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ABSTRACT

In late 2011, an A(H3N8) influenza virus infection resulted in the deaths of 162 New England harbor seals. Virus sequence analy-
sis and virus receptor binding studies highlighted potential markers responsible for mammalian adaptation and a mixed recep-
tor binding preference (S. J. Anthony, J. A. St Leger, K. Pugliares, H. S. Ip, J. M. Chan, Z. W. Carpenter, I. Navarrete-Macias, M.
Sanchez-Leon, J. T. Saliki, J. Pedersen, W. Karesh, P. Daszak, R. Rabadan, T. Rowles, W. I. Lipkin, MBio 3:e00166-00112, 2012,
http://dx.doi.org/10.1128/mBio.00166-12). Here, we present a detailed structural and biochemical analysis of the surface anti-
gens of the virus. Results obtained with recombinant proteins for both the hemagglutinin and neuraminidase indicate a true
avian receptor binding preference. Although the detection of this virus in new species highlights an increased potential for cross-
species transmission, our results indicate that the A(H3N8) virus currently poses a low risk to humans.

IMPORTANCE

Cross-species transmission of zoonotic influenza viruses increases public health concerns. Here, we report a molecular and
structural study of the major surface proteins from an A(H3N8) influenza virus isolated from New England harbor seals. The
results improve our understanding of these viruses as they evolve and provide important information to aid ongoing risk assess-
ment analyses as these zoonotic influenza viruses continue to circulate and adapt to new hosts.

Influenza A viruses (IAVs) are classified into subtypes according
to the serological reactivity of their surface glycoproteins, hem-

agglutinin (HA) and neuraminidase (NA) (1, 2). While 16 HA
(H1 to H16) and 9 NA (N1 to N9) subtypes have been identified
in wild aquatic birds in the last 100 years, only 3 have adapted
to the human population, resulting in four pandemics: H1N1
in 1918 and 2009, H2N2 in 1957, and H3N2 in 1968 (3–6).
Although aquatic birds are believed to be the natural reservoir
for influenza viruses (7), two novel subtypes of influenza A
viruses, H17N10 and H18N11, were recently described in New
World bats, which thus may be an alternate reservoir of influ-
enza viruses in nature (8, 9).

Since the first isolation of H1N1 IAV in swine (10) and the
subsequent observation that ferrets were susceptible to IAV (11),
it became evident that multiple IAV subtypes of either avian or
human descent can infect a number of mammalian species (1).
Indeed, over the last decade, the perception and impact of in-
fluenza virus infections in animals have changed dramatically
as a result of a number of recent outbreaks in poultry involving
viruses from the H5, H7, and H9 subtypes that resulted in
�1,000 human infections, as well as the swine origin of the
recent A(H1N1)pdm09 pandemic virus (4, 12–14). This has
prompted some governments to invest heavily in global sur-
veillance, research, and capacity building. Public health offi-
cials now have a keen interest in all IAVs, but particularly in
whether animals, such as pigs, that are closely associated with
humans can represent a possible pathway for increased inter-
species virus adaptation and transmission.

Similar to the infection of pigs, IAV (i.e., H7N7, H4N5, H3N3,
H13N2, H13N9, and H4N6 subtypes) and influenza B virus infec-
tions have been detected in marine mammals, including seals,
whales, and sea otters (15–22). In November 2011, a marine mam-

mal “unusual mortality event” was declared for Maine, New
Hampshire, and northern Massachusetts in response to a large
number of deaths in the New England harbor seal population.
Sequence analysis revealed that an avian-like H3N8 influenza A
virus, A/harbor seal/Massachusetts/1/2011 (seal11), was the cause
of the outbreak (23). Although A(H3N8), usually found in avian,
canine, equine, and swine hosts (24–27), had been isolated from a
seal prior to this event (28), the high mortality observed increased
interest from public health officials.

Here, we focus our studies on the two surface antigens, HA and
NA, critical to host cell entry and release/spread. To better under-
stand HA and NA at the molecular level, we expressed recombi-
nant HA (recHA) and NA (recNA) antigens to analyze HA recep-
tor binding interactions using glycan microarray and biolayer
interferometry analyses, NA cleavage activity, and binding to cur-
rent antivirals. In addition, three-dimensional atomic structures
were determined, including an HA complex with an avian recep-
tor analog (3=-sialyl-N-acetyllactosamine [3-SLN]) and NA com-
plexes with the NA inhibitors oseltamivir carboxylate (Ose) and
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zanamivir (Zan). Although the results suggest that the A(H3N8)
virus currently poses a low risk to humans, it is important to
maintain continued surveillance to assess these viruses as they
evolve.

MATERIALS AND METHODS
Recombinant HA and NA cloning and expression. The cDNAs for the
ectodomains of the H3 HA (residues 1 to 503 in mature-protein number-
ing) and N8 NA (residues 80 to 470) from A/harbor seal/Massachusetts/
1/2011 (GenBank accession numbers JQ433879 and JQ433881) were syn-
thesized by GenScript USA Inc. (Piscataway, NJ) as a codon-optimized
gene for insect cell expression and subcloned into the baculovirus transfer
vector pAcGP67-B (BD Biosciences). To improve expression and purifi-
cation, the N terminus of the HA sequence (QNPSENNNNTATL) was
modified at two positions (underlined) (QKPSENDNNTATL), and a C-
terminal thrombin site followed by a trimerizing sequence (foldon) from
the bacteriophage T4 fibritin and a His tag were added (29). The recom-
binant seal11 NA protein contained an N-terminal His tag, a tetrameriza-
tion domain from the human vasodilator-stimulated phosphoprotein
(30), and a thrombin cleavage site (31). Residue 84 of seal11 NA was
mutated (Asn84Gln) to remove the potential glycosylation site (NNT to
QNT). Secreted proteins were recovered from the culture supernatant and
purified by metal affinity chromatography and size exclusion chromatog-
raphy (SEC) as described previously (29, 32–35). For structural analyses,
the proteins were further subjected to trypsin cleavage and SEC. The tryp-
sin-treated proteins were buffer exchanged into 10 mM Tris-HCl, 50 mM
NaCl, pH 8.0, and the HAs and NAs were concentrated to 16 mg/ml and 3
mg/ml, respectively, for crystallization trials.

Crystallization and data collection. Initial crystallization trials were
set up using a Topaz Free Interface Diffusion (FID) Crystallizer system
(Fluidigm Corporation, San Francisco, CA). Crystals were observed un-
der conditions containing various polyethylene glycol (PEG) polymers of

different molecular weights. Following optimization, diffraction quality
crystals for HA were obtained at 20°C using a modified method for mi-
crobath under oil (36) by mixing the protein with reservoir solution con-
taining 0.2 M ammonium iodide, 20% PEG 3350. For receptor analog
complexes, crystals were soaked for 1 h in the crystallization buffer con-
taining 10 mM 3-SLN or 6=-sialyl-N-acetyllactosamine (6-SLN) (V-Labs
Inc., Covington, LA). However, the soaking of 6-SLN dramatically de-
creased the crystal diffraction, and no diffraction quality data could be
collected. Crystals were flash-cooled at 100 K using 20% glycerol as a
cryoprotectant.

While diffraction quality crystals for NA were obtained at 20°C using
the same method, the crystallization conditions differed (0.01 M NiCl2,
0.1 M Tris-HCl, pH 8.5, 20% PEG 2000 MME). Crystals of the NA-Ose
and NA-Zan complexes were obtained by soaking in 20 mM inhibitor for
3 h. The crystals were flash-cooled at 100 K. Data were collected at Stan-
ford Synchrotron Radiation Lightsource (SSRL) beamline 7-1 and Ad-
vanced Photon Source (APS) beamline 22-ID at 100 K and processed with
the Denzo-Scalepack suite (37). The statistics for data collection are pre-
sented in Table 1.

Structure determination and refinement. The seal HA and NA struc-
tures were determined by molecular replacement with Phaser (38). For
the HA structure, A/Finland/486/2004 (H3N2), Protein Data Bank iden-
tifier (PDB ID) 2YP2 (HA1, 80% identity; HA2, 93% identity), was used as
a search model. Six hemagglutinin monomers forming one noncrystallo-
graphic trimer and three monomers that form one-third and two-thirds
of two crystallographic trimers occupy the asymmetric unit with an esti-
mated solvent content of 49.1% based on a Matthews’ coefficient (Vm) of
2.42 Å3/Da. The model was then “mutated” to the correct sequence and
rebuilt with Coot (39), and then the protein structures were refined with
REFMAC (40) using TLS refinement (41) and Phenix refine (42). The
HA–3-SLN complex structure was refined using the same strategy. Of
the six monomers in the asymmetric unit, due to the low occupancy of the

TABLE 1 Data collection and refinement

Parameter

Value(s)a for:

HA HA–3-SLN NA NA-Ose NA-Zan

Data collection statistics
Space group P1 P1 I4 I4 I4

Cell dimensions (Å) 80.06, 103.16, 110.86 79.54, 102.33, 109.67 90.82, 90.82, 110.45 90.67, 90.67, 108.354 90.45, 90.45, 108.98
Cell angle (°) 89.95, 90, 90.28 90.02, 90.02, 89.51 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (Å) 50–1.9 (1.95–1.9) 50–2.5 (2.59–2.5) 50–1.8 (1.85–1.8) 50–1.95 (2–1.95) 50–1.95 (2–1.95)
Rsym or Rmerge 0.111 (0.646) 0.101 (0.597) 0.088 (0.291) 0.115 (0.421) 0.075 (0.272)
I/� 12.4 (2.6) 15.4 (2.3) 20.5 (3.2) 22.7 (4.2) 25.9 (5.1)
Completeness (%) 97.1 (93.1) 96.5 (92.2) 94.9 (84.5) 99.1 (92.7) 97.5 (99.3)
Redundancy 3.8 (3.6) 3.7 (3.5) 2.7 (2.1) 4.6 (3.9) 2.8 (2.6)

Refinement
Resolution (Å) 50–1.9 (1.95–1.9) 50–2.5 (2.59–2.5) 50–1.8 (1.85–1.8) 50–1.95 (2–1.95) 50–1.95 (2–1.95)
No. of reflections (total) 1,032,389 423,475 103,969 146,772 85,252
No. of reflections (test) 272,212 115,418 39,209 32,134 31,115
Rwork/Rfree 16.9/19.5 18.5/23.6 14.6/17.1 17.3/20.1 20.4/24.2
No. of atoms 26,664 24,811 3,344 3,323 3,033
RMSD, bond length (Å) 0.007 0.015 0.021 0.008 0.019
RMSD, bond angle (°) 1.12 1.74 2.04 1.15 2.18

MolProbity scoresb

Favored (%) 97 96 94 96 91
% Outliersc 0 0.24 (7/2,922) 0 0 0.26 (1/386)

PDB code 4WA1 4WA2 4WA3 4WA4 4WA5
a The numbers in parentheses refer to the highest-resolution shell unless otherwise specified.
b Data from the Molprobity server (39).
c For the outlier values, the numbers in parentheses are the number of outlier residues and the total number of residues.
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TABLE 2 Glycan microarray for A/Harbor Seal/New Hampshire/179629/2011 H3 HA

Glycan
no.a Glycan structureb

Bindingc

Seal H3
recHA

Seal H3
virus

1 Neu5Ac� NB NB
2 Neu5Ac� NB NB
3 Neu5Ac� NB NB
4 Neu5Ac�2-3(6OSO3)Gal�1-4GlcNAc� NB �
5 Neu5Ac�2-3Gal�1-3[6OSO3]GalNAc� ��� ��
6 Neu5Ac�2-3Gal�1-4[6OSO3]GlcNAc� ��� ��
7 Neu5Ac�2-3Gal�1-4(Fuc�1-3)[6OSO3]GlcNAc�-propyl-NH2 ��� ��
8 Neu5Ac�2-3Gal�1-3[6OSO3]GlcNAc-propyl-NH2 ��� ��
9 Neu5Ac�2-3Gal�1-3(Neu5Ac�2-3Gal�1-4)GlcNAc� ��� ���
10 Neu5Ac�2-3Gal�1-3(Neu5Ac�2-3Gal�1-4GlcNAc�1-6)GalNAc� ��� ���
11 Neu5Ac�2-3Gal�1-4GlcNAc�1-2Man�1-3(Neu5Ac�2-3Gal�1-4GlcNAc�1-2Man�1-6)Man�1-4GlcNAc�1-4GlcNAc� ��� ���
12 Neu5Ac�(2-3)-Gal�(1-4)-GlcNAc�(1-3)-Gal�(1-4)-GlcNAc�(1-2)-Man�(1-3)-[Neu5Ac�(2-3)-Gal�(1-4)-

GlcNAc�(1-3)-Gal�(1-4)-GlcNAc�(1-2)-Man�(1-6)]-Man�(1-4)-GlcNAc�(1-4)-GlcNAc�
��� ��

13 Neu5Ac�2-3Gal� ��� ��
14 Neu5Ac�2-3Gal�1-3GalNAc� ��� ���
15 Neu5Ac�2-3Gal�1-3GlcNAc� ��� ��
16 Neu5Ac�2-3Gal�1-3GlcNAc� ��� ��
17 Neu5Ac�2-3Gal�1-4Glc� ��� �
18 Neu5Ac�2-3Gal�1-4Glc� ��� �
19 Neu5Ac�2-3Gal�1-4GlcNAc� ��� ��
20 Neu5Ac�2-3Gal�1-4GlcNAc� ��� ��
21 Neu5Ac�2-3GalNAc�1-4GlcNAc� NB ���
22 Neu5Ac�2-3Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc� ��� ��
23 Neu5Aca2-3Gal�1-3GlcNAc�1-3Gal�1-4GlcNAc� ��� ��
24 Neu5Ac�2-3Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc� ��� �
25 Neu5Ac�2-3Gal�1-4GlcNAc�1-3Gal�1-3GlcNAc� ��� ��
26 Neu5Ac�2-3Gal�1-3GalNAc� ��� ��
27 Gal�1-3(Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc�1-6)GalNAc� NB NB
28 Neu5Ac�2-3Gal�1-3(Fuc�1-4)GlcNAc� ��� ���
29 Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc� ��� ���
30 Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc� ��� ���
31 Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc�1-3Gal� ��� ���
32 Neu5Ac�2-3Gal�1-3[Fuc�1-4]GlcNAc�1-3Gal�1-4[Fuc�1-3]GlcNAc� ��� ���
33 Neu5Ac�2-3Gal�1-3[Fuc�1-3]GlcNAc�1-3Gal�1-4[Fuc�1-3]GlcNAc� ��� ���
34 Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc�1-3Gal�1-4(Fuc�1-3)GlcNAc�1-3Gal�1-4(Fuc�1-3)GlcNAc� ��� ���
35 Neu5Ac�2-3(GalNAc�1-4)Gal�1-4GlcNAc� NB NB
36 Neu5Ac�2-3(GalNAc�1-4)Gal�1-4GlcNAc� NB �
37 Neu5Ac�2-3(GalNAc�1-4)Gal�1-4Glc� NB NB
38 Gal�1-3GalNAc�1-4(Neu5Ac�2-3)Gal�1-4Glc� NB NB
39 Fuc�1-2Gal�1-3GalNAc�1-4(Neu5Ac�2-3)Gal�1-4Glc� NB NB
40 Fuc�1-2Gal�1-3GalNAc�1-4(Neu5Ac�2-3)Gal�1-4Glc� NB NB
41 Neu5Ac�2-6Gal�1-4[6OSO3]GlcNAc� NB NB
42 Neu5Ac�2-6Gal�1-4GlcNAc�1-2Man�1-3(Gal�1-4GlcNAc�1-2Man�1-6)Man�1-4GlcNAc�1-4GlcNAc� NB NB
43 Neu5Ac�2-6Gal�1-4GlcNAc�1-2Man�1-3(Neu5Ac�2-6Gal�1-4GlcNAc�1-2Man�1-6)Man�1-4GlcNAc�1-4GlcNAc� NB NB
44 Neu5Ac�2-6Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-2Man�1-3[Neu5Ac�2-6Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-

2Man�1-6]Man�1-4GlcNAc�1-4GlcNAc�
NB NB

45 Neu5Ac�2-6Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-2Man�1-3[Neu5Ac�2-6Gal�1-4GlcNAc�1-
3Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-2Man�1-6]-Man�1-4GlcNAc�1-4GlcNAc�

� �

46 Neu5Ac�2-6Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-3[Neu5Ac�2-6Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-6]GalNAca NB NB
47 Neu5Ac�2-6Gal�1-4GlcNAc�1-3[Neu5Ac�2-6Gal�1-4GlcNAc�1-6]GalNAca NB NB
48 Neu5Ac�2-6GalNAc� NB NB
49 Neu5Ac�2-6Gal� NB NB
50 Neu5Ac�2-6Gal�1-4Glc� NB NB
51 Neu5Ac�2-6Gal�1-4Glc� NB NB
52 Neu5Ac�2-6Gal�1-4GlcNAc� NB NB
53 Neu5Ac�2-6Gal�1-4GlcNAc� NB NB
54 Neu5Ac�2-6GalNAc�1-4GlcNAc� NB NB
55 Neu5Ac�2-6Gal�1-4GlcNAc�1-3GalNAc� NB NB
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binding sites, only two 3-SLN molecules could be built into the final
structure.

The seal NA structure was solved using the NA structure from A/duck/
Ukraine/1/63 (H3N8), PDB ID 2HT5 (sequence identity is 90%), as a
search model. One neuraminidase monomer occupied the asymmetric
unit with an estimated solvent content of 53.4% based on a Vm of 2.64
Å3/Da. The apo form NA and two complexed NA structures were refined
using the same strategy as for the seal HA structure. All final models were
assessed using MolProbity (43), and the statistics for data processing and
refinement are presented in Table 1.

Glycan binding analyses. A/harbor seal/New Hampshire/179629/
2011 virus was propagated in 10-day-old embryonated chicken eggs. The
virus was inactivated by treatment with �-propiolactone (1 part �-pro-
piolactone to 1,000 parts infected allantoic fluid) at 4°C for 20 h, with
virus inactivation confirmed by two rounds of passage in eggs with no
detectable red blood cell hemagglutination titers in the allantoic fluid. The
inactivated virus was diluted in phosphate-buffered saline containing 2%
(wt/vol) bovine serum albumin (PBS-BSA) to an HA titer of 256 and
incubated on the microarray slide on ice for 1 h with gentle agitation.
Unbound virus was washed off by sequential washes with PBS containing

TABLE 2 (Continued)

Glycan
no.a Glycan structureb

Bindingc

Seal H3
recHA

Seal H3
virus

56 Neu5Ac�2-6Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc� NB NB
57 Neu5Ac�2-6Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-3GalNAc� NB NB
58 Neu5Aca2-6Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc� NB NB
59 Neu5Ac�2-6Gal�1-4GlcNAc�1-3Gal�1-4(Fuc�1-3)GlcNAc�1-3Gal�1-4(Fuc�1-3)GlcNAc� NB NB
60 Gal�1-3(Neu5Ac�2-6)GlcNAc�1-4Gal�1-4Glc�-Sp10 NB NB
61 Neu5Ac�2-6[Gal�1-3]GalNAca NB NB
62 Neu5Ac�2-6Gal�1-4GlcNAc�1-6[Gal�1-3]GalNAca NB �
63 Neu5Ac�2-6Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-6[Gal�1-3]GalNAca NB NB
64 Neu5Ac�2-3Gal�1-4GlcNAc�1-2Man�1-3(Neu5Ac�2-6Gal�1-4GlcNAc�1-2Man�1-6)Man�1-4GlcNAc�1-4GlcNAc� NB NB
65 Neu5Ac�2-6Gal�1-4GlcNAc�1-2Man�1-3(Neu5Ac�2-3Gal�1-4GlcNAc�1-2Man�1-6)Man�1-4GlcNAc�1-4GlcNAc� ��� ��
66 Neu5Ac�2-3Gal�1-3(Neu5Ac�2-6)GalNAc� ��� ���
67 Neu5Ac�2-3(Neu5Ac�2-6)GalNAc� NB NB
68 Neu5Gc� NB NB
69 Neu5Gc�2-3Gal�1-3(Fuc�1-4)GlcNAc� NB NB
70 Neu5Gc�2-3Gal�1-3GlcNAc� ��� �
71 Neu5Gc�2-3Gal�1-4(Fuc�1-3)GlcNAc� ��� ���
72 Neu5Gc�2-3Gal�1-4GlcNAc� NB NB
73 Neu5Gc�2-6GalNAc� NB NB
74 Neu5Gc�2-6Gal�1-4GlcNAc� NB NB
75 Neu5Ac�2-8Neu5Ac� NB NB
76 Neu5Ac�2-8Neu5Ac�2-8Neu5Ac� NB NB
77 Neu5Ac�2-8Neu5Ac�2-3(GalNAc�1-4)Gal�1-4Glc� NB NB
78 Neu5Ac�2-8Neu5Ac�2-3Gal�1-4Glc� NB NB
79 Neu5Ac�2-8Neu5Ac�2-8Neu5Ac�2-3(GalNAc�1-4)Gal�1-4Glc� NB NB
80 Neu5Ac�2-8Neu5Ac�2-8Neu5Ac�2-3Gal�1-4Glc� NB NB
81 Neu5Ac�2-8Neu5Ac�-Sp17 NB NB
82 Neu5Ac�2-8Neu5Ac�2-8Neu5Ac� NB NB
83 Neu5Ac�2-6GalNAc� NB NB
84 Neu5Ac�2-6Gal�1-4GlcNAc� NB NB
85 Neu5Gc�2-6Gal�1-4GlcNAc NB NB
86 Gal�1-3(Neu5Ac�2-6)GalNAc� NB NB
87 [9NAc]Neu5Ac� NB �
88 [9NAc]Neu5Ac�2-6Gal�1-4GlcNAc� NB NB
89 Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc� NB NB
90 Gal�1-3GlcNAc�1-3Gal�1-3GlcNAc� NB NB
91 Gal�1-4GlcNAc�1-2Man�1-3[Gal�1-4GlcNAc�1-2Man�1-6]Man�1-4GlcNAc�1-4GlcNAc� NB NB
92 GalNAc�1-3(Fuc�1-2)Gal�1-3GlcNAc� NB NB
93 GalNAc�1-3(Fuc�1-2)Gal�1-4GlcNAc� NB NB
94 Gal�1-3(Fuc�1-2)Gal�1-3GlcNAc� NB NB
95 Gal�1-3(Fuc�1-2)Gal�1-4(Fuc�1-3)GlcNAc� NB NB
96 Gal�1-3GalNAc� NB NB
a Different categories of glycans on the array are grouped together as follows: glycans 1 to 3, sialic acid; glycans 4 to 40, �2-3 sialosides; glycans 41 to 63, �2-6 sialosides; glycans 64
to 67, mixed �2-3/�2-6 biantennaries; glycans 68 to 74, N-glycolylneuraminic acid-containing glycans; glycans 75 to 82, �2-8-linked sialosides; glycans 83 to 88, �2-6-linked and
9-O-acetylated sialic acids; glycans 89 to 96, asialo glycans.
b Neu5Ac, sialic acid; Neu5Gc, N-glycolylneuraminic acid; OSO3, sulfate; Gal, galactose; Fuc, fucose; Glc, D-glucose; GlcNAc, N-acetyl-D-glucosamine; GalNAc,
N-acetyl-D-galactosamine; Man, D-mannose; 9NAc, 9-O-acetyl.
c Significant binding of samples to glycans was qualitatively estimated based on the relative strength of the signal for the data shown. Fluorescence intensity, �10,000, ���; 5,000
to 9,999, ��; 1,250 to 4,999, �; �1,250, NB.
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0.05% Tween 20 (PBST) and PBS. The slide was then subjected to succes-
sive 1-h incubations with anti-A/harbor seal/New Hampshire/179629/
2011 ferret immune serum (1:1,000 dilution in PBS-BSA), biotinylated
anti-ferret IgG (1:200 dilution; Rockland Immunochemicals), and
streptavidin-Alexa Fluor 488 (1:1,000; Life Technologies) with PBST/PBS
washes between incubations.

For analysis of recHA, HA-antibody precomplexes were prepared by
mixing HA (10 �l; 1 mg/ml), mouse anti-penta-His–Alexa Fluor 488
(17.5 �l; 0.2 mg/ml; Qiagen Inc.), and anti-mouse IgG-Alexa Fluor 488
(1.2 �l; 2 mg/ml; Life Technologies) in a molar ratio of 4:2:1, respectively.
The mixtures were incubated for 60 min on ice and then diluted with 500
�l PBS-BSA containing streptavidin-Alexa Fluor 488 (1:1,000; Life Tech-
nologies) and incubated on the microarray slide on ice for 90 min.

After the final incubation step, the slides were washed by successive
rinses in PBST, PBS, and deionized water and then dried. Fluorescence
intensities were detected using a ProScanArray HT microarray scanner
(Perkin-Elmer). Image analyses were carried out using ImaGene 8 image
analysis software (BioDiscovery Inc.). Table 2 shows the specific glycans
on the array and lists the glycans used in the experiments, as well as a
tabulated qualitative assessment of binding for each protein analyzed.

For kinetic studies, biotinylated receptor analogs, Neu5Ac(�2-3)
Gal(�1-4)GlcNAcb-biotin (3-SLN-b), Neu5Ac(�2-3)Gal(�1-4)GlcNAc
(�1-3)Gal(�1-4)GlcNAcb-biotin (3-SLNLN-b), Neu5Ac(�2-6)Gal(�1-4)
GlcNAcb-biotin (6-SLN-b), and Neu5Ac(�2-6)Gal(�1-4)GlcNAc(�1-3)
Gal(�1-4)GlcNAcb-biotin (6-SLNLN-b), were obtained from the Con-
sortium for Functional Glycomics (http://www.functionalglycomics
.org) through the resource request program. The glycans were pre-
coupled to streptavidin-coated biosensors (Fortebio Inc.), and the
binding of recombinant HA, diluted to 5.4 �M trimer in kinetics buf-
fer (PBS containing 0.02% Tween 20 and 100 �g/ml bovine serum
albumin), was analyzed by biolayer interferometry (BLI) using an Oc-
tet Red instrument (Fortebio, Inc.) according to the manufacturer’s
instructions. Data were analyzed using the system software and fitted
to a 1:1 binding model.

NA activity and drug susceptibility assays. RecNA activities were as-
sessed using the the fluorescent 2=-(4-methylumbelliferyl)-�-D-N-acetyl-
neuraminic acid (MUNANA) (Sigma-Aldrich Inc.) as the substrate (44).
Briefly, recNA protein was mixed with MUNANA in a reaction buffer
containing 32.5 mM 2-(N-morpholino)ethanesulfonic acid (MES), 4 mM
CaCl2, and 50 �g/ml of bovine serum albumin. The reaction mixture was
incubated at 37°C for 30 min and terminated by the addition of stop
solution containing 25% ethanol and 0.1 M glycine. The fluorescence of
the enzyme-cleaved product was measured using a Synergy H1 hybrid
multimode microplate reader (BioTek) with excitation and emission
wavelengths of 360 nm and 460 nm, respectively. To determine the en-
zyme kinetics of recNA measured as a function of the substrate amount, a
series of 2-fold-diluted recNAs were mixed with 200 �M MUNANA, and
a sigmoidal curve of NA activity was generated. The NA concentration
corresponding to the midpoint of the linear section of the curve was cho-
sen for the kinetics assay. Different concentrations of MUNANA in a
series of 2-fold dilutions were mixed with recNA of seal N8 NA or
A/Perth/16/2009 N2 NA at the fixed concentrations of 3.13 ng/ml and
31.3 ng/ml, respectively. Reaction parameters (Km, Vmax, and kcat) were
calculated by fitting the data to Michaelis-Menten equations using Graph-
Pad Prism software (GraphPad Software Inc.).

RecNA and the egg-propagated A/harbor seal/New Hampshire/
179629/2011 A(H3N8) virus were tested in the fluorescent neuraminidase
inhibition assay with an NA-Fluor kit (Life Technologies), as described
previously (45). The NA inhibitors zanamivir (GlaxoSmithKline) and os-
eltamivir carboxylate (Roche Diagnostics GmbH) were kindly provided
by the respective manufacturers. A drug concentration (nM) required to
inhibit enzyme activity by 50% (IC50) was determined for each drug using
JASPR v1.2 curve-fitting software (45). Mean IC50 and standard deviation
(SD) values were calculated based on the results of two independent tests,
each conducted in duplicate. An oseltamivir-sensitive A/California/12/

2012 A(H1N1)pdm09 virus and an oseltamivir-resistant A/Texas/23/
2012 A(H1N1)pdm09 virus carrying the H275Y NA substitution were
used as reference viruses.

Protein structure accession numbers. The atomic coordinates and
structure factors of seal HA (apo and in complex with 3-SLN) and NA
(apo and in complex with oseltamivir and zanamivir) are available
from the RCSB PDB under accession codes 4WA1, 4WA2, 4WA3,
4WA4, and 4WA5.

RESULTS AND DISCUSSION
Structure of seal11 HA. The three-dimensional HA structure of
the trimeric ectodomain from seal11 HA was determined by X-ray
crystallography at 1.9-Å resolution (Table 1). As expected, the
overall structure of the HA monomer is composed of a globular
head containing the receptor binding site (RBS) and a membrane-
proximal domain that includes a central helical stalk and the HA1/
HA2 cleavage site (32, 33, 35, 46–55). Although seven asparagine-
linked glycosylation sites (NXS/T) are predicted in the seal11 HA
monomer, one at residue 2 (NPS) is not believed to be utilized,
due to the presence of the proline at the X position in the sequon
(56). Of the remaining 6 sites (residues 8, 22, 38, 165, 285, and
483), interpretable carbohydrate electron density, containing only
one or two N-acetylglucosamines, was observed at only three sites,
Asn38, Asn165, and Asn285, in HA1 (Fig. 1A).

The HA protein is synthesized as a single-chain precursor
(HA0) during viral replication and then cleaved by a specific host
protease into the infectious HA1 and HA2 forms. In the baculo-
virus expression system used for these studies, seal11 HA was pro-
duced in the HA0 form. For structural studies, seal11 HA was
digested with trypsin to remove the trimerization tag, which also

FIG 1 Structure of seal HA. (A) Overall structure, with one monomer HA
highlighted in green (HA1 domain) and cyan (HA2 domain). Potential glyco-
sylation sites are labeled, and those sites/glycans that could be visualized in the
structure are shown as sticks (magenta). (B) Expanded view of the seal HA RBS
with its three structural elements comprising the binding site—the 130 loop,
the helix, and the 220 loop— colored yellow, red, and purple. Conserved res-
idues are shown as sticks. (C) Comparison of the seal HA RBS (green) with
overlapping equivalent structures from avian (cyan) and human (magenta)
H3 HAs. Residue differences are shown as sticks. Seal HA is shown in cartoon
form, while 3-SLN and interacting HA residues are shown as sticks. All struc-
tural figures were generated with MacPyMol (83).
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cleaves the HA into the active HA1/HA2 form. Comparison of the
seal11 HA monomer to an avian H3 HA (PDB ID 1MQL) (49) and
a recent human H3 HA (PDB ID 2YP2) (57) revealed a highly
similar structure, with the C-� atoms superimposed to give root
mean square deviations (RMSD) of 0.86 Å and 0.76 Å, respec-
tively.

Functional and structural analyses of the seal11 HA receptor
binding site. The seal11 HA RBS is at the membrane-distal end of
each HA monomer (Fig. 1A), and its specificity for sialic acid and
the nature of its linkage to the vicinal galactose residue in host cell
surface complex carbohydrates contribute to host range restric-
tion (58). The consensus RBS in all influenza A virus HAs is com-

FIG 2 Sequence alignment of the amino acid sequence of seal11 HA with those of the avian A(H3N8) virus A/Duck/Ukraine/1/1963 (dkUkr63; PDB ID 1MQL)
and two human HA sequences from A/Aichi/2/1968 (Aichi68; PDB ID 3HMG) and the seasonal H3 vaccine strain from A/Hong Kong/4443/2005 (HK05; PDB
ID 2YP7; Gisaid no. EPI397688) (68–71). The sequence alignment is also annotated with additional lines to indicate residues comprising the receptor binding site
(Receptor) (labeled r), the solvent-accessible surface residues (Srf res) (labeled s; determined by Areaimol, part of the CCP4 program suite [84, 85]), and the
antigenic sites (labeled a, b, c, d, and e) (68–71).
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posed of three structural elements: a 190 helix (residues 188 to
194), a 220 loop (residues 221 to 228), and a 130 loop (residues
134 to 138). In addition, the highly conserved residues Tyr98,
Trp153, His183, and Tyr195 form the base of the pocket (Fig. 1B).
Comparison of the seal11 HA RBS with those from avian and
human H3 HAs (PDB IDs 1MQL and 2YP2) revealed an almost
identical RBS (Fig. 1C). Interestingly, while the 220 loop of the
human RBS is positioned 	1.5 Å away from the avian loop, re-
sulting in a more open RBS, the 220 loop of the seal11 HA aligns
with the avian RBS (Fig. 1C), suggesting a closer structural rela-
tionship to avian than to human HAs. Sequence alignment of only
the seal11 residues that comprise the RBS (Fig. 2) with A(H3N8)
and A(H3N2) HAs from other species also suggests that the RBS is
more avian-like. While it shows 91% identity to the consensus
RBS for avian viruses, it shows only 82% and 48% identity to the
human A(H3N2) HA RBS from 1968 and 2013, respectively (Ta-
ble 3). This is in agreement with previous phylogenetic analysis of
the seal11 HA that showed it to be closest to the HA from the
A/blue-winged teal/Ohio/926/2002 H3N8 virus (23).

Previously, a double mutation (Gln226Leu and Gly228Ser) in
the HA receptor binding domains of the H2N2 and H3N2 sub-
types was shown to be responsible for adaptation of these viruses
from birds to humans (59, 60), while recent gain-of-function ex-
periments highlighted their use as a possible route for adaptation
if A(H5N1) evolved to infect and transmit efficiently in humans
(61, 62). In the seal HA, the 226/constellation is avian-like
(Gln226/Gly228). The vicinal Leu222 in the seal11 HA, however,
is a Trp in avian and equine A(H3N8) viruses, as well as early
human A(H3N2) virus. Interestingly, Leu222 is present in canine
A(H3N8) viruses and has been implicated in the adaptation of the
equine viruses to a canine host (63, 64), and thus, it may be simi-
larly important in A(H3N8) virus adaptation to seals.

A previous study suggested that the virus bound less efficiently
to avian �2-3 receptors than avian A(H3N8) viruses and, based on
hemagglutination assays, also concluded it bound to human-type
�2-6 receptors (23). More recent data using solid-phase glycan
binding assays also suggested greater binding affinity for �2-6 re-
ceptors (65). To assess this observation and to gain further insight
into the interactions of this A(H3N8) virus with host receptors,
glycan microarray analyses of both seal11 recHA and a virus from
the same outbreak, A/harbor seal/New Hampshire/179629/2011,
were performed. The results for both seal11 recHA and the virus
revealed a strong binding preference for the �2-3-linked sialo-
sides, as well as mixed �2-3/�2-6 branched sialosides (glycans 65
to 66). However, little binding to human �2-6-linked sialosides
was detected in the assay (Fig. 3A and B and Table 2). Glycan
binding to seal11 recHA was further analyzed by BLI using an
Octet Red system (ForteBio Inc.). The results of the binding of
seal11 HA to biotinylated glycans (3-SLN-b, 3-SLNLN-b, 6-

SLN-b, and 6-SLNLN-b) preloaded onto streptavidin-coated bio-
sensors confirmed the glycan array data in that the recHA bound
only to the �2-3-linked analogs, with apparent KD (equilibrium
dissociation constant) values of approximately 139 and 8 �M for
3-SLN-b and 3-SLNLN-b glycan analogs, respectively (Fig. 3C and
Table 4).

To understand from a structural perspective how seal11 HA
interacts with host receptors, we determined the structure of
seal11 HA in complex with an avian receptor analog, 3-SLN, to
2.5-Å resolution (Table 1). All attempts to obtain diffraction data
for seal11 HA in complex with the human receptor analog, 6-SLN,
were unsuccessful. For the avian receptor analog, 3-SLN, the elec-
tron density maps revealed well-ordered features for SIA-1,
GAL-2, and NAG-3 in the seal11 HA complex structure. Most of
the hydrogen bonds were formed between SIA-1 and residues
(Tyr98, Thr135, Thr136, Ser137, His183, Glu190, and Gln226)
within the pocket (Fig. 3D). Tyr98 is highly conserved in all influ-
enza A viruses, and its interaction with sialic acid is critical for
receptor interaction and virus function (66). Residue Gln226, one
of the key residues in receptor specificity and host adaptation,
also binds to GAL-2 in 3-SLN. Structural comparison of seal11
HA–3-SLN to avian H3 HA complexes (PDB ID 1MQM) re-
vealed high similarity. The trans conformation of the �2-3
linkage in the avian receptor analog points out of the RBS, and
the terminal SIA-1 and GAL-2 are positioned almost identi-
cally in the two structures. Like all previously reported com-
plexes with �2-3-linked analogs, the seal11 H3 HA–3-SLN
structure revealed no hydrogen bonding between the HA and
NAG-3, which suggests that for �2-3 linkage glycans, only the
first two saccharides are required for host receptor binding to
avian HAs (33, 35, 48, 50, 67).

Seal HA antigenic sites. Human seasonal A(H3N2) HA mole-
cules have five distinct antigenic sites (AS): AS-A, AS-B, AS-C,
AS-D, and AS-E (68–71) (Fig. 2 and 4A). Although these sites have
been under antibody-mediated immune pressure since 1968, the
sites nearest the RBS, AS-A, AS-B, and AS-D, are reported to be
immunodominant (70). To investigate the structures of these an-
tigenic sites on the seal HA, we compared each site to equivalent
positions on the HAs from an A/duck/Ukraine/1/1963 (dkUkr63)
H3N8 avian virus and the A/Aichi/2/1968 pandemic virus (Ai-
chi68), as well as a recent human virus, A/Hong Kong/4443/2005
(HK05), H3N2 HA source (Fig. 4B). While seal11 HA differed
significantly in shape and charge at all 5 antigenic sites compared
to the more recent HK05 HA, it does appear to be antigenically
related to both the avian and the early human 1968 pandemic
virus HAs (Fig. 4B). Comparison of seal11 HA to consensus se-
quences for avian H3N8 and H3N2 HAs and human HAs from
1968 and 2013 showed agreement with our structural analysis.
While the seal11 HA maintained 73% identity to that of 2013
AS-D, the major antigenic sites, AS-A and AS-B, were at only 52%
and 32% identity, respectively (Table 5). In contrast, seal11 HA
identity with the avian AS H3N2 and H3N8 HAs ranged from 89
to 96% and 88 to 95%, respectively, across the 5 AS. Thus, current
vaccines against the contemporary seasonal H3N2 viruses circu-
lating appear to be a poor match for the seal11 virus should it ever
successfully adapt to humans. The recent publication by Karlsson
et al. showed that recent seasonal vaccination of humans failed to
elicit cross-reactive antibody against the virus, suggesting a lack of
population immunity (65).

Structure of seal11 N8 NA. The recombinant seal11 N8 NA

TABLE 3 Comparison of seal11 RBS to consensus H3 sequences from
other species

RBS % identity to seal RBS

Avian H3N8 (n 
 518)a 91
Equine H3N8 (n 
 713) 82
Canine H3N8 (n 
 181) 86
1968 Human H3N2 (n 
 96) 82
2013 Human H3N2 (n 
 433) 48
a Number of sequences in the database used to generate a consensus sequence.
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was expressed in a baculovirus expression system. The purified
protein was crystallized in the I4 space group, and its structure was
determined to 1.8-Å resolution (Table 1) with good electron den-
sity for all residues. The seal11 NA structure is a typical “box-
shaped” tetrameric association of identical monomers containing
six four-stranded, antiparallel �-sheets that form a propeller-like
arrangement (Fig. 5A), as previously described for influenza A
virus subtypes N1, N2, N4, N5, N8, and N9 and influenza B virus
NA (72–76). A comparison of seal11 NA with an avian N8 NA
(PDB ID 2HT5) revealed a highly similar structure, and all C-�
atoms were superimposed with an RMSD of only 0.36 Å (74). In
addition, one calcium ion binding site, which is conserved in all
known influenza A and influenza B virus NAs, was observed in
seal11 NA (Fig. 5A). Ca2� is bound through interactions with two

FIG 3 Glycan binding to seal recHA. (A and B) Glycan array analysis of seal11 recHA (A) and A/harbor seal/New Hampshire/179629/2011 (B). Glycans on the
microarray are grouped according to SA linkage: �2-3 SA (blue), �2-6 SA (red), �2-6 –�2-3 mixed SA (purple), N-glycolyl SA (green), �2-8 SA (brown), �2-6
and 9-O-acetyl SA (yellow), and asialo glycans (gray). The error bars reflect the standard error in the signal for six independent replicates on the array. The
structures of the numbered glycans are found in Table 2. Specific glycan structures that were used in biosensor assays are represented on the array as glycans 19/20,
22, 52/53, and 56. (C) The binding kinetics of seal11 recHA protein to specific biotinylated glycans, 3-SLN-b, 3-SLNLN-b, 6-SLN-b, and 6-SLNLN-b, immobi-
lized on streptavidin-coated biosensors were analyzed by BLI. The black vertical line indicates the switch in the experiment from collecting association to
collecting dissociation data. (D) 3-SLN glycan interactions with seal11 HA RBS. Seal HA is shown in cartoon form, while 3-SLN and interacting HA residues are
shown as sticks. Hydrogen bonds between the glycan and HA are shown as dashed lines. The structural figure was generated with MacPyMol (83).

TABLE 4 Kinetic results for glycan binding to seal recHAa

Glycan
Apparent
KD (�M)

kon

(ms�1)
kobs � SD
(10�3 s�1)

koff � SD
(10�2 s�1)

3-SLN-b 14.19 131 2.59 � 0.014 1.86 � 0.010
3-SLNLN-b 18.25 166 3.95 � 0.017 3.03 � 0.012
6-SLN-b NB NB NB NB
6-SLNLN-b NB NB NB NB
a KD, equilibrium dissociation constant; kon, kobs, and koff, association, observed, and
dissociation rates, respectively; NB, no detectable binding.

FIG 4 Comparison of seal11 HA antigenic sites with other HA structures. (A)
Recognized AS mapped onto the seal11 HA structure, shown as a surface
representation and colored individually. (B) Structural comparison of the an-
tigenic sites on the HA molecules between A(H3N8) (avian dkUkr63 and
seal11) and seasonal H3N2 (Aichi68 and HK05). Three-dimensional models
of the H3 HA molecules of each HA were used and are shown as surface
representations. Expanded views of the antigenic sites (A through E) are
shown. Amino acids are colored as follows: positive (Arg and Lys), blue; neg-
ative (Asp and Glu), red; hydrophobic (Ala, Phe, Gly, Ile, Leu, Met, Val, and
Trp), yellow; polar (His, Asn, Gln, Ser, Thr, and Tyr), green.
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water molecules and four backbone carbonyl oxygen atoms from
Asn292, Gly296, Asp322, and Tyr344 (residues 293, 297, 324, and
347 in N2 numbering, based on the structural sequence align-
ment). Calcium ions have been shown to be critical for the ther-
mostability and activity of influenza virus NAs (77, 78), and this
conserved metal site was proposed to be important in stabilizing a
reactive conformation of the active site by otherwise flexible loops
(79). Although seal11 NA has four potential N-linked glycosyla-
tion sites at Asn84, Asn144, Asn293, and Asn398 (residues 86, 146,
294, and 402 in N2 numbering), our expression construct in-
cluded an Asn84Gln substitution that removed one of these sites.
For the remaining three sites, the final model had interpretable
glycan density at only one site, Asn144 (residue 146 in N2 num-
bering), which is situated on the membrane-distal surface close to
the active site and is the only glycosylation site conserved among
all other influenza A and B NAs (72, 74, 80).

Active site of seal11 NA and antiviral drug susceptibility with
oseltamivir and zanamivir. Among all of the NA subtypes, the
enzyme active site includes eight highly conserved residues,
Arg116, Asp149, Arg150, Arg223, Glu275, Arg291, Arg368, and
Tyr402 (residues 118, 151, 152, 224, 276, 292, 371, and 406 in N2
numbering) (Fig. 5B). They are all charged/polar residues that
directly interact with the substrate in the catalytic site. The geom-
etry of the catalytic site is structurally stabilized through a network
of hydrogen bonds and salt bridges by a constellation of largely
conserved framework residues, Glu117, Arg154, Trp177, Ser178,
Asp197, Ile221, Glu226, His273, Glu276, Asn293, and Glu425
(residues 119, 156, 178, 179, 198, 222, 227, 274, 277, 294, and 425
in N2 numbering) (76). The active site of seal11 NA has a charac-
teristic open conformation with the 150 cavity and has high sim-
ilarity to the previously published avian N8 NA and other group 1
neuraminidases (74). Comparing seal11 NA with the avian N8
NA, there are three residue differences positioned near the ac-
tive site: Glu/Val147, Arg/Trp399, and Ala/Glu432 (the residue
differences are listed as seal/avian). While their locations on the
150 loop and 430 loop are not close enough to interact directly
with the substrate and thus may not affect NA activity, these
substitutions may contribute to the local stability of the active
site (Fig. 5B).

The NA activity of seal N8 NA was assessed using the fluores-
cent substrate MUNANA (44). Compared to a seasonal N2 recNA
from A/Perth/16/2009, the seal11 NA appeared more active, with

a 10-fold-increased kcat (Table 6). In the NA inhibition assay, the
activity of recNA was effectively inhibited by the current antivi-
rals, Ose and Zan, which indicates a drug-susceptible phenotype
of seal11 virus (Table 6). The IC50s for seal11 recNA were compa-
rable to those of the A/harbor seal/New Hampshire/179629/2011
virus that was isolated from the same outbreak (0.66 nM for Ose
and 1.29 nM for Zan). Furthermore, we solved the crystal struc-
tures of seal11 NA in complex with the two widely used antiviral
drugs. The interactions between seal11 NA and both inhibitors are
similar (Fig. 5C and D), although more hydrogen bonds are
formed between NA and Zan than between NA and Ose. The
carboxyl group of both Ose and Zan hydrogen bonds to Arg116,
Arg291, Tyr344, and Arg368 (Arg118, Arg292, Tyr346, and
Arg371 in N2 numbering), while the carbonyl oxygen of the N-
acetyl group hydrogen bonds with Arg150 (Arg152 in N2 num-
bering). The bulky 4-guanidino group of Zan is buried under-
neath the 150 loop and hydrogen bonds to Glu117, Glu149,
Trp177, and Glu226 (Glu119, Glu151, Trp178, and Glu227 in N2
numbering). There are two additional hydrogen bond interac-
tions between the Zan 8-hydroxyl group and Arg291 (Arg292 in
N2 numbering) and 9-O with Arg223 (Arg224 in N2 numbering)
in the NA-Zan complex structure.

Conclusions. Here, we report a detailed molecular character-
ization of seal11 HA and NA. The results for the seal11 HA suggest
that while it possesses a specific avian receptor binding preference
in our assays, thus reducing its potential to easily infect humans,
results from recent transmission studies highlight additional HA

FIG 5 Structure of seal NA. (A) Overall structure of one NA monomer, look-
ing down on the monomer, with the position of the enzyme active site indi-
cated. While only one glycosylation site was occupied in the final structure
(pink sticks), two others that are visible in this view are labeled and shown as
sticks. The fourth position, Asn84, was substituted in the protein but would be
at the back of this view. (B) NA active site, with highly conserved residues
shown as sticks (labeled in black text). The amino acid substitutions between
seal11 NA (green) and the avian N8 NA (cyan) are labeled and shown as sticks.
The seal residue is indicated first in the labels and the avian residue second. (C
and D) Exploded views of the enzyme active site with NA antivirals Ose (C)
and Zan (D) bound. The NA residues that interact with each drug (dashed
lines) are shown as sticks.

TABLE 5 Comparison of seal11 antigenic sites with those of avian
A(H3N2) and A(H3N8), early human pandemic A(H3N2) 1968, and
recent human seasonal A(H3N2) virus HAs

AS
No. of amino
acids in AS

% identity of consensus sequence to seal11
sequencea

Avian

Human
pandemic
A(H3N2)

A(H3N2) A(H3N8) 1968 2013

A 25 96 88 84 52
B 19 89 95 89 32
C 12 92 92 92 42
D 22 91 91 86 73
E 13 92 92 77 46
a Sequences were downloaded from the GISAID database and aligned/analyzed using
CLUSTALX (81).
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mutations that may need to be introduced to increase its ability for
respiratory-droplet transmission in mammalian species (65). The
analysis of the known human antigenic sites on this HA suggests
that immunity conferred by infection or vaccination with cur-
rently circulating human A(H3N2) viruses may be insufficient to
protect humans, should human adaptation of the A(H3N8) virus
occur. However, the seal11 NA is sensitive to currently available
antivirals, and their use may be beneficial while a vaccine is devel-
oped and manufactured. With increasing evidence of infections
by avian and human influenza viruses in marine mammals (21, 81,
82), it is important to continue the study and surveillance of these
animals to assess whether these hosts are a possible route by which
influenza viruses can adapt to humans, leading to new viruses with
pandemic potential.
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