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Ovomucin (OVM) plays an important role in inhibiting infection of various pathogens. However, this bioactivity
mechanism is not much known. Here, the role of sialic acid in OVM anti-virus activity has been studied by ELISA
with lectin or ligand. Structural changes of OVM after removing sialic acid were analyzed by circular dichroism
and fluorescence spectroscopy. OVM could be binding to the hemagglutinin (HA) of avian influenza viruses
H5N1 and H1N1, this binding was specific and required the involvement of sialic acid. When sialic acid was re-
moved, the binding was significantly reduced 71.5% and 64.35%, respectively. Therefore, sialic acid was proved
as a recognition site which avian influenza virus bound to. Meanwhile, the endogenous fluorescence and surface
hydrophobicity of OVM removing sialic acid were increased and the secondary structure tended to shift to ran-
dom coil. This indicated that OVMmolecules were in an unfolded state and spatial conformation disorder raising
weakly. Remarkably, free sialic acid strongly promotedOVMbinding toHAand thereby enhanced the interaction.
It may contribute to the inhibition of host cell infection, agglutinate viruses. This study can be extended to the
deepening of passive immunization field.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Ovomucin (OVM) has a unique antiviral activity, the mechanism of
which is not entirely known. OVM is a highly glycosylated protein con-
taining sialic acid (SA), which belongs to the mucin family [1]. Mucins
are a major component of mucus, which are widely distributed in the
body's internal surface and mucosal tissues, such as the respiratory
tract and intestines. They provide an important innate immune barrier
to potential toxins, particles, and pathogens [2]. It can prevent patho-
gens from being in contact with susceptible cells. It is thought that the
adhesion of mucins to pathogens is an importantmechanismwith a po-
tentially significant effect.

OVMhas antiviral properties, that is similar in structure and compo-
sition to the influenza virus receptor and early findings suggest that
OVM has an inhibitory effect on swine influenza virus-induced hemag-
glutination [3]. The interaction of HA on the surface of the virus with
OVM leads to the release of glycopeptide complexes. Hemagglutination
inhibition assays and enzyme-linked immunosorbent assays have re-
vealed the high affinity of OVM for bovine rotavirus, chicken new castle
disease virus and human influenza virus [4–6]. It was found that N-
acetylneuraminic acid (NeuAc, a specific subtype of sialic acid in OVM)
in the β-subunit could greatly facilitate the interaction between OVM
and chicken new castle disease virus. The alteration of the conformation
of OVM by the alkylation of disulfide bonds leads to loss of binding to
OVM antibody [4]. However, evaluations of antiviral activity in these
studies focused primarily on the inhibition of viral-induced hemaggluti-
nation and did not include other more accurate and intuitive antiviral
methods.

Structurally, OVM is a highly glycosylated protein whose monosac-
charides are predominantly in the forms of oligosaccharides and glyco-
sides consisting of fewer than 10 monosaccharides [7,8], including N-
glycosidic bonds and O-glycosidic bonds [9]. N-glycans are linked to
the aspartic acid (Asp) residues of the polypeptide sequence Asn-X-
Ser/Thr, where X represents any amino acid except proline, and O-
glycans are predominantly linked to the serine (Ser) and threonine
(Thr) residues [10,11]. These oligosaccharides mainly include mannose
(Man), galactose (Gal), N-acetylgalactosamine (GalNac), N-
acetylglucosamine (GlcNac), SA, fuctose (Fuc) [12] and sulfuric acid es-
ters [13].

Sialic acid of OVM can promote interaction with chicken new castle
disease virus. Meanwhile, various viruses such as influenza virus, coro-
navirus and rotavirus utilize glycoproteins containing sialic acid on the
surface of host cells as recognition receptors [14–16]. Sialic acid can be
recognized by the epitope on the globular head of the influenza virus
HA, thereby inducing interaction with the corresponding HA receptor
binding sites and interfering with or blocking the adsorption of the
virus to the cells [17]. Sialic acid residues are generally located at the
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terminus of the N-linked oligosaccharide chain and the O-linked oligo-
saccharide chain withα2,3-, α2,6- and α2,8-linkages [18]. Different in-
fluenza viruses are capable of specifically recognizing different linked
types of sialic acids. Human influenza viruses are more likely to bind
to theα2,6-linkage sialic acid receptor, and avian influenza viruses pref-
erentially recognize α2,3-linkage sialic acids [19,20].

OVM is a glycoprotein containing a large amount of sialic acid. Its an-
tiviral activity has not been studied deeply, and its anti-infective mech-
anism is barely understood. The role that sialic acid plays andwhether it
is recognized as the same receptor of the influenza virus andbinds toHA
remain to be revealed. Therefore, this study aims to verify the interac-
tion between OVM and HA and demonstrate the function of sialic acid
in this interaction to explain the possible mechanism of OVM for satis-
factory antiviral activity and increase the knowledge of the role of
OVM in passive immunity.

2. Material and methods

2.1. Isolation and purification of OVM

OVM was crude extracted according to a previously reported
method [21] with modifications. In brief, 200 mL of fresh whole egg
white was stirred at 4 °C for 30 min and subsequently diluted with
600 mL of 100 mM NaCl. The pH was adjusted to 6.0 with 1 M HCl,
and the solutionwas incubated overnight at 4 °C. The eggwhite solution
was centrifuged at 10,000g for 10 min at 4 °C, and the precipitate was
resuspended with 500 mM NaCl for 4 h and then centrifuged under
the same conditions.

After the precipitate, which was crude OVM, was washed several
times with distilled water, the above procedure was repeated. The ex-
tractwas freeze-dried and stored at−20 °C. OVM crude extract was pu-
rified by gel filtration chromatography (Sephacryl S-300 HR, 26 mm
× 60 cm) using the AKTA purification system (GE, USA). The target elu-
tion peak was dialyzed by distilled water, and the product was purified
OVM.

2.2. Removal of terminal sialic acid of OVM

Purified OVM (2 mg) was mixed with 1980 μL of pH 5.6 sodium ac-
etate buffer and 20 μL of NA enzyme and incubated in a 37 °Cwater bath
for 18 h.

Desialylated OVM (dSA-OVM) was dialyzed against 14 kD dialysis
bags for 24 h with pH 8.6 borate buffer. The solution was removed,
stirred for 1 h and centrifuged for 10min at 6000 r/min; the supernatant
was saved for subsequent experiments.

The dSA-OVM supernatant was centrifuged for 10min in a 10 kD ul-
trafiltration tube at 5000g and concentrated to 1.5 mL. A standard curve
was used to quantify the concentration of OVM.

2.3. Determination of the OVM terminal sialic acid bond

The effect of enzymatic hydrolysis and the chemical bond of sialic
acid in oligosaccharide chains was evaluated by ELISA using lectins
Sambucus nigra (SNA) and Maackia amurensis (MAA). A 1:25 dilution
of SNA was added to the ELISA plate at 100 μL/well, and the plate was
incubated overnight at 4 °C. To the control group was added PBS buffer
without SNA. The plates were washed 3 times for 5 min each with PBST
and then again with PBST dissolved in 5% skim milk at 300 μL/well and
incubated at 37 °C for 1 h for blocking. After the plates were washed,
dSA-OVM and OVM diluted to 20 μg/mL were added to the experimen-
tal and control wells, respectively, at 100 μL/well, and the plates were
incubated at 37 °C for 1 h. After the plates were washed, OVM antibody
diluted 1:80000 was added at 100 μL/well, and the plates were incu-
bated at 37 °C for 1.5 h. After the plates were washed, HRP-labeled
goat anti-mouse IgG diluted 1:8000 was added at 100 μL/well, and the
plates were incubated at 37 °C for 80 min, washed and stained.
2.4. OVM binding HA

The function of sialic acid was assessed by the change in the binding
of HA to OVMwith the removal of sialic acid. The HA proteins of the in-
fluenza viruses H5N1 (HA5) and H1N1 (HA1) were added to the ELISA
plate at a dilution of 1:10 at 100 μL/well, and the plate was incubated
overnight at 4 °C. To the control group was added PBS buffer without
HA. Other operations were the same as in Section 2.3.
2.5. OVM oligosaccharide chain inhibition assays

The common components of oligosaccharide chains (Gal, Fuc, Man
and sialic acid) were separately mixed with OVM for competitive bind-
ing analysis with HA. Subsequently, the effect of free sialic acid was an-
alyzed by different additional sequences. The additional sequenceswere
the addition of sialic acid followed by the addition of OVM, the addition
of OVM followed by the addition of sialic acid, and the addition of pre-
incubation mixture. The ELISA procedure was the same as previously
described.
2.6. Circular dichroism (CD) changes in OVM

Theprotein solutionwasdiluted 10-fold, thefinal protein concentra-
tion was 0.3 mg/mL, the optical path of the quartz cell was 0.1 cm, the
sensitivity was 2 mdeg/m, the wavelength scanning range was
190–240 nm, the speed was 10 nm/s, and the resolution was 0.1 nm
measured at room temperature.
2.7. The intrinsic fluorescence scanning of OVM

The optical path of the quartz cell was 1.0 cm. Using tyrosine
(Tyr) as an intrinsic probe, the excitation wavelength was 274 nm,
and the emission spectrum was scanned at 290–400 nm. Using tryp-
tophan (Trp), the excitation wavelength was 295 nm, and the emis-
sion spectrum was scanned at 300–450 nm. The excitation and
emission monochromators each had a bandwidth of 5 nm. OVM
was incubated at room temperature for 1 h, and its concentration
was diluted to 100 μg/mL. Blank samples were measured under the
same conditions.
2.8. OVM surface hydrophobicity

Using l-anilinonaphthalene-8-sulphonate (ANS) as a fluorescence
probe, the surface hydrophobicity of OVMwasmeasured by thefluores-
cencemethod. OVMwas diluted to 0.005–0.2mg/mLwith pH 8.6 borate
buffer. Fluorescence spectra of ANS were scanned by adding 8 μL of di-
luted sample to 100 μL of 8 mmol/L ANS solution. The excitation wave-
length was 365 nm, and the scan range was 300–600 nm. The
fluorescence intensity at 365 nm excitation and 484 nm emission was
used to making a standard curve for protein concentration. The control
was blank ANS solution with addition of the corresponding sample
buffer.
2.9. Statistical analyses

All values were expressed as mean ± s.e.m. ANOVA with
Bonferroni's multiple-comparison test when more than two groups
were compared. All the assayswere run in triplicate andwere represen-
tative of at least 3 independent experiments. A P value b 0.05 was con-
sidered statistically significant and the asterisks in all figures are
defined, *p b 0.05, **p b 0.01, ***p b 0.001.



Fig. 1. Antigen activity and terminal sialic acid glycosidic bond of OVM. (A) Antigen activity of ovomucin before and after sialidase enzymolysiswas consistent. dSA-OVM retained antigen
binding ability. (B) Ovomucin interacted with lectin SNA or MAA, respectively. SNA recognize α2-6-SA whereas MAA prefer α2-3-. The terminal SA of OVM glycans include both two
bonds. dSA-OVM's bonds content was significantly reduced both. OVM, natural ovomucin; dSA-OVM, ovomucin with the removal of the sialic acid residue; SNA, Sambucus nigra; MAA,
Maackia amurensis; the average data are presented as mean ± s.e.m. Statistical significance is indicated by ***p b 0.001.

535Q. Xu et al. / International Journal of Biological Macromolecules 119 (2018) 533–539
3. Results

3.1. OVM antigen activity and OVM terminal sialic acid glycosidic bond

In the ELISA reaction, a variety of factors together affected the final
test results, and the antigenic epitope of the sample had a significant im-
pact. To ensure the accuracy of the experiment, we needed to verify
whether sialidase enzymolysis would affect the other functions of
OVM. In this experiment, ELISA reaction of OVMwas the key to analyz-
ing physiological immune activity. The purified OVMwas digested with
sialidase to obtain dSA-OVM. The concentration of natural OVM was
1.394 mg/mL, and that of dSA-OVMwas 1.677 mg/mL. For a concentra-
tion of 20 μg/mL, the binding changes inOVMand dSA-OVM to antibody
were analyzed (Fig. 1A). Compared with that of natural ovomucin, the
binding of dSA-OVM and antibody did not change significantly after
enzymolysis, exhibiting a good consistency and no significant effect on
the antibody binding activity.

Lectins SNA binds specifically to sialic acid linked by an α2-6-
linkage, while MAA specifically recognizes an α2-3-linkage. As shown
in Fig. 1B, the terminal sialic acid was effectively removed in dSA-OVM
after enzymatic hydrolysis, and its binding activity was obviously
lower than that in the natural OVM. The binding activity of natural
OVM to lectin SNA was higher than that to lectin MAA, indicating that
the terminal sialic acid glycosidic linkage in the OVM oligosaccharide
chain was mainly α2-6 and that less α2-3 was present. After
enzymolysis, all sialic acids in dSA-OVM significantly decreased (p b

0.001).
Fig. 2. Ovomucin binding with HA. (A) OVM bind with HA5 effectively. The binding of dSA-O
removed, the trend of dSA-OVM interaction with HA1 weaken significantly. OVM, natur
hemagglutinin of avian influenza virus H5N1; HA1, hemagglutinin of avian influenza virus H1N1.
3.2. Binding of OVM to influenza virus HA

The surface antigen HA of the influenza virus could bind to related
glycoproteins via protein-protein or protein-carbohydrate chain inter-
actions. To verify whether sialic acid is an important site of the interac-
tion between OVM and HA, we designed a deglycosylation experiment.
As shown in Fig. 2, HAof bothH5N1 andH1N1 bound to OVMand did not
react with BSA (negative control). After sialic acid was removed, the
binding of dSA-OVM to HA was significantly lower than that of natural
ovomucin. At the same dose, the binding capacity of dSA-OVM to HA5
decreased 71.5%, and the binding capacity to HA1 also decreased by
64.25%. This indicated that HA recognizes sialic acid on OVM. Sialic
acid inOVM is distributed on the oligosaccharide chain terminus. There-
fore, it can be considered that this recognition involves the participation
of sialic acid and oligosaccharide chains.
3.3. Influence of oligosaccharide chain components on the binding of OVM
to HA

Based on the above results, it has been demonstrated that the carbo-
hydrate chain is one of the recognition regions for the interaction be-
tween OVM and HA. Sialic acid is the critical target. To determine
whether this interaction occurred with the participation of other sugar
chain components, a sugar competition experimentwas conducted. Dif-
ferent kinds of sugar were added to the plate coated with HA, followed
by washing off and then adding OVM to measure the binding changes.
VM to HA was significantly reduced. (B) Ovomucin bind with HA1. After sialic acid was
al ovomucin; dSA-OVM, ovomucin with the removal of the sialic acid residue; HA5,
The data are presented asmean± s.e.m. Statistical significance is indicated by ***p b 0.001.



Fig. 3.OVM carbohydrate competitive binding. (A) OVMbindingwith HA5. Pre-mixing extramonosaccharidewith HA5 did not reduce interactionwith OVM. (B) OVMbindingwith HA1.
Pre-incubation freemonosaccharide with HA1 also did not interfere with the binding. Even the addition of free sialic acid induced increase slightly. (−), negative control, without adding
monosaccharide; Gal, galactose; Fuc, fucose; Man, mannose; SA, sialic acid, hereN-acetylneuraminic acidwas used as specific subtype of sialic acid in ovomucin. The data are presented as
mean ± s.e.m.
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The results displayed in Fig. 3 indicate that no monosaccharide had an
inhibitory effect on OVM binding HA. There was no significant differ-
ence in binding after pre-incubation of carbohydrates andHA compared
to the negative control, and the addition of free sialic acid did not cause a
decrease in binding. This binding trend was consistent with both HA5
and HA1.

According to the results in Fig. 3, when the reaction sequence in the
experiment was the addition of sialic acid firstly and then the addition
of OVM, it was unexpectedly found that free sialic acid promoted the in-
teraction of OVMandHA. To analyze the role played by free sialic acid in
the binding of OVM to HA, further experiments were carried out with
different sequences of additions. Adding OVM at first and then adding
SA or adding the two components together were analyzed (Fig. 4).
When OVM was first added, followed by SA, neither OVM nor dSA-
OVM showed any significant change compared with the negative con-
trol, and the binding intensity tended to be similar in HA5 and HA1.
When OVMwas mixed with SA and added at the same time, it is inter-
esting found that the binding of OVM to HAwas significantly enhanced
farmore than the negative control and other groups. This change inHA1
was as significant as in HA5. Based on the above results, it was found
that free sialic acid enhances the binding of OVM to influenza virus HA.
Fig. 4. Effects of SA different additional sequences on binding. (A) dSA-OVMbindingwithHA5w
However, the addition of OVM premixedwith SA greatly enhanced the interaction with HA5, an
with HA5. (B) Adding SA after adding OVM or dSA-OVMdid not influence its binding ability wit
significantly, and asmuch as pre-incubation the OVMwith SAprior to addition to theHA1. OVM
represents the addition of dSA-OVM first and then the addition of SA; OVM+SA represents a p
+ SA represents a pre-incubatedmixture of dSA-OVM and SA being added at the same time; OV
sialic acid, here N-acetylneuraminic acid was used as specific subtype of sialic acid in ovomuci
3.4. Removing sialic acid influences the conformation of OVM

The changes in the secondary structure of dSA-OVM and OVMwere
analyzed by circular dichroism spectroscopy (CD), and the results were
shown in Fig. 5A. The CD spectra of OVM showed weak negative peaks
at 225 nm and 208 nmand a positive peak approximately 190 nm, char-
acteristic ofα-helical and β-sheet hybrids [22]. The negative peak of the
dSA-OVM spectrum near 225 nm was weaker and closer to the short
wavelength direction than OVM. Data on specific changes are shown
in Table 1. After removing sialic acid, ovomucin α-helix decreased,
while the random coil increased, indicating that the degree of disorder
increased [23].

Fluorescence spectroscopy is a powerful tool for studying the
changes in the protein microenvironment in solution. Aromatic amino
acid (tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe)) resi-
dues in OVM molecules can fluoresce. Therefore, the changes in the
OVM molecule before and after removing the terminal sialic acid can
be reflected according to the change in endogenous fluorescence
[24,25]. The endogenous fluorescence spectra of OVM before and after
removing the terminal sialic acid at excitation wavelengths of 274 nm
and 295 nm were shown in Fig. 5B and C, respectively. As shown in
as reduced. Adding SA after adding dSA-OVMorOVMwas not able to improve the binding.
d pre-incubation the dSA-OVMwith SA had a significant improvement in its combination
h HA1. The addition of dSA-OVMpremixedwith SA strengthened the interactionwith HA1
/SA represents the addition of natural ovomucinfirst then the addition of SA; dSA-OVM/SA
re-incubatedmixture of natural ovomucin and SA being added at the same time; dSA-OVM
M, natural ovomucin; dSA-OVM, ovomucinwith the removal of the sialic acid residue; SA,
n.



Fig. 5. The structure change of dSA-OVM. (A) The CD spectra of OVM and dSA-OVM. The
curve of dSA-OVM occurred a mild blueshift and the negative peak was weaker. (B) Tyr
endogenous fluorescence spectra of OVM and dSA-OVM. The fluorescence intensity of
dSA-OVM was enhanced compared to OVM. (C) Trp excitation fluorescence of OVM and
dSA-OVM. The fluorescence intensity of dSA-OVM was increased same to Tyr. The solid
black line is OVM, and the black dotted line is dSA-OVM.

Table 1
OVM and dSA-OVM secondary conformational change.

OVM dSA-OVM

α-Helix 11.2% 9.5%
β-Sheet 52.7% 55.5%
β-Turn 4.2% 2%
Random coil 31.8% 33%
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the Tyr fluorescence spectrum of Fig. 5B, removal of terminal sialic acid
results in enhancement of the endogenous fluorescence intensity of
OVM, but no obvious migration of the fluorescence peak occurs. The
fluorescence spectra of Trp was in Fig. 5C. The overall trend in fluores-
cence intensity agrees with the result of Tyr being a fluorescent probe.
However, the λmax of the Trp spectrum was blueshifted after removing
the terminal sialic acid, suggesting that after removal of sialic acid, the
OVMmicroenvironment hydrophobicity is enhanced. In order to verify
this result, the changes in the ANS fluorescence spectra of OVM before
and after the removal of terminal sialic acid were investigated by an
ANS fluorescence probe.

According to the result, the fluorescence intensity of ANS was en-
hanced after OVM removal of the terminal sialic acid. The value of
OVM surface hydrophobicity was 395.4 and the value of dSA-OVM
was 713.9. This shows that OVM is located in a microenvironment
with a non-polar increase and enhanced surface hydrophobicity. This
is related to the unfolding of the OVMmolecule and the increase in dis-
order, resulting in the exposure of the hydrophobic region, strengthen-
ing the binding of ANS to the OVM hydrophobic region, and enhancing
the fluorescence intensity [26].

4. Discussion

The exact mechanism through which OVM exerts its antiviral func-
tion is not entirely clear at present. This research studied the interaction
between OVM and the influenza virus HA and the role of sialic acid in
this interaction. It was found that the OVM carbohydrate chain contains
terminal sialic acid with both α-2-6- and α2-3-linkages (Fig. 1B). HAs
cannot bind to other proteins such as BSA but can interact with OVM.
This interaction is dependent on the presence of sialic acid (Fig. 2).
Monosaccharides have no influence on the binding of OVM with HA. It
is noteworthy that the binding of HAwith OVMwas strongly promoted
by free sialic acid (Figs. 3 and 4). It is indicating that sialic acid is in-
volved in the binding of OVM to influenza virus, and additional free si-
alic acid could enhance the OVM antiviral process.

Mucin, a natural barrier widely found in animals, always plays criti-
cal role in antiviral and antibacterial activities [27–30]. OVM is a mucin
protein in egg. According to our previous research, OVMcontains plenty
of sialic acid, and its subtype is NeuAc. In this study, we demonstrated
the glycosidic bond type of sialic acid linking the OVM carbohydrate
chain terminus, which contains bothα2-6- andα2-3-linkages. The con-
tent of sialic acid with the α2-6-linkage was higher than that with the
α2-3-linkage (Fig. 1B). In the process through which the influenza
virus infects the body, the first step is to recognize and bind to the cell
surface receptor through the viral surface protein HA [20]. Themain re-
ceptors are cell surface glycoconjugates, and sialic acid is required for
this process. Human influenza viruses mainly recognizeα2-6-linked si-
alic acids, whereas avian influenza viruses prefer α2-3-linked sialic
acids [31,32]. Therefore, due to the type of sialic acid linkages in the
OVM oligosaccharide chain, we believe that OVM has anti-infective ac-
tivity against both human and avian influenza viruses. Furthermore,
the anti-avian influenza virus function is closely related to α2-3-
linked sialic acid.

To confirm this hypothesis, this study was carried out to enzymati-
cally hydrolyze sialic acid. Using the HA of influenza viruses H5N1 and
H1N1 as the binding protein, the changes in OVM as an acceptor with
orwithout sialic acid binding HAweremeasured. Firstly, the interaction
of OVM before and after removing sialic acid with its antibody was an-
alyzed, and it was found that sialic acid was not the binding site. No



Fig. 6.Hypothetical model summarizing FSA-OVM interactions and ability of FSA to enhance virus agglutinating capacity of OVM. (A) Subunits constitute OVM via disulfide bonds in the
non-glycosylated regions. FSA interacts with OVM to formOVM biopolymers through noncovalent bond. (B) FSA does not bind HA, but FSA enhance the agglutinating ability of OVMwith
HA byOVMbiopolymers- and SA-dependentmechanism. Therefore, FSA enhance a biological function of OVMbinding virus.●, free sialic acid (FSA).○, terminal sialic acid of OVMglycans
(SA). -ss-, disulfide bonds. OVM, ovomucin. HA, hemagglutinin.
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significant difference was found in the binding activity before and after
the removal of sialic acid. This demonstrates that sialic acid does not
participate in all the functions of OVM but also that follow-up experi-
ments can use an ELISA reaction between OVM and an antibody. This
ensures that the results are real and effective. Subsequently, the interac-
tion of natural OVM and dSA-OVM with HA was investigated, and no
binding reaction between HA and BSA was found, which indicated
that the recognition of glycoprotein was specific (Fig. 2). However, the
obvious interaction between HA and natural OVM indicates that HA
can specifically recognize OVM and associate with it. On the other
hand, the binding of OVM to HA was significantly reduced after sialic
acid removal to only 30% to 40% of the original (Fig. 2). These results
showed the same tendency in H5N1 and H1N1, which proves that sialic
acid is involved in the recognition of HA and OVM. After sialic acid
was removed, this binding could be inhibited. Thus, we demonstrate
that one of the antiviral activity mechanisms of OVM is associated
with sialic acid in the OVM oligosaccharide chain competing with the
cellular receptor for binding HA. After removing sialic acid, OVM still re-
tains some ability to bind HA, presumably through other recognition
mechanisms. In fact, sialic acid was not completely removed after enzy-
matic hydrolysis (Fig. 1B). Therefore, this binding may be associated
with sialic acid residues, and the role of sialic acid in this mechanism
may be underestimated.

To further demonstrate the influence of the terminal monosaccha-
ride of carbohydrate chain in the binding of OVM with HA, several
monosaccharides that are commonly foundnear the endof the oligosac-
charide chain were selected and tested. To determine whether Gal, Fuc,
Man and free sialic acid could bind with HA, we conducted competition
experiment. The results show that after adding of these free sugars first,
the binding of OVM and HAwas not significantly different and basically
maintained at the same level. It suggests that these carbohydrates are
not involved in binding and cannot prevent this interaction.Monomeric
sialic acid is thought to be unable to compete effectively with the recep-
tor on target cells for binding to influenza virus, while dendritic sialic
acid structure is more effective against influenza virus [33]. The process
by which influenza virus recognizes sialic acid is strongly related to its
linked pattern [14,19,34,35]. This is similar to the finding that free sialic
acid does not effectively bind with HA in this study (Fig. 3).

Sialic acid is a highly electronegative sugar molecule, and the role in
OVM isworth in-depth exploration. For this reason, we designed the in-
fluence of free sialic acid on the interaction betweenOVMandHAunder
different sequences of addition. When OVM was added firstly and then
free sialic acid, there was no significant change in the binding of OVM
with HA, and the interaction remained at the same level as the control.
However, it was exciting to note thatwhenOVMwaspreincubatedwith
free sialic acid, its binding to HA was significantly enhanced compared
to the control. It had the same effect on H5N1 and H1N1 (Fig. 4). Sialic
acid in OVM was involved in the recognition of HA. Free sialic acid
does not directly bind to HA but mixed with OVM can effectively im-
prove the interaction. Sialic acid is electronegative and carries multiple
O atoms and N atoms that can have many unique physicochemical ef-
fects [27,36]. Taken together, this study proposes a novel mechanism
hypothesis that sialic acid plays an active role in the antiviral activity
of OVM (Fig. 6). First, sialic acid in theOVM carbohydrate chain is recog-
nized by the influenza virus HA as a receptor [37]. On the other hand,
free sialic acid is not directly involved in HA binding, but it can bind
OVM to form an eupolymer by electrostatic interaction or hydrogen
bond [38], promote OVM to bind and co-precipitate with HA. Therefore,
OVMmaintain effective defense against virus, and enhance its antiviral
activity. In a future study, this hypothesiswill be explored in vitro and in
cell experiments.

In addition,we also analyzed the influence of OVMstructure after re-
moving sialic acid. The results exhibited that the secondary structure
does not change too much but can cause OVM tertiary structural
changes and that increasing the surface hydrophobicity causes molecu-
lar expansion [39,40]. This may increase the hydrogen bond binding
sites of sialic acid to OVM. Therefore, the structural interpretation of
OVM antiviral activity is worth further study.
5. Conclusions

Ovomucin contains sialic acids with both α2-6 and α2-3 linkages,
and theα2-6 bond is higher than the α2-3 bond, which helps it against
a wide variety of influenza viruses. The hemagglutinin of the influenza
virus recognizes and binds to the ovomucin carbohydrate chain termi-
nal sialic acid, and the interaction is greatly diminished after the sialic
acid is removed. Therefore, sialic acid is an important recognition site
for ovomucin to play a role in the binding of hemagglutinin competing
with host cell surface receptors. At the same time, the removal of
ovomucin sialic acid lead to a slight increase in the random coil of sec-
ondary structure and enhance surface hydrophobicity. We also found
a unique role for free sialic acid. The addition of free sialic acid can pro-
mote the binding of ovomucin to hemagglutinin and enhance ovomucin
anti-influenza virus activity. This in-depth study and exposition can
complement the mechanism of ovomucin involved in innate immunity
and provide new ideas and perspectives for the development of anti-
virus agents.
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