with Neu5Gc moieties,
compared with precursor avian and equine HAs lack-
ing this substitution [77-79]. Similarly, equine H7N7
viruses not only carried NA with a disrupted 2SBS,
but also contained HA that preferentially bound to
o2,3-linked Neu5Gec, in contrast to avian H7-contain-
ing viruses which prefer binding to Neu5Ac-containing
sialoglycans [80,81]. H16 subtype viruses that predomi-
nantly circulate in gulls differ by their receptor-binding
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properties from avian viruses of other species [82].
This feature correlates with differences in the 2SBS at
position 370 between gull HI6N3 viruses and N3 NA
of other avian viruses.

Two scenarios can be envisioned for the emergence
of TAVs with substitutions in the receptor-binding sites
of both HA and NA. The first scenario is that muta-
tions in HA precede and drive mutations in NA. Thus,
changes obtained in HA as an adaptation to the sialo-
glycan repertoire of a novel host species may be fol-
lowed by compensatory substitutions in the 2SBS of
NA. Such NA mutations may also serve to escape
inhibitory molecules that may be present in the novel
host species, for example, in saliva [83]. An alternative
scenario is that substitutions in the 2SBS of NA may
precede or drive compensatory mutations in HA,
thereby facilitating a host tropism jump. Often, it is
unclear which protein changed first due to a lack of
sequencing data. In the case of the 1918 pandemic
HIN1 human virus, only a single NA sequence is
available from 1918 (A/Brevig Mission/1/1918; [84]).
NA of this virus does not contain substitutions at any
of the six SIA contact residues compared with the
avian consensus sequence shown in Fig. 4. HA of this
virus contains D190 and D225 [85] that result in
reduced binding to o2,3-linked and increased binding
to a2,6-linked STAs, which may suggest that substitu-
tions in HA preceded those in the 2SBS of NA. The
1918 NA does display, however, reduced hemadsorp-
tion activity compared with two avian NAs [47], which
might be related to substitution R430Q compared with
the avian consensus sequence. The next available
HIN1 NA sequences of human viruses come from the
1930s and do contain substitutions of SIA contact resi-
dues. Passaging of these latter historical isolates may
have resulted, however, in acquisition of egg/cell cul-
ture-derived adaptive substitutions. For early pan-
demic H2N2 viruses, the situation is also complicated
by laboratory passaging of historical isolates. H2N2
viruses with and without Q226L and G228S substitu-
tions in HA, associated with a switch in receptor-bind-
ing preference, are both found in combination with
NAs with and without a functional 2SBS, making
determination of the order of mutations challenging.

For some viruses, phylogenetic analysis indicates
that the disruption of the 2SBS preceded mutations
that changed the receptor-binding properties of HA.
Thus, the substitution of T401A in NA of novel H7N9
viruses, known to decrease receptor binding via the
2SBS and NA catalytic activity, preceded the Q226L
substitution in H7 HA [54] that results in decreased
binding to avian-type and increased binding to
human-type receptors [29,86,87]. Also for HIN2

Second sialic acid-binding site of neuraminidase

viruses, phylogenetic analysis indicates that alteration
of the 2SBS preceded substitutions in HA at positions
183, 190, and 226, including Q226L [66], that are
known or expected to affect receptor binding
[60,88,89]. For position 190, it cannot be excluded,
however, that this substitution occurred simultaneously
with disruption of the 2SBS, as only viruses with both
mutations have been isolated [60]. The plausibility of a
scenario, in which substitutions in the 2SBS drive
acquisition of substitutions in HA that alter its recep-
tor-binding properties, was recently experimentally
shown for HSNI1 virus [66]. Passaging H5NI1 viruses
with a disrupted 2SBS in cell culture rapidly resulted
in the selection of substitutions in NA that restored
the 2SBS and/or in HA that reduced binding to avian-
type receptors to compensate for the lowered NA
activity. Of note, one of these mutations in HA (result-
ing in substitution S223N) concomitantly increased
binding to human-type receptors, similarly as observed
for H7N9 and HO9N2 field viruses. It is tempting to
speculate that also for H7N9 and H9N2 viruses, sub-
stitutions that increased binding to human-type recep-
tors were selected for their negative effect on binding
to avian-type receptors in order to restore the HA-NA
balance after loss of a functional 2SBS. Clearly, more
research on the interplay between the receptor-binding
properties of HA and NA is desirable.

Outlook

A complex interplay exists between receptor-binding
and receptor-destroying activities of IAV virions,
which needs to be adapted to the sialoglycan repertoire
of the virus—host species and thus represents an impor-
tant determinant of viral host range. As emphasized
by this review, the precarious HA-NA receptor bal-
ance that is required for efficient viral replication
includes not only the receptor-destroying activity of
NA per se, but also the receptor-binding properties of
its 2SBS. This binding may affect virion binding to a
receptor-containing surface but is also of critical
importance for the catalytic activity of the viral NA.
Likewise, receptor-binding via HA was also shown to
contribute to the catalytic activity of virions [75,90].
To add to this complexity, receptor binding by the cat-
alytic site of NA may also contribute to the initial
binding rate of virions, which appears more pro-
nounced for low activity NA [75,91,92]. The HA-NA
receptor balance needs adjustment when IAVs infect a
novel host species, but it may also be under selective
pressure to change in the postadaptation stage owing
to antigenic drift. Antigenic drift in HA has been
shown to be accompanied with altered receptor-
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binding properties [93-98]. Likewise, antigenic drift in
NA, for example, resulting from substitutions in the
2SBS, may also alter NA catalytic activity. Contribu-
tion of substitutions in the 2SBS to antigenic drift in

W. Du et al.

Biology II: Tools and Techniques to Identify and
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