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ARTICLE INFO ABSTRACT

In our previous study, we produced a monoclonal antibody EB2 that recognized an epitope in the HA1 domain
on the hemagglutinin (HA) of H6N1 influenza virus (A/chicken/Taiwan/2838V/00). The residue Arg-201
(R201) on this epitope was protected by the glycan at Asn-167 (N167) from tryptic digestion; therefore, the
infectivity of the virus was retained. R201 was extremely conserved in various subtypes of the influenza virus. To
explore the role of R201 and the protecting glycan, we developed a bi-cistronic baculovirus expression system for
the production of H6HA1 and H6HAO (nearly full-length HA), which were glycosylated in insect cells. The
expressed H6HA1 was mostly found in the trimeric form, and the H6HAO protein was only found in the
monomeric form. The trimeric HGHA1 was resistant to tryptic digestion; however, it could not bind to fetuin, a
glycoprotein containing sialylated N-linked and O-linked glycans. By contrast, the monomeric HGHAO could bind
to fetuin but was sensitive to tryptic digestion. We found that the positive charge on R201 was critical for
binding HA to the negatively charged surface of host cells because the mutant R201A of H6HAO lost its binding
capacity substantially. Moreover, this binding capacity was dependent on the pH value and inhibited by free
electrically charged amino acids. We propose a two-step model for binding the influenza virus with a host cell.
The first step involved the specific recognition of the receptor binding site on HA to the sialylated glycan on the
host cell. After the virus is engulfed by the acidic endosome, R201 could bind to the cell surface with stronger
interactions and trigger the fusion process.
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1. Arg-201 on hemagglutinin of H6N1 influenza virus is protected
by a glycan at Asn-167

In our previous study (He et al., 2014), we found a monoclonal
antibody EB2 that recognized a short peptide (RYVRMGTESMN) on the
head domain (HA1) of hemagglutinin (HA) from H6N1 influenza virus
(A/chicken/Taiwan/2838 V/00). The second Arg on this peptide (Arg-
201, R201) was extremely conserved among most subtypes of the in-
fluenza virus and was a dominant cleavage site for trypsin (Table 1).
Nonetheless, this peptide was protected by a nearby glycan at Asn-167
(N167) and escaped the tryptic cleavage to retain viral infectivity (He
et al., 2015). These experiments were conducted using purified virus
particles from chicken eggs or recombinant HA1 fragment expressed in
E. coli that was not glycosylated. Therefore, we developed a secretory
bi-cistronic baculovirus expression system to produce HA1 protein in
insect cells, which was secreted into the medium (Hsieh et al., 2018).

By utilizing this insect expression system, we produced the H6N1
HA1 protein (H6HA1) that was fully glycosylated because the mole-
cular mass of H6HA1 decreased if it was treated with glycosidase
(PNGase-F) to remove glycans (Suppl. Fig. 1A). The H6HA1 protein that
was devoid of glycan became very sensitive to trypsin (Suppl. Fig. 1B).
These results were consistent with our previous observations (He et al.,
2015); however, an insect expression system was used in this study. We
also expressed the HGHAO protein that extended from the C-terminus of
H6HA1 and nearly covered the full length of HGHA by using the che-
mical synthesis method. In accordance with our previous results (Hsieh
et al., 2018), we found that an extensive part of the expressed HGHA1
protein was assembled in the trimeric form when observed on the SDS-
PAGE blot (Fig. 1A). This H6HA1 trimeric form transformed to mono-
meric after denaturation by heating. However, HGHAO was expressed as
a monomer only, since the carboxyl- terminal trimerization domain was
not included in our construct (Krammer et al., 2012). These
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Table 1

Comparison of the tryptic cleavage sites at R201, glycosylation sites at N167, and mAb EB2 epitopes on HA1 sequences of H6N1 viruses®.

China Hong Kong Taiwan

Europe Asia

North America

Global

Percentage

Percentage Number of

Percentage Number of

Percentage Number of

Percentage Number of

Percentage Number of

Percentage Number of

Number of
matching

matching

matching

matching

matching

matching

matching

100%

59/59

100%

29/29

100%

99/99

212/212 100%

100%

27/27

100%

228/228

100%

477/477

Cleavage site R201

(K201)"
Glycosylation site

96.6%

57/59

93.10%

27/29

96.9%

96/99

93.8%

199/212

92.5%

25/27

86.0%

196/228

90.9%

434/477

N167
mADb EB2 epitope

77.9%

46/59

93.10%

27/29

97.9%

97/99

91.5%

194/212

92.5%

25/27

97.8%

223/228

94.9%

453/477

2 We examined 477 HA1 sequences of H6N1 viruses obtained from GISAID (Global Initiative on Sharing Avian Influenza Data; http://platform.gisaid.org/).

> Among all 477 HA1 sequences, only two were found using K201 instead of R201 (0.4%).
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Fig. 1. H6HA proteins were expressed in insect cells and tested for proteolytic
resistance.

H6HAO or H6HA1 were produced in insect cells as described in our previous
report (Hsieh et al., 2018). The H6HAO used in this study contained 515 amino
acids, followed by a His-tag in the C-terminus. This HGHAO was prepared by
extending the H6HA1 sequence (329 amino acids) to complete the C-terminal
HA2 domain by using the chemical synthesis method. The gene fragment was
synthesized and cloned by Mission Biotech, Taiwan. (A) H6HA1 was expressed
mostly in the trimer, as observed on the SDS-PAGE blot. This trimeric form was
transformed into monomeric if denatured by heating at 55°C for 5min in
10 mM dithiothreitol. However, HGHAO only produced a monomer. (B) The
expressed H6HA1 displayed its trimer structure when transmittance electron
microscopy was conducted using the negative staining method (Fera et al.,
2012). However, HGHAO was only observed as a monomer. (C) The expressed
proteins were treated with trypsin by following our previous protocol (He et al.,
2015). H6HA1 exhibited better resistance to proteolysis than H6HAO. The
molar ratios of HGHA1 or H6HAO were adjusted to be equivalent by using an
unequal amount of protein based on their molecular mass. In each tryptic di-
gestion test, 26 pug of HGHAO or 20 pg of H6HA1 was mixed with 0.1 pg of
trypsin (anti-HA, anti-hemagglutinin mAb EB2; CBR, Coomassie Brilliant Blue
R).

observations were further confirmed by transmission electron micro-
scopy data (Fig. 1B). H6HA1 displayed a circular trimeric structure, and
H6HAO exhibited the monomeric form. Compared with H6HA1, the
expressed H6HAO presented lower resistance to tryptic digestion
(Fig. 10).

We generated several mutants of HGHA1 in which the glycosylation
sites were selectively mutated (Fig. 2A). Mutant N167A replaced the
Asn-167 site with Ala. Conversely, mutant M3 retained the Asn-167 site
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Fig. 2. Mutations at glycosylation sites on HGHA1 decreased the protection by a
glycan against tryptic digestion.

(A) Several HGHA1 mutants were prepared by replacing Asn glycosylation sites
with Ala based on the methods in our previous report (Hsieh et al., 2018).
Mutant N167A replaced N167 with Ala. Mutant M3 replaced all glycosylation
sites except the site at N167. Mutant M4 removed all the four glycans. The
N167A on M4 was further reversed to N167 and produced the mutant M3*. The
glycan trees on the wild-type of HGHA1 (WT) are schematic. The spatial loca-
tions of these glycosylation sites and R201 were labeled using a ribbon model
on the right panel. The blue ribbon displays the HA1 domain of HA, and the
gray ribbon is HA2. G330 is the Gly residue that leads the fusion peptide on
HAZ2 after a tryptic cleavage at R329-G330. The RBS was indicated by an arrow.
This model was prepared by Discovery Studio 2.5 (Accelrys, San Diego, CA), as
described in our earlier report (He et al., 2015). (B) All mutants efficiently
produced recombinant proteins when checked on Western blots. The molecular
mass of the mutants decreased slightly because some glycans were removed. (C)
The expressed proteins were treated with trypsin by following our previous
protocol (He et al., 2015) and revealed diverse resistance to tryptic digestion. A
mutant (N167A/R201A) with double mutation was also included for compar-
ison (anti-His, anti-histidine tag).

but removed the remaining three sites (N11A, N23A, and N291A). Al-
though all the glycosylation sites were replaced with Ala in mutant M4,
we restored the mutation at N167A back to Asn-167 and produced the
mutant M3*. Therefore, mutant M3* was equivalent to mutant M3 in
the amino acid sequence. All these mutants efficiently produced re-
combinant proteins (Fig. 2B). The molecular mass of all mutants de-
creased as glycosylation sites were removed. Moreover, the mutants
exhibited different levels of resistance to tryptic digestion (Fig. 2C).
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Compared with the wild-type, all mutants were sensitive to trypsin.
However, M4 was extremely sensitive and disappeared within 10 min
after treating with trypsin. N167A, M3, and M3* exhibited very similar
degree of resistance and disappeared within 60 min. Notably, only one
glycan was removed for mutant N167A; however, M3 and M3* lost
three glycans. These results were consistent with our previous ob-
servations that N167 glycan might serve a critical role in protecting the
R201 site on the head of HA (He et al., 2015). Moreover, we produced a
mutant with double mutation (N167A/R201A), which exhibited
slightly better resistance than the single mutation mutant N167A.

The expressed proteins of H6HA1 and its mutants were used to
immunize mice. The titers of all mutants were considerably lower than
the wild-type of HGHA1 (Suppl. Fig. 2). Evidently, M4 exhibited the
lowest titer through the entire immunization process. The immune re-
sponse of these antigens totally reflected their resistance against pro-
teolysis in Fig. 2C. The low titer for mutants might be basically due to
the degradation of antigens in the immunized animal.

2. Positive charge of Arg-201 might contribute to binding HA to
the target

Among the four glycosylation sites, three glycans are located in the
lower half of the HA, which might protect the trypsin cutting site at
R329-G330 (Chen et al., 1998). The opening of this site generates a new
N-terminal (G330) and releases the fusion peptide on HA2 (Fig. 2A,
right panel) (Cross et al., 2009). Only the N167 glycan is located at the
top of HA, and this glycan protects the nearby R201 from proteolysis
(Fig. 2C). When we examined the corresponding amino acid sequences
on HA from 477 H6N1 subtype, the R201 (or K201) site were 100%
conserved (Table 1). Moreover, the analysis of HA from other subtypes
also presented similar results (Suppl. Table 1 and Suppl. Fig. 3), thus
implying that the positive charge at R201 serves a critical role.

One possible role of the positive charge at R201 was to facilitate the
binding of a virus particle to the negatively charged surface on the host
cell. Other studies also reported the influence of charged amino acids on
the binding of HA with its targets (Soundararajan et al., 2009;
Kobayashi and Suzuki, 2012). Based on this assumption, we measured
the binding capacity of H6HA by coating fetuin on the enzyme-linked
immunosorbent assay plate (ELISA plate), thus adding H6HA1l or
H6HADO to bind the immobilized fetuin. Then, anti-His antibody-enzyme
conjugate was added to detect HGHA on the plate, and the absorbance
at 450nm was measured (Takemoto et al., 1996; Jiang and
Eichelberger, 2015). In addition to the expressed wild-type proteins of
H6HA1 and H6HAO, we constructed three mutants of HGHAO at R201
by replacing Arg with Ala (R201A), Asp (R201D), or Lys (R201 K).
Fig. 3A presents that the binding capacity of R201A, a mutant of
H6HAO, reduced considerably. Moreover, a negatively charged sub-
stitution (R201D) totally eliminated the binding capacity. Interestingly,
Lys substitution for Arg (R201 K) significantly enhanced the binding of
H6HADO to fetuin. Conversely, H6HA1 exhibited no capacity of binding
to fetuin, which might be due to the lack of the HA2 domain
(Rachakonda et al., 2007). Another possibility is that the quaternary
structure of HA can influence the binding of H6HA1. To confirm the
observations on ELISA, we examined the binding on a protein blot in
which fetuin was immobilized by protein transfer after SDS-PAGE.
Subsequently, H6HA or its mutants were added to bind the fetuin
(Fig. 3B). Only the wild-type of HOHAO or the R201 K mutant bound to
the blot; no binding was observed for HHA1, and the HGHAO mutants
(R201A or R201D). Consistently, R201 K presented a stronger band
intensity on the blot than the wild-type.

Above observations suggest that the positive charge on R201 might
serve a critical role in the binding of H6HAO to fetuin. Moreover, the
replacement of Arg with Lys on HGHAO presented a stronger capacity of
binding to fetuin. When we examined the sequences of H6HA, only a
very small percentage of HA was observed using K201 (Table 1). There
might be some evolutionary pressure to select Arg instead of Lys. To
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Fig. 3. H6HAO and its R201 mutants exhibited varying capacities of binding to
fetuin.

H6HAO mutants at R201 (R210A, R210K, and R201D) and the H6HA wild-
types were expressed in insect cells and isolated for examining their capacity of
binding to fetuin. (A) The expressed proteins were analyzed by using ELISA
plates coated with fetuin (Jiang and Eichelberger, 2015). Contrary to the wild-
type HGHAO (WT, closed circle), the wild-type H6HA1 exhibited no capacity of
binding to fetuin (open circle). Mutants of HGHAO displayed varying influence
on the binding capacity. R201D lost its binding capacity completely, but R201 K
presented a stronger binding capacity than WT. (B) The binding of H6HA to
fetuin was further confirmed by transferring fetuin onto a protein blot after
SDS-PAGE. The blot was then incubated with H6HA or its mutants and was
revealed using anti-His antibody conjugated with horse radish peroxidase
(HRP). A schematic was presented on the right panel. Both ELISA and blot
methods used the same procedure for binding and detection.

achieve an accurate comparison between the Arg and Lys mutants in
above experiments, we carefully estimated the amount of expressed
proteins and used the optimal conditions for the immobilization of fe-
tuin on the blots (Suppl. Fig. 4).

Subsequently, we determined that the binding of H6HAO to fetuin
was dependent on pH (Fig. 4A). An acidic environment of approxi-
mately pH 4 caused the binding capacity to be the maximum. The
binding declined to approximately half at a neutral pH when observed
on the ELISA plate. Apparently, a lower pH value caused the electric
density at R201 to be more positively charged, thus resulting in a
stronger binding. At a low pH (4.9), HA was in a conformation that can
trigger the fusion of viral and host membranes (Bottcher et al., 1999;
Huang et al., 2003; Di Lella et al., 2016). Therefore, a low pH favored
both the binding of H6HA to the target and the following membrane-
fusion step (Niles and Cohen, 1991; Skehel and Wiley, 2000; Di Lella
et al., 2016). We further examined the effects of several free amino
acids on the binding of H6HAO to fetuin (Fig. 4B). Neutral amino acids
revealed no effect on the binding (Gly & Ser); however, positively or
negatively charged amino acids obviously interfered with the binding
(Arg, Lys, Glu, and Asp). Interestingly, the acidic amino acids (Glu and
Asp) exhibited stronger inhibition than the basic amino acids (Arg and
Lys).

3. Two binding steps for the first encounter of influenza virus to
its host

In this study, we expressed two groups of HA proteins in insect cells
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Fig. 4. The binding of HGHAO to fetuin was affected by pH and electrostatically
charged free amino acids.

(A) In acidic conditions, HGHAO presented stronger binding to fetuin. (B) Some
positively or negatively charged amino acids inhibited the binding of HGHAO to
fetuin.

(Fig. 1). H6HA1 exhibited higher resistance against proteolysis than
H6HADO, but lost its capacity of binding to fetuin. This trypsin resistance
was because the glycan at N167 protected R201 (Fig. 2). Conversely,
H6HAO was sensitive to proteolysis (Fig. 1) but presented a stronger
capacity of binding to fetuin, which might be due to the positive charge
of R201 (Figs. 3 and 4). These diverse behaviors can be due to their
quaternary protein structures because HOHA1 was mainly expressed in
the trimeric form and H6HAO was monomeric (Fig. 1). The steric
structure of HA could influence both the resistance to proteolysis and
the binding capacity, which originated from the spatial interaction
between R201 and glycan at N167. We will address this point in our
next report.

Clearly, the R201 residue on H6HA is critical for binding a virus to a
host. However, the receptor binding site (RBS) constantly exists on the
expressed HA molecules and the mutants. Then, a question concerning
the role of RBS on the binding of HA to the host cell was posed. From
the steric structure of HA (Fig. 2A), it was determined that both RBS
and R201 are located on the head of HA. In the trimeric configuration,
the three RBS sites are distributed around the outer edge of the head
domain, thus leaving three R201 residues clumped in the center of the
head (Fig. 5D). Our observations also suggested that the R201 cluster
had stronger binding capacity than RBS because the R201A mutant
completely lost its binding capacity under our experimental conditions
(Fig. 3). These two binding sites may have different roles in binding a
virus to its host cells. Chu and Whittaker (2004) noticed that influenza
virus might bind its host and proceed internalization by a series of
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We postulate that there may be two steps during the encounter of
the HA molecule to the target cell. Fig. 5 displayed this two-step
binding model. First, RBS binds to the target in a specific mode, thus
identifying the appropriate configuration of sialic acid linkage for a
suitable host (Fig. 5A). After the specific recognition stage (Fig. 5B), the
virus particle was engulfed into the host cell through endocytosis
(Lakadamyali et al., 2004). In an acidic endosome environment, R201
was then induced to bind to the cell surface with stronger interactions
(Fig. 5C), which are mainly due to the electrostatic interactions of three
R201 residues against the negative charges on the host cell surface
(Fig. 5D). The second step guides the HA trimer to sit in an upright
position to obtain a correct angle to proceed to the following invasion
step (Fig. 5C). This step may trigger the activation of a fusion peptide to
insert it into the host membrane (Carr and Kim, 1994; Yu et al., 1994).
This two-step binding model may lead to a new strategy for blocking
the binding of influenza virus to the host cell and preventing the in-
vasion of the virus.
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Fig. 5. Hypothetic model presented the two-
step binding of HA to a host cell.

(A) HA on the virus particle approached the
host cell. (B) HA specifically bound to the re-
ceptor on the host cell surface through RBS.
The virus particle was engulfed into the host
cell and then transported to an endosome. (C)
The environment of the endosome was acidic.
The R201 cluster on the top of the HA then
bound to other host cell receptors through
electrostatic interactions. (D) The positively
charged Arg cluster (purple) was displayed in
the top view of HA trimer. The second binding
step might trigger the fusion process of virus
invasion into the host cell.

(A)

Receptors

host cell membrane

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.virusres.2019.03.018.
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