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ABSTRACT N-linked glycans commonly contribute to secretory protein folding,
sorting, and signaling. For enveloped viruses, such as the influenza A virus (IAV),
large N-linked glycans can also be added to prevent access to epitopes on the sur-
face antigens hemagglutinin (HA or H) and neuraminidase (NA or N). Sequence anal-
ysis showed that in the NA head domain of H1N1 IAVs, three N-linked glycosylation
sites are conserved and that a fourth site is conserved in H3N2 IAVs. Variable sites
are almost exclusive to H1N1 IAVs of human origin, where the number of head gly-
cosylation sites first increased over time and then decreased with and after the in-
troduction of the 2009 pandemic H1N1 IAV of Eurasian swine origin. In contrast,
variable sites exist in H3N2 IAVs of human and swine origin, where the number of
head glycosylation sites has mainly increased over time. Analysis of IAVs carrying N1
and N2 mutants demonstrated that the N-linked glycosylation sites on the NA head
domain are required for efficient virion incorporation and replication in cells and
eggs. It also revealed that N1 stability is more affected by the head domain glycans,
suggesting N2 is more amenable to glycan additions. Together, these results indi-
cate that in addition to antigenicity, N-linked glycosylation sites can alter NA enzy-
matic stability and the NA amount in virions.

IMPORTANCE N-linked glycans are transferred to secretory proteins upon entry into
the endoplasmic reticulum lumen. In addition to promoting secretory protein matu-
ration, enveloped viruses also utilize these large oligosaccharide structures to pre-
vent access to surface antigen epitopes. Sequence analyses of the influenza A virus
(IAV) surface antigen neuraminidase (NA or N) showed that the conservation of
N-linked glycosylation sites on the NA enzymatic head domain differs by IAV sub-
type (H1N1 versus H3N2) and species of origin, with human-derived IAVs possessing
the most variability. Experimental analyses verified that the N-linked glycosylation
sites on the NA head domain contribute to virion incorporation and replication. It
also revealed that the head domain glycans affect N1 stability more than N2, sug-
gesting N2 is more accommodating to glycan additions. These results demonstrate
that in addition to antigenicity, changes in N-linked glycosylation sites can alter
other properties of viral surface antigens and virions.
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Glycoproteins receive N-linked glycans when they are inserted into the endoplasmic
reticulum (ER) lumen. The addition of these large oligosaccharide structures can

lower the activation barrier for the glycoprotein to fold, and they can function as
docking sites for cellular factors that assist in the folding, quality control, and trafficking
of the newly synthesized glycoprotein (1–4). Following the maturation process,
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N-linked glycans can also contribute to the function of the glycoprotein by influencing
local conformations, extending the half-life, or directly participating in critical protein
interactions (5–9). Many envelope viral glycoproteins utilize N-linked glycans for these
common cellular functions (10–12) and for the ability of the large glycan structures to
limit access to sensitive epitopes (13–17). For influenza viruses, the roles of N-linked
glycans in the folding and masking of epitopes on its surface glycoprotein hemagglu-
tinin (HA or H) have been well-established (13, 18–20). However, a comprehensive
picture is lacking for how N-linked glycans contribute to the other influenza glycopro-
tein, neuraminidase (NA or N), as only a few experimental studies have been performed
(17, 21).

The HA and NA glycoproteins from influenza A viruses (IAVs) are quite diverse and
are classified into subtypes based on their antigenic and genetic properties (22).
Presently, 16 HA (designated H1 to H16) and nine NA (designated N1 to N9) subtypes
have been identified in avian IAVs in almost every possible combination (23). Despite
this variability, only H1N1 and H3N2 subtypes seasonally circulate in the human
population, and they are also commonly isolated from swine species, which are
susceptible to both avian and human IAVs (24, 25).

There are some similarities between the numerous NA subtypes. All are type II
membrane glycoproteins that form a Ca2�-dependent tetrameric enzyme (26–30). The
enzymatic function, located in the C-terminal head domain, promotes the mobility of
the virus by removing the terminal sialic acid residues that HA binds to on host and viral
glycan structures (31, 32). Synthesis of NA is dependent on the 5= region of its mRNA,
which codes for an N-terminal transmembrane domain of varying hydrophobicity that
cotranslationally targets NA to the ER (27, 33–35). The transmembrane domain then
inverts and integrates into the ER membrane as the C-terminal stalk and head domain
are synthesized and translocated into the ER lumen (34). Upon entering the Ca2�-rich
ER lumen, the stalk and the enzymatic head domain receive multiple N-linked glycans
that are capable of recruiting chaperones (21, 36). The chaperones likely assist in the
folding and oligomerization of NA, which occurs through a cooperative process that
involves the enzymatic head and the distal transmembrane domain (21, 37–39).

Previous work focused on the N-linked glycans of NA showed that an avian N9
variant predominantly misfolds in CHO cells when not glycosylated and that the
misfolding is mainly caused by the loss of the head domain glycans (21). More recent
studies on H1N1 IAVs have begun to examine the temporal frequency of N-linked
glycosylation sites in N1 (40–42) and the heterogeneity of the N-linked glycan struc-
tures (36). The positional analysis has led to the speculation that many N1 glycan sites
correlate with antigenic regions (41), whereas the glycan analysis identified a single site
on the N1 head domain that is modified by a wide variety of glycans, with a diverse
antenna array when expressed in eggs (36). However, the impact of these sites on NA
has not been looked at directly for H1N1 IAVs, and even less data are available for these
sites from H3N2 IAVs.

Here, we examined the glycosylation site frequencies in the NA sequences from
H1N1 and H3N2 strains by domain (stalk versus head), year of isolation, and species of
origin. Three conserved sites were identified in the N1 head domain and four in the N2
head domain. For the N1 head domain, variable glycosylation sites are almost exclusive
to human H1N1 IAVs, whereas the N2 head domain has more variable sites, and these
are present in human, swine, and avian H3N2 IAVs. Analysis of viruses carrying NAs with
mutated glycosylation sites revealed that the ones in the head domain are required for
efficient virion incorporation and replication and influence NA stability in a subtype-
dependent manner. These results illustrate how N-linked glycans on NA can perform
multiple functions and may explain why variable glycosylation sites are more prevalent
in N2.

RESULTS
Analysis of the N-linked glycan sites encoded by the NA from H1N1 IAVs.

N-linked glycans are transferred to the Asn in the consensus sequence N-X-S/T-X, where
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X can be any amino acid other than Pro (43, 44). The addition of the glycan occurs on
the luminal side of the ER membrane (Fig. 1A), limiting the accessibility of some regions
in membrane proteins. Influenza NA is synthesized as a type II membrane glycoprotein
with the N terminus in the cytosol and a long C-terminal region in the ER lumen (Fig.
1B). The C-terminal region contains the stalk and head domain, and both of these
regions have been shown to code for multiple N-linked glycosylation sites (21, 34,
40–42). To determine if the glycosylation sites in NA have a domain or temporal bias
with respect to the IAV species of origin, we initially examined the available subtype 1
(N1) sequences from H1N1 IAVs. The sequence analysis showed that the majority
(�92%) of avian N1s possess seven predicted N-linked glycan sites, whereas the human
and swine N1s tend to have more sites and vary in the site number (Fig. 1C, left). In the
stalk, most avian N1s have four sites, and the human and swine N1s mainly carry four
or five (Fig. 1C, middle). In the head domain, avian N1s predominantly have three sites,
whereas the swine N1s contain either three or four and the human N1s range from
three to five (Fig. 1C, right). In line with previous reports (40, 42), these differences
indicate that the stalk and head domain both contribute to the species-related variation
in the number of NA glycosylation sites, but it remains unclear if the bias relates to how
the sequences were collected.

Some glycosylation sites in the NA head have been linked to antigenicity (17);
therefore, we performed a temporal analysis of the sites in the N1 head domain.
Regardless of the year the strain was isolated, the avian N1 head domains were found
to mainly contain three sites (Fig. 1D, left), and the swine N1 head domains fluctuated

FIG 1 N-linked glycan site variation in NA from H1N1 IAVs by species of origin and time. (A) Diagram of an N-linked glycan structure that is transferred to
secretory glycoproteins during entry into the ER lumen. The glycan is added to the Asn (N) of the consensus sequence N-X-S/T. (B) Linear and structural
organization of the domains in NA from H1N1 IAVs. The numbers correspond to the amino acid position at the start of the transmembrane (TM), stalk, and head
domains of these NAs. (C) Graphs showing the prevalence of the N1 sequences from human (n � 18,966), swine (n � 4,949), and avian (n � 630) H1N1 IAVs
that possess the indicated number of glycosylation sites in the stalk and head domain (left), the stalk alone (middle), and the head domain alone (right). (D)
Temporal graphs displaying the mean number of glycosylation sites in the N1 head domain with respect to the year the avian (left), swine (middle), and human
(right) H1N1 IAVs were isolated. Filled circles correspond to the means, and those in blue (right) indicate strains derived from the 2009 pandemic H1N1 IAV
of Eurasian swine origin. Lines show the range in the number of sites in the sequence set for each year. All analyses were performed using full-length NA
sequences downloaded from the NCBI Influenza Database.
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between three and four sites with no temporal pattern (Fig. 1D, middle). In contrast, the
human N1 head domains showed a stepwise pattern, with the early strains increasing
in the number of sites from three to six and the more recent 2009 H1N1 pandemic-like
strains of Eurasian swine origin decreasing from four to three (Fig. 1D, right). These
temporal observations indicate that the addition and removal of N-linked glycan sites
in the N1 head domain is more characteristic of human H1N1 IAVs and that N1 likely
requires at least three glycosylation sites in the head domain.

Location of the N-linked glycan sites in the NA head domain of H1N1 IAVs.
Positional analysis revealed that three N-linked glycosylation sites are highly conserved
in the N1 head domain in H1N1 IAVs (Fig. 2A). In silico modeling of minimal glycan
structures onto these sites showed that one (Asn146) is positioned on the top of the NA
tetramer and the other two (Asn88 and Asn235) are located close together on the
bottom, facing the viral membrane (Fig. 2B). One of the four prevalent variable sites in
the human N1 head domain (Asn386) is also frequently found in the swine N1 head
domain (Fig. 2C), likely due to the swine origin of the human 2009 pandemic H1N1
virus. Temporally, the prevalent variable sites overlap for different time periods, con-
tributing to the discrete changes observed in the number of glycosylation sites on the
human N1 head domain (Fig. 2C and 1D, right). Positionally, three of the variable sites
(Asn365, Asn386, and Asn455) cluster toward the NA tetramer side (Fig. 2D), which
previously was shown to be an antigenic region in NA (45). The final prevalent variable
site at Asn434 is located very close to the conserved site at Asn146 (Fig. 2D), suggesting
these two sites, and possibly the other two conserved sites (Asn88 and Asn235),
perform redundant roles.

The conserved N1 head glycosylation sites are not essential for viral replication
in cells. Although the glycosylation sites at Asn88, Asn146, and Asn235 are highly
conserved in the N1 head domain (Fig. 3A), we were able to identify sequences that

FIG 2 Positions of the N-linked glycan sites in the NA head domain from H1N1 IAVs. (A) Graph showing the prevalence of the most frequent head domain
glycosylation sites in the N1 sequences based on the H1N1 IAV species of origin. The positioning refers to the Asn (N) in the N-X-S/T sequence. (B) In silico model
of N-linked glycan structures mapped onto the conserved sites of a 2009 pandemic-like N1 head domain structure (PDBID entry 5NWE) (59). (C) Temporal graphs
displaying the frequency of the most prevalent variable glycosylation sites in the head domain of N1 with respect to the year the sequences were isolated. (D)
In silico model of N-linked glycans mapped onto a N1 head domain structure (PDBID entry 5NWE) (59) at amino acids that correspond to the position of the
prevalent variable head glycosylation sites.
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carry a mutation in one of the sites (S90P, T148A, and N235K). These natural mutations
were introduced into an NA (N1-MI15) from a previously recommended 2009
pandemic-like H1N1 vaccine strain (A/Michigan/45/2015) in various combinations to
determine if the conserved sites are required for H1N1 IAV replication. We chose
N1-MI15 for the analysis, as it does not contain any variable head glycan sites. An
additional mutation (S90A) was also included to alleviate potential folding concerns
associated with the S90P mutation that introduces a Pro residue.

Surprisingly, all the recombinant viruses carrying the N1-MI15 single, double, and
triple glycan site mutants were rescued using a WSN33 backbone. These single-gene
reassortant viruses, along with an N1-MI15 wild-type (WT) control, were propagated in
MDCK cells, isolated by sedimentation, and analyzed. Each of the N1-MI15 variants in
the sedimented virions possessed enzymatic activity and resolved as intermolecular
disulfide-bonded dimers following nonreducing (NR) SDS-PAGE (Fig. 3B and C), which
is a characteristic of properly folded N1 (26, 37). The expected mobility increase was
more pronounced for N1-MI15 with the triple and double glycosylation site mutants
than for the single-site mutants (Fig. 3B and C), implying the appropriate glycans were
absent in the mutants. We also noted that visualization of the double and triple glycan
site mutants required higher volumes of the sedimented virus-containing medium (Fig.
3C), suggesting the absence of several conserved glycans modestly impairs viral growth
by decreasing NA folding or trafficking.

The conserved N1 head glycosylation sites are not essential for viral replication
in eggs. Several factors can potentially influence the results obtained after the con-
served glycan sites were mutated in N1-MI15, including the use of the natural muta-
tions, the particular NA, the viral backbone, and the growth environment. Therefore, we
repeated the analysis with an NA (N1-BR18) from a more recently recommended 2009
pandemic-like H1N1 vaccine strain (A/Brisbane/02/2018) using a different mutation
strategy (N to Q), backbone (PR8), and growth environment (embryonated eggs). Like
the prior results, all the recombinant viruses carrying N1-BR18 with single, double, and
triple mutations in the head glycan sites were rescued. Upon passaging in eggs, lower
hemagglutinating unit (HAU) titers were observed only for the two double glycan site
mutants lacking the Asn146 site and the triple glycan site mutant (Fig. 4A, upper
graph). Variable NA activity was measured in the egg allantoic fluid for all the viruses
apart from the triple glycan site mutant, which consistently produced lower activity
levels (Fig. 4A, lower graph). Each of the N1-BR18 mutants displayed increased mobility
on reducing (RD) and NR SDS-PAGE, which correlated with the number of glycosylation
site mutations (Fig. 4B), indicating the mutations remained intact. Together, these
results demonstrate that the conserved N-linked glycosylation sites on the N1 head

FIG 3 Conserved N1 head glycosylation sites are not essential for viral replication in cells. (A) Logo plots displaying
the amino acid (top) and nucleotide (bottom) frequency for the three conserved glycosylation sites on the N1 head
domain from human H1N1 IAVs. (B and C) Representative NA and HA immunoblots of recombinant WSN viruses
carrying N1-MI15 with the indicated glycosylation site mutations. The viruses were rescued by reverse genetics and
passaged in MDCK cells, and the virus-containing supernatants were sedimented and resuspended in equal
volumes. Each sample was split, one part was resolved by nonreducing (NR) SDS-PAGE prior to immunoblotting,
and the other was used to determine the NA activity values, which are listed below the blots. (C) Samples
containing resuspension volumes greater than the WT control are indicated as a ratio in parentheses.
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domain are not essential for H1N1 virus replication in cells or embryonated eggs.
However, we did observe that viral replication appears to decrease when the three
conserved head glycan sites are mutated (Fig. 4A) and that N1 intermolecular disulfide
bond formation and virion incorporation are less efficient when two or more glycan
sites are absent (Fig. 4B).

The conserved glycans on the head domain influence N1 viral incorporation.
When the three conserved glycan sites in the N1-BR18 head domain were mutated, the
PR8 backbone virus showed a tendency in eggs to reach lower HAU titers and NA
activity levels (Fig. 4A). This raised several questions: is the phenotype backbone
dependent, do the mutations change the HA to NA ratio in the virions, or do they cause
a decrease in viral production? To address these questions, we rescued a wild-type
N1-BR18 virus (WT) and a mutant containing no head glycosylation sites (NHG 3Q)
using a WSN backbone. Upon passaging in eggs, both the HAU titer and the NA activity
in the allantoic fluid were significantly lower when the three conserved glycosylation
sites on the N1 head domain were mutated (Fig. 5A, compare WT to NHG 3Q),
demonstrating the phenotype is conserved and may be somewhat exacerbated with a
WSN backbone.

The lower HAU titers for the virus carrying the N1-BR18 mutant (NHG 3Q) indicated
that the conserved glycosylation sites on the N1 head domain contribute to viral
production. To address if the mutations changed the HA to NA ratio in the virus, we
isolated the virions by centrifugation and examined equal quantities of total protein by
SDS-PAGE followed by Coomassie staining. In the absence of the reductant dithiothre-
itol (DTT), oxidized N1-BR18 dimers were readily apparent for the WT virus, and these
were reduced to the expected molecular weight upon DTT addition (Fig. 5B). Despite
the relatively equivalent levels of HA, NP, and M1, a band corresponding to N1-BR18
with the three glycan site mutations (NHG 3Q) was not observed, indicating the HA to
NA ratio increased (Fig. 5B). Although the N1-BR18 NHG (3Q) mutant was not visible by
Coomassie staining, the virus displayed NA activity levels of �20% of the WT when

FIG 4 Mutation of the conserved N1 head glycosylation sites causes slight viral replication defects in eggs. (A)
Scatterplots of the HAU titers and NA activities that were measured in the allantoic fluid harvested from eggs
infected with recombinant PR8 viruses carrying N1-BR18 with the indicated glycosylation site mutations. The
viruses were rescued by reverse genetics and passaged twice in eggs. The data points from individual eggs
following the second passage are shown together with the medians (line). P values (95% confidence interval [CI])
were determined with respect to the WT values by a one-way analysis of variance (ANOVA). (B) Representative NA
and HA immunoblots of the recombinant PR8N1-BR18 viruses with the indicated mutations in the N1 head
glycosylation sites. The allantoic fluid from the second passage was pooled, and the virions were isolated by
centrifugation and adjusted to equal total protein concentrations prior to being resolved by NR and reducing (RD)
SDS-PAGE. NA activity (below the immunoblots) in the virions was also measured using equal total protein
amounts.
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equal viral protein amounts were analyzed (Fig. 5B), and the protein was also detected
as a less intense, faster-migrating band by immunoblotting, confirming its presence in
virions at lower levels (Fig. 5C).

To examine how the observed defects impact virus replication, WSN and PR8 viruses
carrying N1-BR18 WT and the NHG 3Q mutant were passaged twice in eggs, and the
50% egg infective dose (EID50) as well as the median tissue culture infectious dose
(TCID50) were measured (Table 1). For each virus, the EID50 value was higher than the
TCID50 value. In line with the HAU titers, the N1-BR18 NHG 3Q mutant in the PR8 and
the WSN backbone reached lower titers than the respective WT in eggs and cells.
Together, these results demonstrate that infectious H1N1 viral production and NA
incorporation both decrease when the three conserved glycosylation sites on the N1
head domain are absent.

The variable glycosylation sites in the N1 head domain from human H1N1
IAVs. Previous studies have demonstrated that the N-linked glycosylation sequence
N-X-T is more efficiently recognized than N-X-S (44). Based on sequence alignments of
the human N1 head domain, three of the main variable glycosylation sites (Asn365,

FIG 5 N1 viral incorporation is reduced when the conserved head glycosylation sites are absent. (A) Scatterplots of the HAU titers and NA activities in the
allantoic fluid harvested from eggs infected with recombinant WSN viruses carrying N1-BR18 (WT) or N1-BR18 with no head glycan sites (NHG 3Q), which was
generated by Gln mutations of each head glycosylation site (N88Q, N146Q, and N235Q). The viruses were rescued by reverse genetics and passaged twice in
eggs. The data points from individual eggs following the second passage are shown with the median. P values (95% CI) are from a two-tailed unpaired t test.
(B) Representative image of a Coomassie-stained SDS-PAGE gel containing the indicated recombinant WSNN1-BR18 viruses. The allantoic fluid from a second
passage in eggs was pooled, the virions were isolated by centrifugation, and the protein concentration was determined. Samples containing �5 �g of total
protein were treated with the reductant DTT as indicated and resolved using a 4 –12% Tris-glycine SDS-PAGE gel. Intermolecular (N1-BR18OX) and intramolecular
(HAOX) disulfide-bonded NA and HA are indicated along with the reduced forms (N1-BR18RD, HA1, and HA2). The viral proteins NP and M1 are also indicated.
The NA activity listed below the gel was measured using equal total protein amounts of the two viruses. (C) NA and HA immunoblots of the isolated
recombinant WSNN1-BR18 viruses. Samples containing equal total protein amounts were treated with DTT as indicated, resolved using a 4%–12% Tris-glycine
SDS-PAGE gel, and transferred to a PVDF membrane prior to immunoblotting.

TABLE 1 Infectious viral titers determined using eggs and MDCK cells

Viral backbone NA EID50/ml TCID50/ml

PR8 N1-BR18 (WT) 1.47 � 1010 1.78 � 106

PR8 N1-BR18 NHG (3Q) 3.16 � 109 7.5 � 104

WSN N1-BR18 (WT) 6.81 � 109 1.33 � 107

WSN N1-BR18 NHG (3Q) 3.16 � 108 3.16 � 106

WSN N2-KA17 (WT) 6.81 � 108 3.16 � 107

WSN N2-KA17 CHG (2Q) 3.16 � 108 2.37 � 106

WSN N2-KA17 VHG (4Q) 1.47 � 109 1.78 � 107

WSN N2-KA17 NHG (6Q) 6.81 � 107 7.50 � 105
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Asn386, and Asn455) use N-X-S, and these sites likely change by substitutions at either
the N or S residues (Fig. 6A). In contrast, the other variable glycosylation site (Asn434)
uses N-X-T and appears to have been created by a T codon insertion combined with an
N substitution that occurred later (Fig. 6B). The codon insertion is almost exclusively
found in human H1N1 IAVs beginning in 1948 and ending when the 2009 pandemic
H1N1 virus, which carries a N1 gene segment of swine origin, was introduced to the
human population (Fig. 6B). Positionally, the Asn434 site is located near the conserved
Asn146 site, and out of the seven most prevalent glycosylation sites, these are the only
two with the more efficient recognition sequence, suggesting they impact N1 more
than the others.

To investigate this site, two similar natural sequences were identified that lack or
have the insertion resulting in the Asn434 glycosylation site. Several mutations were
then introduced into the NA lacking the insertion (N1-NY09), which is from a 2009
pandemic-like H1N1 strain (A/New York/18/2009), and an NA possessing the insertion
(N1-WA01), which is from a 2001 seasonal H1N1 strain (A/Waikato/7/2001). For N1-
NY09, these involved creating a glycosylation site by mutation (I436T) and codon
insertion (�435T) and a control where a codon insertion (�436A) was made that does
not create a glycosylation site. All the mutants were rescued using a WSN backbone

FIG 6 N1 stability decreases from the head domain insertion that creates the variable Asn434 glycosylation site. (A) Logo plots displaying the amino acid (top)
and nucleotide (bottom) frequency for the three N-X-S variable glycosylation sites on the N1 head domain from human H1N1 IAVs. (B) Amino acid (top) and
nucleotide (bottom) logo plot for the N-X-T variable glycosylation site in the N1 head domain from human H1N1 IAVs. A timeline showing when the insertion
and the necessary mutations appeared in the database is included to the right. Note that the N1 insertion was lost in 2009 when the pandemic H1N1 IAV of
swine origin became prevalent. (C and D) Representative NA and HA immunoblots of recombinant WSN viruses carrying N1-NY09 with the indicated mutations
and insertions (C) or N1-WA01 with the indicated mutations and deletions (D). The viruses were rescued by reverse genetics and passaged in MDCK cells, and
the virus-containing supernatants were sedimented, resuspended in equal volumes, and resolved by NR SDS-PAGE. (E) NA T50 values (the temperature at which
50% of NA activity remains) are displayed for the recombinant WSN viruses carrying N1-NY09 or N1-WA01 with the indicated mutations, insertions, or deletions.
The measurements (n � 3 biologically independent experiments) were taken in tissue culture medium with the NA activity at 37°C set to 100%. The line
represents the means. (F) NA T50 temperatures are displayed for the WSN reassortant viruses carrying N1-MI15 with the indicated glycan site mutations. The
measurements (n � 4 biologically independent experiments) were taken in tissue culture medium with the NA activity at 37°C set to 100%. The line depicts
the means, and the P values (95% CI) were determined with respect to the WT by one-way ANOVA.
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and propagated using MDCK cells, where no growth defect was observed based on
cytopathic effects. Activity measurements and immunoblot analysis of the isolated
particles showed no significant change in the N1-NY09 levels, and the mutants with the
additional glycosylation site (I436T and �435T) displayed the expected mobility in-
crease (Fig. 6C). Similar results were obtained from viruses carrying N1-WA01 with
converse mutations that removed the glycosylation site (T436A), the codon insertion
responsible for the glycosylation site (�435T), or a downstream codon (�437I) that left
the site (Fig. 6D).

As Asn434 is near the central Ca2� binding site, which is a major determinant for NA
stability (26), we asked if this glycan influences NA thermostability. For N1-NY09,
introducing the insertion and the glycosylation site (�435T) caused the thermostability
to drop to a level that almost matched N1-WA01. Conversely, deleting this codon
(�435T) in N1-WA01 increased the thermostability to the level of N1-NY09 (Fig. 6E).
However, the analysis of the other mutants indicated that the stability changes are
more associated with the insertion (�436A) for N1-NY09 and deletion (�437I) for
N1-WA01 than the glycan addition or removal (Fig. 6E). This implies that structural
changes imparted by the codon insertion or deletion affect N1 stability by altering the
oligomeric assembly that creates the central Ca2� binding site. We then tested this
more broadly by examining the conserved head glycan site mutants. Interestingly, all
N1-MI15 mutants lacking the N-X-T site at Asn146 (148A) possess decreased thermo-
stability, indicating that both N-X-T head glycosylation sites contribute to N1 thermo-
stability (Fig. 6F).

Analysis of N-linked glycan sites encoded by the NA from H3N2 IAVs. H3N2 IAVs
commonly circulate together with H1N1 IAVs in the human population. Therefore, we
also analyzed the subtype 2 (N2) sequences from H3N2 IAVs. In contrast to N1, the
avian, swine, and human N2 sequences all vary in the number of predicted N-linked
glycosylation sites, with swine N2s having the most, followed by the human and avian
N2s (Fig. 7A, left). Surprisingly, almost all N2 sequences were found to contain two sites
in the stalk (Fig. 7A, middle), resulting in the head domain being responsible for the
variation in the number of N2 glycosylation sites (Fig. 7A, right).

Positional analysis showed that four of the N-linked glycosylation sites are highly
conserved in the N2s and that many variable sites are biased toward the species of
origin of the strain (Fig. 7B). Of the four conserved sites, three (Asn86, Asn146, and
Asn234) are nearly identical to N1, and the fourth (Asn200) is located on the side near
the dimer interface. In contrast to N1, N-X-T is the most prevalent glycosylation
sequence in the N2 head, as it is used for three of the conserved sites and three of the
common variable sites (Fig. 7B). The temporal analysis showed that most avian N2s
carry five sites, whereas the swine and human N2 head domains increased from five to
six and seven sites in more recent H3N2 isolates (Fig. 7C). These observations suggest
that N2s require more head domain glycans for folding, can accommodate more
glycans on the head domain, and/or that the N2 head domain is under more selection
pressure than N1.

Contributions of the N2 head glycan sites to viral replication, incorporation,
and stability. To examine the functional contributions of the N2 head glycosylation
sites, several mutants were created using an NA (N2-KA17) from a recently recom-
mended H3N2 vaccine strain (A/Kansas/14/2017) and rescued with a WSN backbone.
Following passaging in eggs, lower HAU titers and NA activity levels were obtained for
the N2-KA17 mutant viruses that contain only the four conserved head glycosylation
sites (CHG 2Q) or the two variable glycosylation sites (VHG 4Q) at Asn245 and Asn367,
and these values decreased further for the N2-KA17 mutant virus with no head
glycosylation site (NHG 6Q) (Fig. 7D). Upon analysis of the isolated virions, oxidized
N2-KA17 dimers were readily apparent for WT that can be reduced by DTT (Fig. 7E).
Similar faster-migrating bands were observed for the CHG 2Q and VHG 4Q mutants, but
the band corresponding to the NHG 6Q mutant was faint. In line with these results, the
viruses carrying the CHG 2Q and VHG 4Q mutants possessed �50% of the NA activity
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FIG 7 Analysis of the NA glycan sites from H3N2 IAVs. (A) Graphs showing the prevalence of NA sequences from human (n � 24,184), swine (n � 3,484), and
avian (n � 411) H3N2 IAVs that possess the indicated number of glycosylation sites in the stalk and head domain (left), the stalk alone (middle), and the head
domain alone (right). (B) Prevalence of the most frequent glycosylation sites in the N2 head domain sequences is shown based on the H3N2 IAV strain species
origin. The glycan site position refers to the Asn (N) in the N-X-S/T sequence. Sites with an N-X-T sequence have an asterisk. (C) Graphs displaying the mean
number of glycosylation sites in the N2 head domain with respect to the year the avian (left), swine (middle), and human (right) H3N2 IAVs were isolated. Filled
circles correspond to the means, and lines show the range in the site number for the sequence sets from each year. Sequences were obtained from the NCBI
Influenza Database. (D) Scatterplot of the HAU titers and NA activities from the allantoic fluid of individual eggs infected with recombinant WSN viruses carrying
N2-KA17 (WT) or mutants that contain only the conserved head glycan sites (CHG 2Q), variable head glycan sites (VHG 4Q), or no head glycan sites (NHG 6Q).
Data from the second passage are shown with the medians. P values (95% CI) were determined with respect to the WT by a one-way ANOVA. (E) The
recombinant WSNN2-KA17 viruses were isolated from allantoic fluid by centrifugation, separated by SDS-PAGE, and visualized by Coomassie staining. Prior to
loading, �5 �g of total protein was treated with DTT or left untreated. The NA activity for each virus was measured using equal protein amounts. Asterisks
mark bands corresponding to N2-KA17 dimers and tetramers (�DTT) or reduced monomers (�DTT). (F) NA T50 temperatures were determined for the indicated
WSN reassortant viruses in PBS, pH 7.2, with 1 mM CaCl2. NA activity at 37°C was set to 100%. The line is the means, and the P values (95% CI) were calculated
with respect to the WT by one-way ANOVA.
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levels found in the virus containing N2-KA17 WT, whereas the NHG 6Q mutant virus
possessed �35% (Fig. 7E). Consistent with these results, the virus carrying the N2-KA17
NHG (6Q) mutant registered lower titers in eggs and cells than the viruses carrying
N2-KA17 WT, the CHG (2Q) mutant, or the VHG (4Q) mutant (Table 1), supporting the
notion that N-linked glycans on the NA head domain are needed for optimal replica-
tion. Based on the relatively high retention of N2 when the head glycan sites were
absent, we also examined the stability of the N2 mutants. In contrast to N1, the
thermostability of N2 did not significantly change upon removal of the head glycans
(Fig. 7F), indicating that N-linked glycan addition and removal has a limited structural
impact on N2.

DISCUSSION

In this study, sequence-based analyses were combined with several experimental
approaches to examine the potential functions of the N-linked glycans on NA from
H1N1 and H3N2 IAVs. Our results show that three glycosylation sites (Asn88, Asn146,
and Asn235) are well conserved on the N1 head domain and that N2 possesses four
conserved sites (Asn86, Asn146, Asn200, and Asn234), three of which are similar in
position. Based on the available sequences, it appears that the variable glycosylation
sites on the NA head domain are primarily found on human H1N1 IAV strains and that
nucleotide substitutions, insertions, and/or deletions are likely responsible for the
temporal nature of these sites, together with reassortant events that involve the NA
gene segment, such as the introduction of the 2009 pandemic H1N1 virus of Eurasian
swine origin (40–42). In contrast, the variable sites on the NA head domain in H3N2
strains are not exclusive to the species of origin and mainly appear to result from
nucleotide substitutions.

Despite the positional conservation, none of the head domain glycosylation sites
were observed to be essential for viral replication in MDCK cells or eggs, indicating IAVs
are not significantly impacted if a particular site is inefficiently recognized. In line with
a potential role in NA maturation (21), viral growth showed an impairment when all the
conserved sites on the NA head domain were absent and the defect coincided with a
decrease in the virion incorporation of NA. However, NA activity was detected in all the
viruses containing mutations in the head glycosylation sites, indicating some portion of
NA can properly mature when one or more of the conserved head domain sites are
absent, raising the question of why these sites are conserved in nature.

Previous work has shown that efficient IAV replication is dependent on a balance
between the receptor-binding function of HA with the receptor-destroying function of
NA (46–49). This implies that the viral growth defects we observed with the mutants
lacking the NA head domain glycosylation sites likely result from a disruption of the NA
and HA balance due to the lower NA amounts in the virion. Therefore, we suspect that
if these mutant viruses were passaged further, replication could be improved by
reversions in NA or mutations in HA that restore the balance by altering the receptor
binding pocket, similar to previous results for NA-deficient virions (46–48). Whether
potential rescue mutations would occur faster in eggs or MDCK cells is not entirely
clear. Ultimately, it may depend on several factors in addition to changes in the
replication environment, temperature, and exogenous protease addition, as our titer
measurements suggest the growth defect is more pronounced in cells with a PR8
backbone and eggs with a WSN backbone.

Although the study primarily focused on H1N1 and H3N2 IAVs, we also found that
the conserved glycosylation sites on the N1 head domain (Asn88, Asn146, and Asn235)
are highly prevalent in avian and swine IAV strains carrying an HxN1 subtype combi-
nation, where x is any of the other 16 HA subtypes. The conserved sites in the N2 head
domain (Asn86, Asn146, Asn200, and Asn234) also exist at a high frequency in human
H2N2 strains and swine and avian HxN2 strains, but in the latter two, lower conserva-
tion was observed for the Asn86 and Asn234 sites. Interestingly, only the Asn146 site
is conserved in all other avian NA subtypes (note that it varies from position 143 to 148
in N3 to N9), and the highly prevalent sites in the head domains of these subtypes vary
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in number from two to five, as well as position, indicating the function of NA head
glycans differs between subtypes.

Inefficient recognition of the glycosylation sites may be one reason why multiple
sites are conserved, as growth defects were only clear when multiple conserved glycan
sites were absent. Along these lines, some H1N1 strains that lack one of the three
conserved head glycosylation sites have been found, and only the Asn146 site is the
more efficiently recognized sequence N-X-T in H1N1 IAVs, and it is also present in all
other NA subtypes at or near this position (44). However, three of the conserved N2
head domain sites contain the N-X-T sequence (Asn146, Asn200, and Asn234), and the
gel shifts that were observed indicate the different sites are generally recognized. These
observations suggest that the individual sites could provide a subtle increase in the
replication efficiency of H1N1 IAVs that was not detected by our assays, but it is equally
plausible that the conserved sites provide a growth or immunogenicity advantage in
vivo, which has been reported for several other viral glycoproteins (50–52).

Supporting a possible role in vivo, the two N-X-T sites on the N1 head domain
(Asn146 and Asn434) both affected the enzymatic properties, and the conserved site at
Asn146 has previously been reported to possess a unique, wide array of branched
glycan structures (36). The sites are also proximal to one another and near the central
Ca2� binding site on top of the N1 tetramer, indicating the glycan or the site alters the
conformation-dependent affinity for this Ca2�, which is a major NA stability determi-
nant (26). Along these lines, less significant stability effects were observed when the
variable N-X-T site was inserted into an N1 (NA/CA09) with a lower central Ca2� binding
site affinity (data not shown). Currently, we cannot investigate the structural conse-
quence of the insertion more directly because structures do not exist for a human N1
head domain between 1948 and 2009, which contains the amino acid insertion
resulting in the additional glycosylation site.

An interesting observation is that N1 sequences predominantly utilize the N-X-S
consensus glycosylation site, whereas N2 sequences are significantly biased toward
N-X-T sites and some sites show species specific X residues. This suggests that the
conserved N1 site is required for a specific function, such as limiting epitope access.
However, an enzyme-linked lectin (ELLA) analysis (53) of viruses containing N1-NY09
with and without the insertion and Asn434 glycan addition showed no difference in
reactivity to a ferret antiserum raised against an NA (N1-CA09) that is almost identical
in sequence to N1-NY09 (data not shown). Conversely, N1-WA01 did not gain reactivity
against the same antiserum when the deletion was introduced (data not shown),
indicating that the antigenic changes between these two strains is not related to the
removal or addition of the Asn434 glycosylation site in the human N1 head domain.
While this was somewhat surprising, the region surrounding the central Ca2�-binding
site on the N1 tetramer has been shown to be highly conserved (26), indicating this
region is not subject to significant selection pressure or that antibody binding to this
region does not negatively impact viral replication.

Assigning functions to N-linked glycans on viral glycoproteins is difficult, as a role in
maturation does not exclude an additional role in altering surface epitopes. The
observation that the number of glycan sites on the N1 head domain have both
increased and decreased over time, whereas those on N2 have primarily increased in
number, suggests that glycan site addition has subtype-dependent effects. Supporting
this possibility, N2 has a higher prevalence of head glycosylation sites and variable sites,
and the N1 variable site at Asn386, which was introduced during the 2009 pandemic,
was quickly lost in the circulating strains, something that is a bit perplexing, since N1
variants carrying four sites appear less common in swine H1N1 IAVs than those carrying
three. There also are additional glycosylation sites with a low frequency in the database
that we did not examine, indicating some will be advantageous in specific populations.
The results in this study demonstrate that the glycosylation sites on the NA head
domain are required for efficient virion incorporation and replication, indicating mu-
tations in these sites are useful for creating attenuated IAV strains. Conversely, chang-
ing the glycosylation site recognition sequence or adding variable sites may improve
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NA folding and, hence, virion incorporation, which could be utilized to produce vaccine
strains that possess a higher NA to HA ratio. By combining these different mutation
approaches, it should be possible to further define how the N-linked glycan sites on NA
contribute to IAV viability, antigenicity, antibody binding, and transmissibility, in addi-
tion to their likely function during maturation.

MATERIALS AND METHODS
Reagents and antibodies. Dulbecco’s modified Eagles medium (DMEM), fetal bovine serum (FBS),

L-glutamine, penicillin-streptomycin (P/S), Opti-MEM (OMEM), anti-goat IgG horseradish peroxidase
(HRP)-linked secondary antibody, simple blue stain, Novex 4%–12% Tris-glycine SDS-PAGE gels, Lipo-
fectamine, and dithiothreitol (DTT) were all purchased from Thermo Fisher Scientific. 2=-(4-methyl-
umbelliferyl)-�-D-N-acetylneuraminic acid (MUNANA) was obtained from Cayman Chemical. Anti-rabbit
IgG HRP-linked secondary antibody and 0.45-�m polyvinylidene difluoride (PVDF) membrane were
obtained from GE Healthcare. Specific-pathogen-free (SPF) eggs and turkey red blood cells (TRBCs) were
purchased from Charles River Labs and the Poultry Diagnostic and Research Center (Athens, GA),
respectively. Rabbit antiserum against NA was generated by Agrisera (Sweden) using NA-WSN33 residues
35 to 453, isolated from Escherichia coli inclusion bodies. Polyclonal goat antisera against influenza virus
HAs from A/California/04/2009 (NR-15696) and A/Fort Monmout/1/1947 (NR-3117) both were obtained
from BEI Resources, NIAID, NIH.

Plasmids and constructs. The eight reverse genetics (RG) plasmids carrying the PR8 and WSN33
gene segments were provided by Robert Webster (St. Jude Children’s Research Hospital). The RG plasmid
containing NA (N1-NY09) from the H1N1 strain A/New York/18/2009 was described previously (26). The
NA gene segments from the strains A/Waikato/7/2001 (N1-WA01), A/Michigan/45/2015 (N1-MI15), and
A/Kansas/14/2017 (N2-KA17) and the CHG 2Q, VHG 4Q, and NHG 6Q mutants were all synthesized
(Eurofins Genomics or GenScript) and used to generate the RG plasmids as follows. The pHW2000
plasmid backbone (54) and the NA gene segments were amplified by PCR using forward and reverse
primers (Table 2) with complementary NA 5= and 3= untranslated region overhangs that direct the
recombination upon transformation into E. coli (55). The N1-BR18 RG plasmid was generated by cloning
the NA gene segment from the H1N1 strain A/Brisbane/02/2018 IVR-190, grown in SPF eggs, into the
plasmid pHW2000 following PCR amplification (56). Mutations in the N1-MI15 head domain (S90A, S90P,
T148A, and line N235K) and the N1-BR18 head domain (N86Q, N146Q, and N235), codon insertions in
N1-NY09 (�435T and �436A), codon deletions in N1-WA01 (�435T and �437I), and the substitutions in
N1-NY09 (I436T) and N1-WA01 (T436A) all were made with site-directed mutagenesis primers (Table 3)
using the respective NA RG plasmid as a template. All constructs were confirmed by sequencing (Eurofins
MWG Operon or the FDA core facility).

Cell culture and viral reverse genetics. Madin-Darby canine kidney 2 (MDCK.2; CRL-2936) cells and
HEK 293T/17 cells (CRL-11268), obtained from LGC Standards, were cultured in DMEM containing 10%
FBS and 100 U/ml P/S in a 37°C atmosphere with 5% CO2 and �95% humidity. Reassortant viruses
carrying N1-MI15, N1-NY09, or N1WA01 variants were generated by 8-plasmid reverse genetics using the
indicated NA and the complementary seven backbone gene segments of WSN33 as previously described
(26). Reassortant viruses carrying N1-BR18 or N2-KA17 variants were generated by 8-plasmid reverse
genetics using the seven backbone gene segments of WSN33 or PR8, as follows, using 6-well plates. One
day before the experiment, 1.2 � 106 293T cells and 1.2 � 106 MDCK.2 cells were plated per well using
3 ml DMEM with 10% FBS. The next day, the medium was replaced with 2 ml of OMEM, the eight
plasmids were added to 200 �l of OMEM at a concentration of 1 �g per plasmid and combined with 18 �l
of Lipofectamine, and the mixture was incubated for 45 min at room temperature. The cell medium was
removed, the mixture was added to one well, and the dish was incubated 5 min at 37°C before 800 �l
OMEM was added to each well. Approximately 24 h posttransfection, 1 ml OMEM containing 4 �g/ml
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK) trypsin was added to each well. Culture medium
was harvested between 72 and 96 h posttransfection, clarified by centrifugation (2,000 � g; 5 min), and
passaged using SPF eggs or MDCK.2 cells.

Viral passaging in MDCK.2 cells and SPF eggs. For cell passaging, 1 day after seeding 1 � 106

MDCK.2 cells on a 6-cm dish, the culture medium was removed and the cells were washed with 1 ml
infection medium (IM) comprised of DMEM, 0.3% BSA, 0.1% FBS, and P/S. Each dish then received 2 ml
of cold IM containing 10 �l of the clarified viral reverse genetics medium and was rocked at 4°C for
30 min. The inoculation medium was then removed, cells were washed with 1 ml of IM, 5 ml of IM
containing 10 �g/ml TPCK-trypsin was added, and the dish was placed at 37°C. The culture medium was
harvested at the peak of cytopathic effects (�48 to 72 h postinfection) and clarified by centrifugation
(2,000 � g; 5 min) prior to analysis, storage, or sedimentation. Passaging in SPF eggs was carried out by
inoculating 100 �l of clarified viral reverse genetics medium into 9- to 11-day-old embryonated eggs and
incubating them for 3 days at 33°C. Following the incubation, eggs were chilled at 4°C for 2 h, and the
allantoic fluid from each egg was harvested, clarified by centrifugation (2,000 � g; 5 min), and stored in
aliquots at – 80°C. Viruses in the allantoic fluid from the first passage were then diluted (1:1,000) in sterile
phosphate-buffered saline (PBS), and 100 �l was used to inoculate the 9- to 11-day-old embryonic eggs.
For each virus, groups of eight or seven eggs were used, and the allantoic fluid from each egg was
harvested individually and clarified by centrifugation (2,000 � g; 5 min) prior to analysis or sedimenta-
tion.

Viral sedimentation and sucrose gradient isolation. Clarified virus-containing culture medium
(�8 ml) or allantoic fluid (�28 ml) was added to ultracentrifuge tubes, and a sucrose cushion (25%,
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wt/vol, sucrose, PBS, pH 7.2 and 1 mM CaCl2) equal to �15% of the sample volume was layered under
each sample. Virions were then isolated by sedimentation (100,000 � g; 45 min) at 4°C and the super-
natant was aspirated. Cell-produced viral pellets were resuspended in 200 �l PBS, pH 7.4, and 1 mM
CaCl2, and NA activity was analyzed prior to immunoblotting. Egg produced virions were resuspended
in 200 �l of PBS, pH 7.2, containing 1 mM CaCl2. For sucrose gradient isolations, the resuspension
solution containing 12.5% (wt/vol) sucrose was layered on top of a discontinuous gradient containing
four 8.5-ml sucrose layers (60%, wt/vol, 45%, wt/vol, 30%, wt/vol, and 15%, wt/vol, sucrose in PBS, pH 7.2,
and 1 mM CaCl2) and centrifuged at 100,000 � g for 2 h at 4°C. Fractions were isolated from top to
bottom, the density was determined with a refractometer, and those corresponding to 30% to 50%
(wt/vol) sucrose were pooled and mixed with 2 volumes of PBS, pH 7.2, and 1 mM CaCl2, and the virions
were sedimented (100,000 � g; 45 min). The supernatant was discarded, and the viral pellet was
resuspended in 250 �l PBS, pH 7.2, containing 1 mM CaCl2. Total protein concentrations in resuspended
viral pellets all were determined with a bicinchoninic acid protein assay kit (Pierce) using the 96-well
plate protocol. The average value was determined from the 1:2 and 1:4 sample dilutions, and each
sample was adjusted to a final concentration of 1 mg/ml using PBS, pH 7.2, containing 1 mM CaCl2.

HAU titer, NA activity, and thermostability measurements. HAU titers were determined using a
96-well plate and 0.5% TRBCs in PBS, pH 7.2. Briefly, 90 �l of PBS, pH 7.2, was added to the first column
and 50 �l to remaining columns. From each infected egg, 10 �l of allantoic fluid was added to the first
column, creating a 1:10 dilution. A 2-fold serial dilution was made by transferring 50 �l from each column
to the subsequent column, and 50 �l of 0.5% TRBCs was added to each well. The plate was incubated
for 30 min at room temperature, and the HAU titer was determined as the last well where agglutination
was observed. For sialidase activity measurements, equal amounts of clarified virus-containing medium,
allantoic fluid, or sedimented viral samples were brought up to 195 �l in reaction buffer (0.1 M KH2PO4,
pH 6.0, and 1 mM CaCl2), transferred to a 96-well black clear-bottom plate (Corning), and incubated at
37°C for 15 min. Reactions were then initiated by adding 5 �l of 2 mM MUNANA and the fluorescence
was measured with either a SpectraMax Gemini EM plate reader or a Cytation 5 (Biotek) using 365-nm
excitation and 450-nm emission wavelengths. NA thermostability was determined by exposing equal
amounts of clarified virus-containing media to temperatures ranging from 37°C to 64°C for 10 min and
measuring the residual sialidase activity as previously described (26).

EID50 and TCID50 measurements. Each virus was generated by reverse genetics and passaged twice
in 9- to 11-day-old SPF embryonated eggs. The allantoic fluid from the second passage was harvested,
clarified by centrifugation (2,000 � g; 5 min), and used to create 1:10 serial dilutions in sterile PBS. To
determine the EID50, each dilution between 10�5 and 10�11 was used to inoculate three eggs. Each
100-�l inoculum was delivered by separate 27-gauge needles attached to 1-ml syringes, and the eggs
were incubated at 33°C for 3 days. The allantoic fluid from each egg was harvested and clarified
(2000 � g; 5 min), and the infected eggs were identified based on the presence of NA activity and
positive HAU titers. The TCID50 value for each virus was determined the same day using the same 1:10
dilution series to infect confluent MDCK.2 cells on a 96-well plate. First, the plate was washed with cold
IM, after which each column (eight wells) were infected with a corresponding viral dilution, ranging from
10�1 to 10�11, using a 100-�l inoculum for each well. The plate was incubated at 4°C for 30 min to allow

TABLE 2 Primers for inserting the NA gene segments into the pHW2000 plasmid

NA or
plasmid Forward primer, 5= to 3= Reverse primer, 5= to 3=
N1-WA01 GAAGTTGGGGGGGAGCAAAAGCAGGAGTTTAAAATGAATC GGTTATTAGTAGAAACAAGGAGTTTTTTCAACGGAC
N1-MI15 CGACCTCCGAAGTTGGGGGGAGCAAAAGCAGGAGTTTAAAATGAATC CATTTTGGGCCGCCGGGTTATTAGTAGAAACAAGGAGTTTTTTGAAC
N1-BR18 TATTCGTCTCAGGGAGCAAAAGCAGGAGT ATATCGTCTCGTATTAGTAGAAACAAGGAGTTTTTT
N2-KA17 CGACCTCCGAAGTTGGGGGGGAGCAAAAGCAGGAGTG CATTTTGGGCCGCCGGGTTATTAGTAGAAACAAGGAG
pHW2000 CCTTGTTTCTACTAATAACC CCTGCTTTTGCTCC

TABLE 3 Primers for introducing site-directed mutations in the NA head domain

NA Mutation Forward primer, 5= to 3= Reverse primer, 5= to 3=
N1-MI15 S90A GCAATTCCGCTCTCTGCCCTG CAGGGCAGAGAGCGGAATTGC
N1-MI15 S90P GCAATTCCCCTCTCTGCCCTG CAGGGCAGAGAGGGGAATTGC
N1-MI15 T148A CATTCCAATGGAGCCATTAAAGACAGG CCTGTCTTTAATGGCTCCATTGGAATG
N1-MI15 N235K GTGCATGTGTAAAAGGTTCTTGCTTTACC GGTAAAGCAAGAACCTTTTACACATGCAC
N1-BR18 N88Q CGTGAAATTAGCGGGCCAGTCCTCTCTCTGCCCTG CAGGGCAGAGAGAGGACTGGCCCGCTAATTTCACG
N1-BR18 N146Q TTGCTAAATGACAAACATTCCCAGGGAACCATTAAAGACAGGAGC GCTCCTGTCTTTAATGGTTCCCTGGGAATGTTTGTCATTTAGCAA
N1-BR18 N235Q GAGTCTGAATGTGCATGTGTACAGGGTTCTTGCTTTACCATAATG CATTATGGTAAAGCAAGAACCCTGTACACATGCACATTCAGACTC
N1-NY09 I436T GAGAACACAACCTGGACTAGCGGGAGCAG GCTAGTCCAGGTTGTGTTCTCTTTGGGTCG
N1-NY09 �435T AAAGAGAACACAACAATCTGGACTAGCGGGAGC CCAGATTGTTGTGTTCTCTTTGGGTCGCCCTC
N1-NY09 �436A GAGAACACAGCTATCTGGACTAGCGGGAGC AGTCCAGATAGCTGTGTTCTCTTTGGGTCGC
N1-WA01 T436A AGAAAATACAGCAATCTGGACTAGTGGGAGC TCCAGATTGCTGTATTTTCTTTTGGCAGTCC
N1-WA01 �435T AAAAGAAAATACAATCTGGACTAGTGG TCCAGATTGTATTTTCTTTTGGCAGTCC
N1-WA01 �437I AGAAAATACAACATGGACTAGTGGGAGCAGC TAGTCCATGTTGTATTTTCTTTTGGCAGTCC
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for viral attachment, after which the inoculum was removed, and the wells were washed with 100 �l IM
prior to adding 100 �l of fresh 37°C IM containing 4 �g/ml TPCK-trypsin to each well. The plate was then
placed in a humidified incubator at 37°C, and the infected wells were determined based on cytopathic
effects at 72 h. Final EID50 and TCID50 values per milliliter were determined as previously described (57).

SDS-PAGE, Coomassie staining, and immunoblotting. Sedimented viral samples containing equal
resuspension volumes or the indicated total protein amounts were mixed with Laemmli sample buffer
that contained 0.1 M DTT, as indicated. Samples were then heated at 37°C or 50°C for 10 min and
resolved by either 7.5% (�-NA), 11% (�-HA), or 4% to 12% (�-NA, �-HA, and Coomassie) Tris-glycine
SDS-PAGE gels. Gels were Coomassie stained using simple blue or transferred to a 0.45-�m-pore PVDF
membrane at 15 V for 1 h. PVDF membranes were blocked with milk-PBST (3% nonfat dry milk, PBS,
pH 7.4, 0.1% Tween 20) for 30 min and processed using standard immunoblotting protocols with the
indicated antibodies and the appropriate HRP-linked secondary antibody. Immunoblots were de-
veloped with the SuperSignal West Femto kit (ThermoFisher) and imaged using an Azure C600 or a
Syngene G Box.

Analysis of NA glycosylation sites and in silico glycosylation models. Complete NA protein
sequences from H1N1 and H3N2 IAVs of human, avian, and swine origin were downloaded from The
Influenza Virus Resource at the National Center for Biotechnology Information (58). Each group was
aligned using MAFFT v7.311 with the default progressive method (FFT-NS-2). Mislabeled sequences were
manually removed. The final NA data sets consist of 18,966 sequences from human H1N1 strains
(1918-2019/11/20), 630 sequences from avian H1N1 strains (1976-2018/11/16), 4,949 sequences from
swine H1N1 strains (1930-2019/12/20), 24,184 sequences from human H3N2 strains (1968-2019/11/09),
411 sequences from avian H3N2 strains (1969-2018/10/13), and 3,484 sequences from swine H3N2 strains
(1970-2019/12/19). Potential glycosylation sites (N-X-S/T-X), where X represents every amino acid except
for Pro, were located using a Python script. N1 2009 pandemic-like amino acid numbering was used
for both N1 and N2, the head domain was set to begin at amino acid residue 82, and the stalk was
designated amino acid residues 35 to 81. Tetrameric N1 models were created from the A/Michigan/45/
2015 primary sequence using SWISS-MODEL (https://swissmodel.expasy.org), based on an available 2009
pandemic-like N1 head domain structure (PDBID entry 5NWE) (59), and the glycans were added in silico
using Glyprot (http://www.glycosciences.de/modeling/glyprot/php/main.php). The modeled glycan
structures were chosen based on previous work (36), with glycan number 9141 (glcp) being used for
Asn386 and 8714 (2 glcnac) for all other sites.
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