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ABSTRACT: Chicken egg white (CEW) is a perfect source of natural proteins that possesses outstanding functional properties
and various bioactivities. The glycosylation structure of CEW proteins plays important roles in their functions, bioactivities, and
allergies. The present work attempted to identify N-glycosites of CEW proteins using an omics strategy. CEW proteins were
digested with trypsin and chymotrypsin; glycopeptides were enriched and deglycosylated using PNGase F in H,'®O water,
followed by analysis using high-performance liquid chromatography/tandem mass spectrometry (HPLC-MS/MS). A total of 71
N-glycosites in 26 CEW glycoproteins were identified. Web-Logo analysis showed that most of the N-glycosites were at N-X-T
(55%) and N-X-S (32%). Furthermore, two-dimensional electrophoresis of CEW clusterin demonstrated a series of spots
horizontally distributed at 35—37 kDa with an extremely wide isoelectric point range of 4.54—6.68, indicating the heterogeneity
of glycosylation of CEW clusterin. These results provided important information for the understanding of the structures,

functions, and bioactivities of CEW glycoproteins.
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Bl INTRODUCTION

The functions of proteins depend on their structures, including
their post-translational modifications and especially their
glycosylations."”” Research in the field of egg science has
shown that the glycosylation of chicken egg white (CEW)
proteins plays important roles in egg white thinning, defense
against microbes, and egg white allergies.’ ® The highly
glycosylated ovomucin is considered the main provider of the
viscosity of egg whites; the degradation of %lycans on ovomucin
will result in the thinning of egg white.” Meanwhile, CEW
glycoproteins and glycopeptides play important roles in
resisting microbial invasion. For example, ovomucin and its
derived glycopeptides demonstrated antiag§lutinating activi
toward Newcastle disease virus and E. coli.”® In addition, the
mannosylated CEW protein and ovalbumin could attenuate an
orally induced egg allergy in mice, indicating that glycan
modification of CEW proteins would influence the egg-induced
allergies.” "’

Therefore, a number of studies have focused on the
glycosylation sites and glycan structures of CEW proteins.
The main CEW proteins, including ovalbumin, ovomucoid,
ovomucin, and ovotransferrin, are all glycoproteins, and their
glycosylation sites have been clarified.'”'* However, other
CEW glycoproteins suffer from a lack of investigation. Several
CEW proteins, such as ovoinhibitor, clusterin, and ovoglyco-
protein, are known as glycoproteins, but details about their
glycosylation are lacking. In addition, the glycosylation of
hundreds of low-abundance CEW proteins, which were found
in proteomic studies, has also not yet been explored.'*"*

The present work aims to identify the N-glycosites in CEW
proteins using an omics strategy. CEW proteins were digested
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with trypsin and chymotrypsin, and the glycopeptides were
collected using lectins, followed by deglycosylation using
PNGase F in H,'®O water. Deglycopeptides were identified
using high-performance liquid chromatography/tandem mass
spectrometry (HPLC-MS/MS), and N-glycosites were ob-
tained from the MS/MS data via the MASCOT program. The
results will provide important structural information about
CEW glycoproteins and will be beneficial for clarifying the roles
of glycosylation in the functional and biological activities of
CEW proteins. These results will also aid in the understanding
of the underlying mechanism of quality changes/deterioration
during egg storage and processing.

B MATERIALS AND METHODS

Egg White Sampling. Fresh chicken eggs laid within 24 h from
white leghorns were collected in the morning from the Poultry
Research Center farm of Huazhong Agricultural University and were
used in the study.

Digestion, Enrichment, and Deglycosylation of CEW
Glycopeptides. CEW proteins were processed based on the “filter-
aided sample preparation” (FASP) protocol.'>'¢ Briefly, CEW
lyophilized powder (400 pg) was dissolved with 200 uL of UA buffer
(8 mol/L urea, 150 mmol/L Tris-HC], pH 8.0) in a 10-kDa filtration
tube (Amicon Ultra, Millipore, Bedford, MA). Then, 100 uL of
iodoacetamide (60 mmol/L in UA buffer) was added, and the solution
was treated for 30 min at room temperature. After elution with 25
mmol/L NH,HCO;, proteins were digested using trypsin or
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chymotrypsin (8 pg in 40 uL of NH,HCO;, 100 mmol/L) at 37 °C
for 12 h. After centrifugation, the filtrate containing digested peptides
was transferred to a new 10-kDa filtration tube, and a lectin mixture
(150 uL) containing concanavalin A (Sigma, L7647), wheat germ
agglutinin (Sigma, L9640), and RCA120 (Sigma, L7886, Louis, MO)
in a 2:1 mass proportion to peptides was added to the top of the tube.
After 1 h of incubation, unbound peptides were washed, and captured
peptides were eluted twice with 25 mmol/L NH,HCO, in H,"0.
Deglycosylation was performed in H,'®O at 37 °C, 4 ug of PNGase F
(Roche, 11365185001, Mannheim, Germany) was added, and
incubation occurred at 37 °C for 3 h to release asparagine-linked
oligosaccharides. The final solution was washed with 25 mmol/L
NH,HCO; and concentrated to 25 uL.

Mass Spectrometric Analysis. Mass spectrometric measurements
were performed via HPLC-ESI-MS/MS using a Q-Exactive mass
spectrometer equipped with an Easy-nLC (Thermo-Fisher Science,
Bremen, Germany). Ten microliters of deglycosylated peptides was
loaded onto an Easy column (Thermo Scientific, 75 ym X 100 mm, 3
pum), and separation was performed at a flow rate of 250 nL/min using
a gradient constructed from solution A (2% acetonitrile, 0.1% formic
acid) and solution B (84% acetonitrile, 0.1% formic acid): 4—10% B
for 2 min; 10—20% B for 120 min; 20—45% B for 120 min; 45—100%
B for 10 min; and 100% B for 18 min. The mass range for the MS scan
was set to 300—1800 m/z, the MS resolution was 70 000 at m/z of
200, the AGC target was 3 X 10%, the maximum IT was 20 ms, the
number of scan ranges was 1, and the dynamic exclusion was 25.0 s.
For MS/MS analysis, peptides were subjected to fragmentation by
high-energy collision-induced decomposition (HCD). The isolation
window was 2 m/z, the resolution of MS/MS was 17 500 at m/z of
200, the maximum IT was 60 ms, the normalized collision energy was
27 €V, and the underfill ratio was 0.1%."7'

MS/MS Data Analysis. Analysis of the data was performed using
MaxQuant software version 1.3.0.5 and comparing against the
databases (NCBInr, Gallus, v20160311). The search used was a
MS/MS ion search, with trypsin or chymotrypsin as the enzyme, and
up to two missed cleavages were allowed. Carbamidomethylation (C)
was set as a fixed modification; deamidation with *O (N) and
oxidation (M) were specified as variable modifications. Peptide ions
were identified with a mass tolerance of S ppm, and fragment ions
were identified with a mass tolerance of 0.1 Da. For identification, the
false discovery rate (FDR) was specified to 1% at both the peptide and
site levels."”*® The complete operational processes are shown in
Figure 1.

Two-Dimensional Electrophoresis and Clusterin Identifica-
tion. CEW was diluted with distilled water (1:1, V/V), followed by a
two-step polyethylene glycol (PEG) precipitation (PEG-8000, S—9%,
w/w) to obtain clusterin-containing fractions (Ps_s).”" Then, the Ps_,
fractions were ultrafiltered using a cup ultrafilter (model SCM300,
Shanghai Institute of Applied Physics, Shanghai, China) equipped with
a 50 kDa molecular weight cutoff (MWCO) ultrafiltration membrane
(SINAP Membrane Science and Technology Co. Ltd., Shanghai,
China). The retained fraction (clusterin-rich fraction) was collected
and used for the following analysis.

Two-dimensional electrophoresis (2-DE) analysis was performed as
in the previous study.'”*” Briefly, the clusterin-rich fraction (40 ug of
total protein) was loaded onto DryStrip IPG strips (24 cm; pH 4—7)
and isoelectrically focused. After equilibration to resolubilize proteins
and to reduce disulfide bonds, the second-dimension electrophoresis
was performed using a 10% SDS-PAGE. Protein spots were visualized
by Coomassie Brilliant Blue staining, and data analysis was performed
using the Image Master V 7.0 program (GE Healthcare). For
identification, the candidate protein spots were excised from the gel
and digested with trypsin (Promega, Madison, WI). Then, the digested
peptides were identified using a matrix-assisted laser desorption/
ionization time-of-flight MS/MS (MALDI-TOF MS/MS, Bruker,
Karlsruhe, Germany). Data were searched against the protein database
(NCBInr, Gallus gallus) via the MASCOT program (http://www.
matrixscience.com).22

Bioinformatics Analysis. All of the potential glycosylation sites of
the identified CEW glycoproteins were predicted by the NetNGlyc 1.0
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Figure 1. Flowchart of N-glycosite identification in chicken egg white
(CEW) proteins.

Server (http://www.cbs.dtu.dk/services/NetNGlyc/ ) based on the
sequences obtained from the UniProt database (http://www.uniprot.
org/ ).

B RESULTS AND DISCUSSION
Identified N-Glycosites in CEW. Glycopeptides derived

from CEW proteins were enriched using mixed lectins and
deglycosylated by PNGase F in H,'®0, resulting in a transfer of
the originally glycosylated asparagine to aspartic acid (occupied
by —'®OH) with a 2.99-Da increase in molecular weight, which
can be exploited to identify N-glycosites.''® For obtaining
higher coverage, two different proteases, trypsin and chymo-
trypsin, were used for the digestion of CEW proteins.

A total of 88 unique glycopeptides were identified (Table 1);
these peptides contain 71 N-glycosites and belong to 26 egg
white proteins. All of the identified glycopeptides were
identified with high precision, and the mass tolerance of
peptide ions was less than S ppm (Figure 2A). During the
identification of the 88 glycopeptides, 53 of them were
identified in the chymotrypsin digestion process, 35 of them
were identified in the trypsin digestion process, and 17 of them
were identified in the both digestion processes (Figure 2B).

The canonical N-glycosylation motif is N-X-[S/T] (where X
is not proline); N-X-C has also been considered as one of the
conserved sequences. Here, Web-Logo was employed to
visualize the sequence motifs around the N-glycosites (9
amino acids on each side).”® As shown in Figure 2C, threonine
(T) and serine (S) were significantly overrepresented at the +2
position, meaning that most of the identified egg white N-
glycosites were typical sites. A preference for serine (S), aspartic
(D), glycine (G), and leucine (L) at the +1 position was also
obvious. In the present study, N-glycosites that matched with
N-X-T (55%) occurred more frequently than those that
matched with N-X-S (32%). Additionally, there were 3 N-X-
C motif N-glycosites (4%) in the identified result, and the other
six identified N-glycosites (9%) are noncanonical sequons
(Figure 2D). The representative MS/MS spectra of the N-
glycopeptides are presented in Figure SI.
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Table 1. continued

@

score
48.97
38.03

exp. mass (Da)® calc. mass (Da)®

m / 2 charge

peptide (digestion enzyme, CT: chymotrypsin; T: trypsin)

DLKGTVYPVGN*HTDPPFVPAPF (CT)
SHSSMPPN*NTYVN*FER (T)

position of glycosite

protein name

no. in UniProt

2367.19

2370.19

1186.10 2*

BPI fold-containing family C protein N2+

FINYJ8

R4GG81

1884.82 1878.83

94341 >

N297

death-associated protein kinase 3

calc. mass”, molecular weight of peptide calculated theoretically, assuming there is no modification. “score”, N-linked

“N*”, conversion of Asn to ("*O)Asp resulting from '*O/PNGase F treatment; ““C”, carbamidomethylated cysteines.

b«

xperimental data.

lecular weight of peptide based on the e

glycosylation localization score calculated using MaxQuant.

»

€xXp. mass , mo.

a«

d
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Although trypsin is the most commonly used enzyme tool in
proteomic studies, chymotrypsin had a higher efficiency for the
identification of N-glycosites in the present work, as many more
N-glycosites were identified with the chymotrypsin digestion
process (53) than with the trypsin digestion process (35). We
had the same result in our previous ovomacroglobulin work."”
This phenomenon suggests that chymotrypsin maybe a more
effective enzyme tool for the identification of N-glycosites.

Chicken Egg White Glycoproteins. Of the 26 identified
egg white N-glycoproteins, approximately 46% (11) carried a
single N-linked sugar chain (Table 1). Ovomucin (including
Mucin-5B and Mucin-6) was the most heavily N-glycosylated
protein in egg white, with 16 N-glycosites, followed by
ovomucoid, with 9 N-glycosites (Figure 3).

Ovomucin. As the most heavily glycosylated protein in
CEW, ovomucin is composed of two subunits, a-ovomucin
(Mucin-5B) and f-ovomucin (Mucin-6).”* Mucin-5B is mainly
N-glycosylated and contains 24 predicted N-glycosites, 18 of
which have been identified in previous research.'” Here, we
identified 15 N-glycosites from Mucin-SB; 11 of them are
included in Offengenden et al’s work, while 4 of them are
newly identified. Among the 15 sites, N (NDS) was found
unoccupied in Offengenden et al’s work, but here it was
identified as N-glycosylated with a Mascot Score of 163,
indicating that this site has both glycosylated and non-
glycosylated forms. Another two sites, N'®* (NIN) and N'¥7®
(NCQ), are localized at the noncanonical sequence with
Mascot Scores of 82 and 76, respectively, suggesting that they
are nonconserved sites.

Conversely, Mucin-6 contains e}‘pproxjmately 60% glycans,
which are mostly O-glycosylated.2 Even so, Mucin-6 has 11
predicted N-glycosites because of its long sequence (1185 AA).
In Offengenden et al.’s work, N*** and N*** were occupied with
N—glycam.17 Here, another two sites, N''%® and N33 were
identified as being N-glycosylated.

Glycans occupy the N-glycosites of ovomucin and are
involved in its biological activities. For example, the
carbohydrate moiety of ovomucin can interact with Mg>* ions
and result in a strengthening of its antiviral activity.” Recently,
Sun et al’s work demonstrated that ovomucin-derived
glycopeptides could disturb the adhesion of E. coli to porcine
erythrocytes and thus have the potential to resist infectious
diseases.” All of these results implied that the glycans of
ovomucin play key roles in the protein’s bioactivities and
indicated that the glycosylation structure of ovomucin needs to
be further investigated. Therefore, the newly discovered
glycosylation sites will be helpful in clarifying the glycosylation
structure of ovomucin.

Ovomucoid. Another highly glycosylated egg white protein,
ovomucoid, has been mostly investigated. According to
sequence analysis, ovomucoid contains 6 potential N-
glycosites.”> A total of 9 asparagine residues were covalently
attached to glycan groups in the present work, including 5
canonical sites that were confirmed previously and another
canonical site (N'¥2) and 3 noncanonical sites (N%, N'¢, and
N'2) that were identified for the first time. Ovomucoid is the
major allergen of egg white, and the glycans play important
roles in the protein’s structure and allergenicity,26 suggesting
that the location of glycosites may exert certain effects.
Therefore, the newly identified sites and the linked N-glycans
of ovomucoid should be investigated and characterized.

Lysozyme. Although CEW lysozyme does not contain the
consensus sequence motif NX(S/T) in its sequence, there is
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Figure 3. Distribution of identified N-glycosylation sites in CEW
proteins.

undeniable evidence to demonstrate the existence of an N-
glycosylated form of lysozyme at a low abundance level
Recently, Asperger et al. identified the N-glycosites of lysozyme
for the first time using an optimized analytical approach and a
novel data interpretation workflow.”” The two newly
discovered glycosylation sites, N** and N*, are both localized
at a nonconsensus sequon (NXN, NXQ). Surprisingly, these
two low-abundance and unconventional N-glycosites of
lysozyme also formed three different N-glycopeptides in the
present work. In addition to the trypsin-derived N-glycopeptide
FESNENTQATN*R, which was identified in Asperger et al.’s
work, another two new N-glycopeptides, ESNFN*T-
QATNRNTDGSTDY and NTQATN*RNTDGSTDY, were
identified in our mass spectrometry data. All three of the
identified glycopeptides included both N* and N*, but either
N* or N* was N-glycosylated, suggesting that it is not
common for glycosylation to occur at both adjacent sites.
Clusterin. Clusterin is a widely expressed secretory
glycoprotein that is found in mammals and other vertebrates.”*
CEW clusterin is a disulfide-linked heterodimer of an alpha
subunit (sequence from residues 232—448) and a beta subunit
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(sequence from residues 21—231).”’ This protein is considered
a glycoprotein based on the sequence analysis but has not yet
been verified. In the present work, 5 potential N-glycosites were
experimentally confirmed to be occupied by oligosaccharide
chains, indicating for the first time that CEW clusterin is a
glycoprotein.

Mammalian clusterin is a multifunctional glycoprotein that is
distributed in ubiquitous tissues and is involved in many
important physiological processes ranging from organ develop-
ment to Alzheimer’s disease.”” The biological functions of
clusterin should be due to its interaction with a wide range of
molecules, such as lipids, immunoglobulins, and amyloid
proteins.”® The N-glycans of clusterin, as the most variable
part of the molecule, may have important roles in the
interactions with its target molecules. CEW clusterin is thought
to interact with other CEW proteins and to stabilize them
during the development of the embryo or storage of fresh
eggs.””>' Therefore, the glycosylation structure of CEW
clusterin needs to be further characterized.

Ovalbumin-Related Proteins X and Y. Ovalbumin-related
proteins X (OVA-X) and Y (OVA-Y) are glycoproteins, but
details about their glycosylation are lacking.”” The alignment of
OVA-X and OVA-Y revealed that the sequence identities of
these two proteins were as high as 71% and that both of them
contained 4 potential N-glycosites. Furthermore, these
predicted N-glycosites were all located at identical positions
and with the same sequences, except that the N'** (NYS) of
OVA-X differed from the N** (NYT) of OVA-Y. Here, 2 N-
glycosites of OVA-X and 3 N-glycosites of OVA-Y were
founded in the MS/MS analysis.

Other CEW Glycoproteins. Other well-known CEW
glycoproteins, such as ovalbumin, riboflavin-binding protein
(RBP, also known as ovoflavoprotein), and avidin, were also
predictably identified as being N-glycosylated, and their
acknowledged glycosylation sites were all reproduced in the
present HPLC-MS/MS results (Table 1). Ovoinhibitor and a;-
acid glycoprotein (ovoglycoprotein) are also known as
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glycoproteins, but their glycosites have not yet been reported.
In this study, 2 N-glycosites on ovoinhibitor and 3 N-glycosites
on ovoglycoprotein were experimentally verified for the first
time. Ovomacroglobulin, as the second largest protein in egg
white, contains up to 13 potential N-glycosites according to
sequence analysis, and 12 of them had been confirmed
experimentally in our previous work. Here, 5 sites were again
confirmed to be N-glycosylated.

Low-abundance CEW proteins are not easily detected in
MS/MS analysis because of their extremely low content and the
interference from high-abundance CEW proteins.”> Never-
theless, a number of low-abundance CEW proteins were
experimentally confirmed as glycoproteins for the first time in
the present study. These proteins included some enzymes in
CEW, such as sulthydryl oxidase 1 and aminopeptidase Ey;
several proteins that are transferred from chicken serum, such
as apolipoprotein D, hemopexin, EW13S, and TENP; and some
subunits of immunoglobulin, such as the Ig mu chain C region,
lambda chain C region and J chain.

Heterogeneity of CEW Clusterin. Glycoproteins usually
exist in multiple glycoforms, and the heterogeneity of
glycosylation likely affects the properties of glycoproteins.”
Here, the heterogeneity of CEW glycoproteins was demon-
strated using clusterin as a representative.

After expansion in a 2-DE gel, the clusterin-rich CEW
fraction showed two series of spots near the molecular weights
of 35 and 37 kDa (Figure 4). These spots were further

Figure 4. Visual illustration of the heterogeneity of clusterin
glycosylation using 2-DE. Clusterin was separated by 2-DE using 24
cm (pH 4—7) IEF strips and 10% SDS-PAGE gels, and the labeled
spots were identified using MALDI-TOF MS/MS.

identified using MALDI-TOF MS/MS analysis, and the results
confirmed that spots 1 and 2 were the alpha subunit of
clusterin, while spots 3—6 were the beta subunit (Table 2).
Although the theoretical MW of these two subunits are similar,
the experimental MWs were different by 2—3 kDa.
Coincidentally, the average molecular weight of an N-linked
glycan is approximately 2.5 kDa,” implying that there may be
one more N-glycan on the alpha subunit than on the beta
subunit of CEW clusterin. The pI values of the alpha subunit,
spots 1 and 2, ranged from 4.54 to 4.85, while the pI values of
the beta subunit, spots 3 to 6, ranged from 5.06 to 6.68. The
wide range of pl values indicated that the oligosaccharide chains

of clusterin are varied. It was speculated that the more acidic
isoforms of the alpha subunit (pI = 4.54—4.85) would contain
N-glycans with higher sialic acid contents. From the 2-DE
results, it can be inferred that CEW clusterin has a high degree
of heterogeneity in its N-glycan profiles.

In summary, this study is the first attempt of the analysis of
the CEW glycoproteome, with the goal of trying to identify as
many N-glycosites as possible. Many glycoproteins and N-
glycosites were experimentally identified and confirmed for the
first time. The N-glycosylated modification information is
extremely important for understanding the structures, func-
tions, bioactivities, and allergenicities of CEW glycoproteins.
Nevertheless, N-glycosites are only one aspect of the
glycosylation structure, and other glycosylation information,
such as the composition and structure of N-glycans,
heterogeneity of glycosylation forms, and integrated glycopep-
tide structure, need to be further investigated.
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