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Abstract: Ovomucin, a hen egg white protein, is characterized by its hydrogel-forming properties,
high molecular weight, and extensive O-glycosylation with a high degree of sialylation. As a commonly
used food ingredient, we explored whether ovomucin has an effect on the gut microbiota. O-Glycan
analysis revealed that ovomucin contained core-1 and 2 structures with heavy modification by N-
acetylneuraminic acid and/or sulfate groups. Of the two mucin-degrading gut microbes we tested,
Akkermansia muciniphila grew in medium containing ovomucin as a sole carbon source during
a 24 h culture period, whereas Bifidobacterium bifidum did not. Both gut microbes, however,
degraded ovomucin O-glycans and released monosaccharides into the culture supernatants in a species-
dependent manner, as revealed by semi-quantified mass spectrometric analysis and anion exchange
chromatography analysis. Our data suggest that ovomucin potentially affects the gut microbiota
through O-glycan decomposition by gut microbes and degradant sugar sharing within the community.
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INTRODUCTION

The hen egg white ovomucin, a mucin-like glycoprotein
complex representing 3.5 % of hen egg white proteins,"
is responsible for the gel property of albumen. With its
viscosity, egg white provides mechanical protection from
bacterial penetration into the egg yolk.? As a functional
ingredient in food processing, ovomucin contributes to the
foaming and emulsion properties of albumen.® Ovomucin
is also known to have anti-viral,%¥97 antiadhesive,® and
anti-tumor activities.” Therefore, its application can be ex-
pected in a broad range of purposes, especially with the
recent advances in separation techniques of ovomucin from
other egg white components.)?!91D12

Ovomucin is composed of two subunits: the relatively
homogeneous, carbohydrate-poor a-ovomucin with a mo-
lecular size of 220-270 kDa, and the heterogeneous, carbo-
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hydrate-rich B-ovomucin with a molecular size of > 400
kDa.!» The carbohydrate contents for each subunit account
for approximately 15 % and 58 % by weight, respective-
ly." They form a linear polymeric structure via disulfide
bonds in a specific subunit ratio, often becoming insoluble
as a result. a-Ovomucin, whose homologs are not found
in mammals, has a 2,087 amino acid long polypeptide.'>
It has a similar protein structure to gel-forming mucins,
with four von Willebrand D (VWD) domains and a cys-
teine-knot (CK) domain at the C-terminal end, which is in-
volved in intermolecular oligomerization. However, a-ovo-
mucin does not contain an obvious proline/threonine/ser-
ine-rich (PTS) domain,'® which generally serves as the site
of modification by O-glycans via GalNAc-O-Ser/Thr resi-
dues. It is modified by N-glycans at 15 potential N-glycosy-
lation sites.!” B-Ovomucin is an ortholog of a gel-forming
mucin, MUCS6,'9 and is abundantly modified by O-glycosy-
lation, and also by N-glycosylation to a lesser degree. The
13 structures of ovomucin O-glycan have been suggested
by NMR and mass spectrometric analyses.'®'?202) Those
oligosaccharide moieties consist of 2—6 carbohydrate resi-
dues, which contain terminal capping by sialic acid and/or
modification with a sulfate group.

In addition to antiviral and anti-adhesive activities, O-
glycans of ovomucin can be a quality carbohydrate source
for some bacteria, including specific gut microbes. Such
mucin-degrading gut microbes in humans include Akker-
mansia muciniphila, which is notable for its association
with reduction of obesity and type-2 diabetes,’*> and Bifi-
dobacterium bifidum, a probiotic species. Previous studies
have shown that these species possess sets of extracellular
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glycosidases involved in mucin glycan degradation.?$25262D
Moreover, the sugars released by their glycosidases are not
only assimilated by these species but are also consumed
by specific microbes or shared within the bacterial com-
munity,®® thus potentially influencing the structure of gut
microbiota. Therefore, ovomucin can also be a potential
agent to modify the gut microbiome through degradation by
mucin-degrading gut microbes.

In this study, we analyzed ovomucin O-glycan structures
by mass spectrometry and estimated the amount of each
O-glycan species. Furthermore, to explore ovomucin’s ca-
pability as an agent to increase mucin-degrading gut mi-
crobes, A. muciniphila and B. bifidum were cultured in
media containing ovomucin and examined for their abili-
ty to degrade ovomucin O-glycans. Our results indicated
that mucin-degrading gut microbes can degrade ovomucin
O-glycans for assimilation and release decomposed sugars
into the environment, suggesting the possibility that ovo-
mucin may have a significant effect on gut microbiota.

MATERIALS AND METHODS

Reagents. Porcine gastric mucin (PGM, type III)
was purchased from Sigma-Aldrich (St. Louis, MO,
USA). PGM was extensively dialyzed against wa-
ter and then lyophilized prior to use. Lacto-N-fu-
copentaose 1 (Fucal-2GalB1-3GlcNAcB1-3Galp1-4Glc,
LNFP I) and  sulfo-Lewis a  trisaccharide
[(SO;)-3Galp1-3(Fucal-4)GIcNAc, S-Le*] were purchased
from Carbosynth Ltd. (Compton, UK) and Prozyme, Inc.
(Hayward, CA, USA), respectively. Unless otherwise sta-
ted, all other reagents used in this study were of analyti-
cal grade.

Preparation of enriched ovomucin fraction from egg
white. Lyophilized powder of the protein preparation con-
taining ovomucin (hereafter referred to as ovomucin pow-
der) was prepared and kindly provided by the R&D Divi-
sion, Kewpie Corporation, Tokyo, Japan. Briefly summar-
ized, the egg white was homogenized with a mixer, and
diluted 2-fold with 100 mM NacCl, followed by 30 min
of stirring. After adjusting the pH to 6.0 with 2 M hydro-
chloric acid, the protein precipitation was pelleted by cen-
trifugation at 10,000 x G for 20 min. The protein pellet
was redissolved in 100 mM NaCl, the pH was adjusted to
6.0, and the protein precipitation was pelleted as mentioned
above, and this was repeated five times. The final protein
precipitation was collected and lyophilized.

Glycoprotein analysis. The ovomucin powder (100 pg) was
dissolved in 45 pL of 43 mM sodium phosphate buffer
(pH 7.5), and treated with 1 pL of peptide: N-glycanase
F (PNGase F, Roche Diagnostics, Rotkreuz, Switzerland)
and incubated for 18 h at 37 °C to remove N-glycans. The
samples with and without PNGase F treatment were then
separated on a 5-20 % acrylamide gel by SDS-polyacryla-
mide gel electrophoresis (PAGE). To detect the proteins,
the gels were stained with Coomassie Brilliant Blue R-250
(Quick-CBB, Wako Pure Chemical, Osaka, Japan). For
the detection of glycoproteins, the gels were stained using
ProQ Emerald 300 Glycoprotein Gel and Blot Stain Kit

(Thermo Fischer Scientific, Waltham, MA, USA) according
to the manufacturer’s instruction. Stained gels were visual-
ized using a 312 nm UV transilluminator.

Release and purification of O-glycans from mucin. To
collect ovomucin glycoproteins from culture media after
incubation with or without gut microbes (described later),
ice-cold acetone (4-fold volume of the culture media) was
added and placed on ice for 20 min. Then, the protein
precipitation was collected by centrifugation at 15,000 x
G for 20 min at 4 °C. O-Linked glycans were released
by reductive B-elimination under the following conditions:
the protein precipitation was resuspended in 1 mL of 1 M
sodium borohydride and 100 mM sodium hydroxide and
incubated for 18 h at 45 °C. The reaction was then stopped
by adding 10 % acetic acid on ice, followed by the addition
of glycan standards (500 pmol of LNFP I and 250 pmol
of S-Le* per 100 pg mucin protein). Next, the solution
was applied onto a column of Dowex 50WX8 (H* form,
Sigma-Aldrich) resin (approximately 1 mL bed volume),
washed out with 5 % acetic acid, and then lyophilized to
dryness. Residual borate was removed as an azeotrope with
methanol by adding 0.3 mL of 10 % acetic acid in methanol
and drying under a nitrogen stream, which was repeated
two additional times. To remove residual peptides and re-
agent contaminants, the dried material was resuspended in
500 pL of 5 % acetic acid and loaded onto a Sep-Pak Cq
cartridge column (100 mg, Waters, Milford, MA, USA)
pre-equilibrated with at least 3 mL of 5 % acetic acid. Re-
leased oligosaccharide alditols were recovered by collect-
ing the column run-through and an additional 2 mL of wash
with 5 % acetic acid and lyophilized. For further clean
up, the samples were dissolved in 1 mL of ultrapure water
and load onto a graphitized carbon (GC) cartridge column
(InertSep GC column, 150 mg/3 mL, GL Sciences, Tokyo,
Japan). GC cartridge columns were activated by 12 mL of
0.1 % trifluoroacetic acid in 80 % acetonitrile and washed
with 8 mL of ultrapure water before use. After loading
the samples, columns were washed with 1 mL of ultrapure
water. The O-glycan alditols were eluted in 25 % (v/v)
acetonitrile containing 0.05 % (v/v) trifluoroacetic acid.
Glycan permethylation and phase-separation. The puri-
fied oligosaccharide alditols were permethylated as descri-
bed previously.?® In addition to hydroxy groups, carboxy
groups and secondary amines of N-acetyl groups were also
methylated with this method. Briefly, the glycan samples
were reconstituted in 200 pL. of DMSO. Then, 250 pL of a
base (a mixture of saturated sodium hydroxide and DMSO)
and 100 pL of methyl iodide were added, and the mixtures
were vigorously mixed for 5 min. After that, 2 mL of 5
% acetic acid were added and mixed by pipetting until the
cloudiness became clear. Subsequently, dichloromethane (2
mL) was added, vortexed, and centrifuged (470 x G, 3 min
at room temperature) and the upper layer (water-phase),
which contained the permethylated sulfated glycan alditols,
was transferred to another tube. This phase-separation was
repeated four times. At last, the upper layer was removed
and the lower dichloromethane layer (organic phase) con-
taining the permethylated non-sulfated glycan alditols was
dried under a nitrogen stream. For further purification, both
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glycan fractions were load on to a Sep-Pak C,; cartridge
column pre-equilibrated with water and eluted in metha-
nol. Permethylated glycan alditols were dried under a nitro-
gen stream.

Mass spectrometric analysis of permethylated O-glycan
alditols. The permethylated glycans were dissolved in 2,5-
dihydroxybenzoic acid matrix solution (10 mg/mL 2,5-di-
hydroxybenzoic acid in 50 % methanol) and subjected to
MS analysis. MALDI-TOF/MS or MALDI-TOF/TOF/MS
(LIFT) analyses were implemented by using AutoflexIII
(Bruker Daltonics, Billerica, MA, USA) in the positive ion
mode and the reflector mode. Glycan compositions were
estimated based on the m/z values of glycan ion peaks by
using the ExPASy GlycoMod tool (https://web.expasy.org/
glycomod/). MS data was acquired in a m/z range from 400
to 3,000.

Bacterial strains and culture conditions. Akkermansia mu-
ciniphila JCM 30893 and Bifidobacterium bifidum JCM
1254, which were obtained from RIKEN BioResource Re-
search Center (Ibaraki, Japan), were pre-cultured at 37 °C
in Gifu Anaerobic Medium (GAM) (Nissui Pharmaceuti-
cal, Tokyo, Japan) under anaerobic conditions using the
AnaeroPack system (Mitsubishi Gas Chemical Co., Tokyo,
Japan). Basal medium (2 g/L yeast extract, 10 g/L peptone,
5 g/L sodium acetate, 2 g/ diammonium citrate, 0.2 g/L
magnesium sulfate, 2 g/L dipotassium hydrogen phosphate,
and 1 g/L cysteine hydrochloride), which was supplemen-
ted with a reducing reagent (0.8 g/L cysteine hydrochloride
and 4.4 g/L sodium carbonate at final concentrations) after
autoclaving, was used for culture.?® Ovomucin powder or
porcine gastric mucin (PGM) was added to the medium at
0.5 % (w/v) as a carbon source. The growth was monitored
by determining the number of colony-forming units (CFU)
on GAM agar plates at the indicated time points. Data were
expressed as means + standard errors (SE).
Monosaccharide analysis. High—performance anion ex-
change chromatography (HPAEC) with pulsed ampero-
metric detection (PAD) was implemented using Dionex
ICS-3000 (Thermo Fisher Scientific) with the CarboPac
PA1 column (2 x 250 mm, Dionex) at 30 °C. Eluting sol-
utions used were ultrapure water (mobile phase A), 0.25
M NaOH (mobile phase B), and 1 M sodium acetate (mo-
bile phase C). For separation of neutral monosaccharides
including Fuc, Gal, GalNAc, and GIcNAc, the elution was
performed at a flow rate of 0.25 mL/min with an isocratic
eluent of 94.0 % A/5.5 % B/0.5 % C for the first 20 min.
The column was then washed with an eluent of 19.5 %
A/80 % B/0.5 % C for next 10 min and equilibrated with
the initial eluent of 94.0 % A/5.5 % B/0.5 % C for 15
min before the next run. For detection of NeuAc, the elu-
tion was carried out as described previously.*? The stand-
ard curves were created with the known concentrations of
the sugars.

Acid hydrolysis to release sialic acid residues. For quan-
tification of the total amount of NeuAc in the protein
preparation, NeuAc residues were released by acid hydrol-
ysis. The sample was incubated in 0.01 M hydrochloric
acid for 1 h at 80 °C and followed with neutralization
by adding an equal volume of 0.01 M sodium hydroxide.

Fig. 1.

Glycoproteins in the protein preparation used in this study.

(A) CBB staining of the sample (10 pg) separated on a 5-20
% acrylamide gel. Prior to separation, PNGase F treatment was per-
formed. (B) Periodate-based ProQ Emerald 300 staining of the sam-
ple. OM, ovomucin; OVMG, ovomacroglobulin; OVA, ovalbumin;
LZ, lysozyme.

The samples were subjected to monosaccharide analysis
by HPAEC-PAD.

RESULTS

Assessment of ovomucin sample.

Hen egg white is known to contain ovalbumin (540 g/kg
egg white protein), ovotransferrin (120 g/kg), ovomucoid
(110 g/kg), ovomucin (35 g/kg), and lysozyme (35 g/kg),
as major protein fractions as well as ovomacroglobulin
(5 g/kg) and other proteins as minor protein fractions."
The ovomucin powder, which was prepared as described
in the Materials and Methods section, was first separated
on SDS-gradient polyacrylamide gel electrophoresis and
stained with Coomassie Brilliant Blue (Fig. 1A). The two
major bands with approximately 270 kDa and 150 kDa
in size were presumed to be a-ovomucin and ovomacroglo-
bulin, respectively."”3? The broadly stained larger band
(over 400 kDa), which hardly migrated into the gel, was
presumed to be B-ovomucin, some of which is present as
an insoluble polymeric complex of a- and B-ovomucin.
The minor smaller bands are considered to be ovalbumin
(about 50 kDa) and lysozyme (14 kDa). Upon PNGase F
treatment for removal of N-glycans, the band of ovomacro-
globulin slightly shifted due to the loss of N-glycans, while
the band of a-ovomucin was mostly unaffected. Supposing
that a-ovomucin is modified with di-sialylated N-glycans at
all 15 potential sites,!” removal of these N-glycans would
cause its molecular weight to decrease by 34 kDa. The high
molecular weight of this protein may make it difficult to
detect the band shift in SDS-PAGE analyses. It is also pos-
sible that the negative charge of sialylated glycans attached
to the non-treated native protein affects migration in the gel
during electrophoresis. When the gels were stained using
periodate-based ProQ Emerald 300 Gel stain kit for the
detection of glycoproteins, both a- and B-ovomucin mole-
cules were stained regardless of treatment with PNGase
F, whereas the staining of ovomacroglobulin became faint
after PNGase F treatment (Fig. 1B). The periodate staining
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Fig. 2.

Full mass profiles of the permethylated O-glycan alditols released from ovomucin.

O-Glycans were released through reductive B-elimination. The purified O-glycan alditols were permethylated and subsequently partitioned
into an organic phase containing non-sulfated O-glycan alditols and a water-phase containing sulfated O-glycan alditols. Each fraction was
further purified and subjected to analysis with MALDI-TOF/MS in a positive ion mode for (A) non-sulfated O-glycans and for (B) sulfated
O-glycans. Deduced glycan structures are shown near the respective glycan ion peaks. Glycan symbols are depicted according to the nomencla-
ture committee of the Consortium for Functional Glycomics (http://www.functionalglycomics.org/static/consortium/consortium.shtml). Asterisks
indicate LNFP 1 (m/z 1100.6 [M + Na]") and S-Le* (m/z 780.3 [M + 2Na — H]"), which were externally added to the specimens for the

semi-quantification of glycan amounts.

for other smaller proteins was negligible. Together, these
results indicate that the O-glycans liberated from ovomucin
powder in this study represent ovomucin glycoproteins.

O-Glycan analysis of ovomucin.

With the ovomucin powder, we analyzed the O-glycan
profiles by mass spectrometry. The fractions of non-sulfa-
ted and sulfated permethylated O-glycan alditols, which
are the result of glycan permethylation and phase-separa-
tion described in the Materials and Methods section, were
separately subjected to MALDI-TOF/MS analysis in the
positive ion mode. As shown in Fig. 2, the glycan ion peaks
corresponding to the compositions of permethylated glycan
alditols as sodium adducts were identified in the full mass
profiles: eight from the non-sulfated O-glycan fraction and
four from the sulfated O-glycan fraction, summarized in
Table 1.

MS/MS fragments for each glycan ion peak were further
obtained by MALDI-TOF/TOF/MS (LIFT) analysis. The
pertinent diagnostic ions determining each glycan structure,
i.e. m/z 620 for a fragment of N-acetylneuraminic acid-sub-
stituted galactose (NeuAc-Gal) as a sodium adduct, were
detected in the MS/MS profiles, and the deduced glycan
structures are shown in Fig. S1 and S2 (see J. Appl. Glyco-
sci. Web site).

Furthermore, semi-quantification for each glycan species
was performed based on the ion intensities by normaliza-

tion with those of the externally added glycan standards:
LNFP I for non-sulfated glycans and S-Le* trisaccharide
for sulfated glycans (see Fig. 4, control). The most abun-
dant glycan was a monosialylated core-2 structure with
a monosulfated LacNAc unit (m/z 1,432.8 [M + 2Na —
H]", estimated amount: approximately 670 pmol per 100
pg protein), followed by a monosialylated core-2 structure
(m/z 1,140.6 [M + Na]*, estimated amount: approximately
350 pmol per 100 pg protein) and a monosialylated core-2
structure with a non-sulfated LacNAc unit (m/z 1,344.7 [M
+ Na]*, estimated amount: approximately 240 pmol per 100
pg protein). Based on this semi-quantification data and the
deduced glycan structures, the molar ratio of the composi-
tional monosaccharides in total ovomucin O-glycans was
calculated to be 4.8 (Gal), 1.0 (GIcNAc), 2.9 (GalNAc), 2.8
(NeuAc), and 1.5 (GlcNAc-6S), respectively.

In summary, ovomucin O-glycans were found to com-
prise two series of O-glycans based on core-type: core-1
structures and core-2 structures that are modified by mono-
or di-sialylation with NeuAc. Core-1 series contain a sialyl
T-antigen. The sulfate group is added onto GlcNAc residue
on the LacNAc moiety of core-2 structures. We failed to
detect a monosialylated core-1 structure with 6-sulfated
GalNAc-moiety reported in a previous study by Kato et
al.' Nonetheless, the present data were essentially consis-
tent with the previous reports of O-glycan analysis of ovo-
mucin,'®92020 which demonstrates the validity of our re-
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Table 1. O-Glycans from hen egg ovomucin before and after cultivation with mucin-degrading gut microbes.

Calculated Estimated amounts of O-glycans
. Observed mass monoisotopic (pmol per 100 pg protein)®
Deduced glycan composition® Core-type
(m/z) mass
(m/z) Control A. muciniphila B. bifidum
(Non-sulfated O-glycans) [M + Na]*
H1-HexNAcitol 534.29 534.2885 core-1 53.9 128.1 227.0
HIN1-HexNAcitol 779.41 779.4148 core-2 76.1 53.7 52.6
NA1HI1-HexNAcitol 895.46 895.4621 core-1 215.7 48.3 76.8
H2N1-HexNAcitol 983.50 983.5146 core-2 53.2 15.6 10.6
NATHINI-HexNAcitol 1140.58 1140.5885 core-2 348.9 62.8 29.0
NA2H1-HexNAcitol 1256.62 1256.6358 core-1 24.0 5.6 3.9
NATH2NI1-HexNAcitol 1344.69 1344.6882 core-2 242.4 41.5 9.3
NA2H2NI1-HexNAcitol 1705.86 1705.8619 core-2 51.7 17.8 33
(Sulfated O-glycans) [M + 2Na — H]*
S1H2N1-HexNAcitol 1071.56 1071.4377 core-2 220.1 26.6 252
SINATHINI-HexNAcitol 1228.66 1228.5116 core-2 36.5 28.3 7.6
SINATH2NI-HexNAcitol 1432.76 1432.6114 core-2 666.2 118.0 13.1
SINA2H2NI1-HexNAcitol 1793.94 1793.7850 core-2 237.0 58.8 0.8

*Abbreviations used are as follows; hexose, H; N-acetylhexosamine, N; N-acetylneuraminic acid, NA; sulfate group, S. "Estimated amounts
of each O-glycan species were calculated based on the peak intensities normalized with those of externally added standards (LNFP I for the
non-sulfated O-glycans and S-Le? for the sulfated O-glycans)(see Figs. 2 and 4).

sults.

Akkermansia muciniphila growth on ovomucin.

In order to examine whether ovomucin O-glycan sup-
ports the growth of mucin-degrading gut microbes, we
cultured Akkermansia muciniphila and Bifidobacterium bi-
fidum in media containing 0.5 % (W/v) ovomucin powder
as a sole carbon source and determined colony-forming
units (CFU) after 24 h of cultivation. As a result, the CFU
of A. muciniphila increased 6.9-fold (p < 0.05, two-tailed
t-test) whereas no apparent increase was observed for B.
bifidum (Fig. 3). Both bacteria grew well with 0.5 % PGM,
which was used as an alternative carbon source and is
known to be abundantly fucosylated.?® Neither of species
grew without glycoprotein supplementation.

O-Glycan degradation by gut microbes.

The O-glycans after the 24 h of incubation were then
examined and compared with respect to the estimated
amounts for the identified twelve O-glycan species (Fig.
S3; see J. Appl. Glycosci. Web site and Fig. 4). As a result,
in both bacterial cultures, all the glycan peaks were mark-
edly reduced after incubation except for those of unmodi-
fied core-1 structures (Galfl-3GalNAc-itol, m/z 534.3),
which is generated by the degradation of larger glycan
structures. B. bifidum seemed to degrade a slightly higher
amount of more complex O-glycans. These results indica-
ted that overall rates of glycan decomposition were similar
between the two bacteria.

Amounts of free monosaccharides in the spent media.

We next determined the amounts of free monosacchar-
ides (Gal, GalNAc, GlcNAc, NeuAc, and Fuc) in the spent
media of 24 h cultures by HPAEC-PAD. GlcNAc-6S was
not included in the analysis because the compound did
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Fig.3.  Growth of mucin-degrading gut microbes on ovomucin.

Akkermansia muciniphila JCM 30893 (A) and Bifidobacterium
bifidum JCM 1254 (B) were cultured in basal media containing 0.5
% ovomucin powder or 0.5 % porcine gastric mucin (PGM) as a sole
carbon source. Colony-forming units (CFU) were determined at 0 h
and 24 h of incubation time. Mean values are shown with + SE. ***
P <0.001; ** P<0.01; ns, not significant (n = 3, two-tailed ¢-test).

not give a peak under the tested elution conditions. As
shown in Fig. 5A, Gal, GlcNAc, and NeuAc were detec-
ted in the ovomucin-supplemented culture supernatant of
A. muciniphila at concentrations of 37, 24, and 189 uM,
respectively, whereas the concentrations in cultures with
B. bifidum were 76, 0, and 120 uM, respectively. GalNAc
and Fuc were not detected in either culture supernatants.
Considering that similar degrees of degradation of ovomu-
cin O-glycans were detected in the MS analysis between
the two bacteria, the difference in the concentration of
free monosaccharides may reflect the metabolic capacity of
those bacteria for the monosaccharides. The initial NeuAc
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Ovomucin O-glycans were degraded by mucin-degrading gut microbes.

Akkermansia muciniphila JCM 30893 and Bifidobacterium bifidum JCM 1254 were cultured in media supplemented with 0.5 % ovomucin
powder as a sole carbon source. As a control, the same medium was incubated without bacteria. After 24 h culture, O-glycans were analyzed
with MALDI-TOF/MS (Fig. S1; see J. Appl. Glycosci. Web site). Semi-quantification of each glycan species was carried out with normaliza-
tion by use of peak intensities of LNFP I (500 pmol added) and S-Le* (250 pmol added) for the non-sulfated O-glycans and the sulfated

O-glycans, respectively.
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Amounts of free monosaccharides in the culture supernatants.
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The monosaccharides in the spent media after 24 h cultivation with Akkermansia muciniphila (Am), Bifidobacterium bifidum (Bb), and control
with no bacteria (Con) in the presence of 0.5 % (w/v) ovomucin powder and PGM were analyzed by HPAEC-PAD. Concentrations of free
Gal, GlcNAc, and NeuAc in the ovomucin-containing media (A), and those plus Fuc in the PGM-containing media (C) are shown. Amounts
of NeuAc released from ovomucin by incubation with Akkermansia muciniphila (gray) and Bifidobacterium bifidum (black) are compared with
amounts released by acid hydrolysis (AH) treatment (B). Calculated amounts of residual NeuAc on ovomucin after 24 h culture are also shown in
the graph (white in Am and Bb). Data represent the means of biological triplicates + SE.

amount attached to ovomucin sugar chains was estimated
to be 13.7 nmol/100 pg protein by acid hydrolysis followed
by HPAEC-PAD analysis. On the other hand, the amounts
of free NeuAc present in the supernatants in 4. muciniphi-
la- and B. bifidum-cultures were 3.8 nmol and 2.4 nmol/100
pug ovomucin, respectively (Fig. 5B). In the supernatant
of PGM-containing medium cultured with A. muciniphila,
neither NeuAc nor Fuc were detected, while low amounts
of Gal and GIcNAc were found. In contrast, Gal, Fuc, and
NeuAc, but not GIcNAc, were abundantly present in the
spent media of PGM with B. bifidum (Fig. 5C). Consistent
results were obtained by thin-layer chromatography analy-
sis of free sugars of culture supernatants (Fig. S4; see J.
Appl. Glycosci. Web site).

DISCUSSION

In this study, we analyzed O-glycan structures of ovomu-
cin and estimated the amount of glycans by semi-quantifi-
cation using full-mass profiles of MALDI-TOF/MS anal-
ysis. MS and MS/MS fragment analyses allowed us to
identify nine non-sulfated structures (eight ion peaks) and
four sulfated structures. Although MS analysis is incapable
of determining sugar anomeric configurations and linkage
positions in depth, our results of sugar compositions and
glycan sequences is essentially consistent with previous
studies, in which the glycan structures were analyzed by
techniques involving NMR,!®292D indicating the common
modification patterns of ovomucin. It should be mentioned
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that our semi-quantification analysis revealed for the first
time that the most prevalent O-glycan structure is a mono-
sialylated, monosulfated core-2 structure.

Most of these O-glycan structures were decomposed by
mucin-degrading gut microbes used in this study (Fig. 4).
A. muciniphila and B. bifidum commonly possess glyco-
side hydrolases (GHs) relevant to mucin degradation,?2027)
which include GH29/GH95 o-fucosidases,?*%3> GH33 sia-
lidases,*3"3) GH2 B-galactosidases,* and GH20 B-N-ace-
tylhexosaminidases.??*” Thus, ovomucin O-glycans would
be degraded by sequential enzymatic hydrolysis of the gly-
cosidic linkages by those GHs. There are, however, some
differences in the O-glycan degradation pathways between
these bacteria. One such difference resides in the final step
of degradation. In 4. muciniphila, the Galp1-3GalNAc dis-
accharide core-1 structure (galacto-N-biose, or T-antigen)
linked to Ser/Thr residues of the polypeptide is hydrolyzed
by GH35 B-galactosidase to release Gal, leaving the inner-
most GalNAc on polypeptides.*’ On the other hand, in
B. bifidum, the GalP1-3GalNAc disaccharide unit can be
released by GHI101 endo-a-N-acetylgalactosaminidase.?”
Unfortunately, we failed to detect the GalNAc signal (m/z
330) in this study because MS data was acquired in a m/z
range from 400 to 3,000. Detection of Galfl-3GalNAc
by HPAEC-PAD was also impossible under the conditions
we employed, because the disaccharide is quite unstable
in alkaline conditions.*? In addition to the difference in T-
antigen degradation processes between the two organisms,
another difference may reside in sulfated glycan degrada-
tion process. We recently found that bbhll, a GH20 gene
in B. bifidum, encodes a sulfoglycosidase that can release
GIcNAc-6S from mucin.®® A previous study*” has dem-
onstrated that A. muciniphila uses sulfatases for sulfated
glycans, and it is possible that the organism encodes an un-
identified sulfoglycosidase, as its genome contains eleven
GH20 homologs.

Interestingly, a comparison of the concentrations of free
sugars in the ovomucin-containing culture supernatants be-
tween A. muciniphila and B. bifidum revealed differences
in their metabolic capacities. When the amounts of free
Gal and GIcNAc were compared, Gal concentration of B.
bifidum supernatants was double that of A. muciniphila.
Conversely, GIcNAc was undetectable in B. bifidum super-
natants, whereas a significant amount of free GIcNAc was
left in A. muciniphila supernatants. These results may re-
flect their carbohydrate preferences, implying that B. bifi-
dum utilizes GIcNAc prior to Gal and NeuAc. The results
from PGM culture supernatants more clearly showed those
preferences, where Akkermansia consumed all the sugars
except GIcNAc, while B. bifidum left sugars other than
GlcNAc unconsumed. These carbohydrate preferences and
the ratio of monosaccharide components of ovomucin O-
glycans may explain the reason why A. muciniphila but
not B. bifidum grew on the ovomucin medium, although
we only observed a 24 h snapshot (Fig. 3). It should be
mentioned that the total monosaccharide concentration de-
rived from ovomucin O-glycans does not exceed 0.08 %
(W/v), as estimated from semi-quantification MS analysis
of ovomucin attached NeuAc quantification. The growth

of A. muciniphila on ovomucin may rely on peptide back-
bone degradation.

Sialylation is a characteristic of ovomucin, where at least
13.7 nmol NeuAc was contained in 100 pg ovomucin pow-
der (Fig. 5B). Free NeuAc found in the culture superna-
tants of 4. muciniphila and B. bifidum was about 28 and
18 %, respectively, of NeuAc released by acid hydrolysis
(Fig. 5B). In the human intestine, it is known that free
NeuAc released from host glycoconjugates is utilized by
a number of bacteria, including multiple species of Clos-
tridia, Bacteroides, Bifidobacterium, certain subspecies/se-
rovars/strains of Vibrio cholerae, Ruminococcus gnavus,
and Akkermansia muciniphila that have the nan clusters,
nanA/K/E or nanLET*> By analysis with KEGG pathway,
it was predicted that A. muciniphila has a N-acetylneura-
minate lyase (NanA) that converts NeuAc to N-acetylman-
nosamine (ManNAc), which could lead to peptideglycan
biosynthesis via GIcNAc.” By contrast, B. bifidum does
not have genes responsible for NeuAc assimilation. To our
surprise, however, our results were contrary to past studies
in that even though B. bifidum degraded a slightly higher
amount of O-glycans into monosaccharides from ovomucin
than 4. muciniphila did, the concentration of free NeuAc
left in supernatant of B. bifidum was lower than that of
A. muciniphila (Figs. 4 and 5A). Although the reason for
this is still unknown, it may suggest that B. bifidum con-
verts NeuAc to unidentified compounds by an unknown
pathway, because it was able to grow on NeuAc-containing
medium as a sole carbon source with an ODg,, of up to
0.2.29 NeuAc liberated from mucin O-glycan by B. bifidum
can be shared with Bifidobacterium breve that possesses
the nand cluster.*® Also, past studies have reported that
co-culturing of 4. muciniphila with non-mucin degrading
butyrate-producing bacteria Anaerostipes caccae, Eubacte-
rium hallii, and Faecalibacterium prausnitzii in media con-
taining mucin as a sole carbon source resulted in syntrophic
growth and production of butyrate.*” Thus, it is possible
that released sugars from ovomucin can enhance the growth
of other non-mucin degrading gut microbes.

Ovomucin O-glycan is easily decomposed by mucin-de-
grading gut microbes, but its effect on gut microbiota
formation or alteration would comprise of complicated pro-
cesses such as direct feeding of certain gut microbes, indi-
rect-feeding of other bacteria (cross-feeding),?® and compe-
tition over released monosaccharides among the microbial
members. Nonetheless, our results suggest the potential for
the application of ovomucin as a food additive.
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