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Abstract

Milk proteins serve as nutrition and affect neonate development and immunity through their bioactivity. Post-translational modifications of pro-
teins affect their bioactivity. Glycosylation is the attachment of sugar moieties to proteins, with attachment of glycans to asparagine indicated as
N-linked glycosylation. Our objective was to characterize N-linked glycosylated proteins in homogenate swine milk samples collected from sows
(n = 5/6) during farrowing to represent colostrum and on days 3 and 14 post-farrowing to represent transitional and mature milk, respectively.
Glycopeptides were isolated with lectin-based extraction and treated with Peptide N-glycosidase F (PNGase F) to identify N-linked glycosylation
sites. Purified glycopeptides were analyzed by label-free liquid chromatography—-tandem mass spectrometry (LC-MS/MS). MaxQuant software
was used to align spectra to Sus scrofa Uniport database to identify proteins and measure their relative abundances. Analysis of variance and
Welch's t-test analysis identified glycoproteins differentially abundant between colostrum, transitional, and mature milk (false discovery rate
<0.05). Shotgun proteome analysis identified 545 N-linked and glutamine, Q, -linked, glycosylation (P> 0.75 for deamidation) sites on 220
glycoproteins in sow milk. Glycoproteins were found across all three phases of swine milk production and varied by number of glycosylation
sites (1-14) and in abundance and distribution between colostrum, transitional, and mature milk. Polymeric immunoglobulin receptor was the
most glycosylated protein with 14 sites identified. Also highly glycosylated were casein and mucin proteins. These data are described and the
relevance of glycosylated milk proteins in neonate development, such as protection against pathogens, is discussed.

Lay summary

Milk is essential for healthy growth and development of neonates, with proteins in milk serving as key nutrients and regulators of these pro-
cesses. Protein activity is affected by modifications made to their structure including the addition of sugar groups called glycans. Here we
present the characterization of sow milk proteins modification with glycan groups on asparagine and glutamine amino acids in colostrum, transi-
tional, and mature milk of pigs. We found 220 high confidences (found in at least two sows on one day) glycoproteins, and that the abundance
of glycosylated proteins varied by stage of milk production and number of glycosylated sites.
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Abbreviations: ACN, acetonitrile; ANOVA, analysis of variance; DAVID, database for annotation visualization, and integrated discovery; DTT, 1,4-dithiothreitol;
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immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MFGES8, milk fat globule-EGF
factor 8; MFGM, milk fat globule membrane; PCA, principal component analysis; PIGR, polymeric immunoglobulin receptor; PNGase F, Peptide N-glycosidase F

Introduction relatively high concentration of maternal antibodies needed
for the establishment of passive immunity in neonates (Theil
et al., 2014). Transitional milk production spans from
approximately 34 h to 9 d after parturition and then the

Neonatal pigs are completely reliant on the sow’s milk for
a nutrient supply as well as a range of bioactive factors that
impact their immunological and physiological development : , : ,
(Theil and Hurley, 2016). Adequate intake of the first milk period of mature milk production commences which lasts

colostrum and milk yield throughout lactation are the pri- until weaning.

mary factors limiting survival, growth, and development of The COfHIIPOSIt.lOH ofénarfrllmary;ecretloélslyarles aprosz tﬁe
piglets. Colostrum is the first milk secreted and available to course of factation and retlects the metabolic activity ot the

piglets in the first 24-36 h after farrowing. Colostrum is a gland and tl}e deve!op:inentalbneeds ofhneoniites. The ;on—
rich concentrated source of protein reflecting, in part, the ~ centration of protein drops between the colostrum phase
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Figure 1. Workflow of the isolation and identification of glycosylated proteins in sow milk. Milk collected during farrowing, day 0 (DO) to represent
colostrum, and on day 3 (D3) and 14 (D14) post-farrowing to represent transitional and mature milk.

and transitional phase of milk production, with a concom-
itant rise in lactose and lipid content, reflecting the onset
of secretory activation of the mammary gland (Theil et al.,
2014). Our recent analysis of macronutrient and lipid con-
tent of sow milk found the greatest change in composition
between colostrum and early transitional milk, which was
collected on day 3 postnatal, with early transitional milk
more similar to mature milk, which was collected on post-
natal day 14 (Suarez-Trujillo et al., 2021; Bradshaw et al.,
2021) whereas there was little difference in macronutrient
composition between late transitional milk, which was col-
lected on day 7 postnatal and mature milk. Milk protein
production increases in a pattern similar to the lactation
curve and peaks at 700-800 g of protein secreted daily. In
parallel to changes in the production level of proteins are
changed in component proteins, reflecting the activity of the
gland and stage-specific developmental needs of the neonate
across the course of lactation (Bradshaw et al., 2021). Milk
proteins are generally characterized according to how they
segregate during fundamental methods of fractionating milk
into lipid rich and skim components, reflecting that milk is a
partially stable emulsion of fat globules. Proteins in the lipid
fraction are associated with the milk fat globule membrane
(MFGM). The skim milk fraction contains the casein and
whey proteins. The whey proteins are defined as all of the
skim milk proteins excluding the caseins, and encompass a
wide range of proteins with an extensive array of functions.
In order to understand how the proteins of each of these
fractions change relative to each other across lactation, we
measured the proteome of homogenate sow milk samples
using liquid chromatography—tandem mass spectrophotom-
etry (LC-MS/MS) (Bradshaw et al., 2021). Milk samples
were collected during farrowing to represent colostrum, on
day 3 postnatal to represent transitional milk and on day
14 postnatal to represent mature milk. More than 500 pro-
teins were measured across the samples. Of these proteins,
207 were identified as being high-confidence proteins, as
they were found in multiple sows within a day, and 81 were
common across the three days. The difference between the
most and least abundant proteins was more than four orders

of magnitude, which indicated that both major and minor
milk proteins were measured using our approach.

Post-translational modifications increase the diversity of
proteins and affect their bioactivity as well as provide addi-
tional sources of nutrients or functional macromolecules
like oligosaccharides and lipids. Glycosylation is the attach-
ment of sugar moieties to proteins (Reily et al., 2019), and
glycans mediate receptor-ligand interactions, cell communi-
cation, host-pathogen interactions, correct protein folding,
and protect proteins from digestion (O’Riordan et al., 2014).
Studies of milk glycoproteins indicate that such modifica-
tions are important to neonate health, as for example the
milk fat globule glycoproteins mucins and lactadherin (aka
milk fat globule-EGF factor 8, MFGES) inhibit the adhe-
sion of enteric and respiratory microorganisms (Schroten
et al., 1992; Yolken et al., 1992; Patton et al., 1995) partly
through the glycosyl groups. Although glycosylation of pro-
teins has been implicated in various biological functions; gly-
coprotein components and interspecies complexity have not
yet been elucidated fully in milk proteins. Glycosylation is
characterized by various glycosidic linkages, including N-,
O-, and C-linked glycosylation, with N-linked glycosylation
accounting for approximately 90% of glycosylation types
on proteins. The “N” denotes that the glycans are covalently
bound to the carboxamide nitrogen on asparagine (N) resi-
dues. N-glycosylation occurs cotranslationally by the addi-
tion of glycan molecules to the nascent protein as it is being
translated and transported into the endoplasmic reticulum.
The overall objective of this study was to characterize N-gly-
cosylated and glutamine (Q) glycosylated proteins in homog-
enate swine milk samples and describe how they changes over
the course of lactation. Lectin-based purification was used to
isolate glycosylated proteins from homogenate milk samples,
and proteins were measured using LC-MS/MS.

Materials and Methods

Experimental animal design

All procedures involving animals were reviewed and approved
by the Institutional Animal Care and Use Committee (Purdue
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IACUC Protocol #1605001416) prior to the start of the
experiments (Figure 1). Milk samples used for this study were
collected from six multiparous sows at the Purdue University
Animal Research and Education Center (ASREC) Swine Unit.
Standard farrowing protocols for the ASREC Swine facility
were followed, with sows allowed to farrow naturally, after
being moved to maternity crates on day 112 of gestation. On
postnatal day 1, all litters were standardized to 12-14 piglets.

The collection of samples is previously described (Brad-
shaw et al., 2021) but also provided here in brief. Colostrum
samples were collected from sows 1 h after delivery of the
first piglet and designated as day 0 (DO). Early transitional
milk was collected on day 3 (D3). Milk samples collected on
day 14 (D14) represented mature milk. During colostrum col-
lection, piglets remained with the dam, and sample collection
was done during active labor when natural levels of oxytocin
are high. On days 3 and 14, at 0600, piglets were removed
from the sow for 1 h before milk collection. To stimulate milk
let down, just prior to collection, sows were injected with
1 mL oxytocin (VetOne; Boise, ID; 20 USP/mL) intervalvular
using a 20-gauge x 1.5-inch needle. If milk was not let down
in response to exogenous oxytocin, one or two piglets were
returned to sow to further stimulate milk let down. Teats were
cleaned with 70% ethanol and wiped clean with sterile gauze
then sprayed with water to remove access ethanol left behind
and wiped clean again with sterile gauze. All sows were hand
milked, and samples were collected into sterile 50 mL poly-
propylene conical tubes. For colostrum and milk samples,
at least 45 mL of milk was collected. Milk and colostrum
were collected evenly from thoracic, abdominal, and inguinal
mammary glands. Following collection, homogeneous milk
samples were aliquoted equally into 2 mL conical tubes, flash
frozen in liquid nitrogen, and stored at -80 °C until further
analysis.

Sample preparation for glycopeptides enrichment

Isolation of glycosylated proteins and proteome analysis was
conducted in the Purdue Proteomics Facility at the Bindley
Bioscience Centre, Purdue University. Analysis was conducted
on milk samples from the six sows collected each of the
three days, except, due to the loss of one D14 sample, only
five samples were available for analysis on this day. Frozen
milk samples were thawed on ice. One hundred fifty micro-
liters of milk samples were homogenized in the Barocycler
NEP2320 (Pressure Biosciences, Inc.) at 4 °C for 90 cycles
(45 min, each cycle lasting 20 s at 33,000 psi followed by 10 s
at 1 atmosphere). After homogenization, samples were trans-
ferred to a new tube and mixed with 3 volumes of 8 M urea
and vortexed for 1 min before centrifugation at 13,500 rpm
for 10 min at 4 °C. The clear solution was transferred to a
new tube and protein concentration was determined using
a Pierce™ BCA assay kit (Thermo Scientific). Based on the
protein concentration, an aliquot containing 100 pg of pro-
tein (equivalent volume) was taken for processing. Before the
digestion, protein was precipitated and concentrated from the
solution using four volumes of cold acetone (-20 °C) over-
night. After drying the precipitated protein pellets in Speed-
Vac, the protein samples were reduced using 10 pL of 10 mM
1,4-dithiothreitol (DTT) followed by alkylation with 10 pL
of 2% iodoethanol, 0.5% triethylphosphine in acetonitrile
(ACN) as described previously (Mohallem and Aryal, 2020),
Sequence grade Lys-C/Trypsin (Promega) prepared in 25 mM

ammonium bicarbonate buffer was used to enzymatically
digest the protein samples, and digestions were carried out in
the Barocycler NEP2320 (Pressure Biosciences, Inc.) at 50 °C
under 20,000 psi for 1 h (60 cycles, each cycle lasting 50 s at
20,000 psi and 10 s at 1 atmosphere). Digested samples were
cleaned using the microspin C18 columns (Nest Group) using
manufacturer’s protocol, dried, and resuspended in 10 pL of
3% ACN, 0.1% formic acid (FA) in water.

Glycopeptides were purified using ProteoExtract Glycopep-
tide Extraction kit (Millipore Sigma) following the manufac-
turer’s protocol. The ProteoExtract kit is designed to capture
high-mannose, hybrid, and complex-type glycosylated pep-
tides. Briefly, peptides reconstituted in binding buffer were
mixed with ZIC Glycocapture Resin and incubated with con-
tinuous mixing at 1,200 rpm for 20 min. Samples were then
washed with washing buffer, and incubated with agitation for
10 min, for a total of three times. Glycopeptides were eluted
with elution buffer and dried in a SpeedVac. Glycopeptides
were resuspended in 19 pL of 25 mM ammonium bicar-
bonate buffer and treated with 1 pL Peptide N-glycosidase
F (PNGase F) for 1 h at 37 °C. PNGase F is an amidase of
the peptide-N4-(N-acetyl-beta-glucosaminyl) asparagine that
cleaves between the innermost GIcNAc and asparagine resi-
dues, resulting in a deaminated peptide and a free glycan Fol-
lowing PNGase F treatment, samples were dried, resuspended
in 10 pL of 97% purified water, 3% ACN, and 0.1% FA.

Liquid chromatography tandem mass spectrometry

Glycoproteome analysis was performed using enriched gly-
copeptides by label-free shotgun LC-MS/MS. Of the 10 pL
peptide sample, 4 pL was injected and analyzed in a Dionex
UltiMate 3000 RSLC nano System (Thermo Fisher Sci-
entific, Odense, Denmark) coupled online to an Orbitrap
Fusion Lumos Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA), as described previously (Mohallem and
Aryal, 2020; Zembroski et al., 2021). Reverse phase peptide
separation, using a trap column (300 pm ID x § mm) packed
with 5 pm 100 A PepMap C18 medium coupled to a 50-cm
long x 75 pm inner diameter analytical column packed with
2 pm 100 A PepMap C18 silica (Thermo Fisher Scientific).
The column temperature was maintained at 50 °C. The sam-
ple was loaded to the trap column in a loading buffer (3%
ACN, 0.1% FA) at a flow rate of 5 pL/min for 5 min and
eluted from the analytical column at a flow rate of 200 nL/
min using a 120-min LC gradient as follows: linear gradient
of 6.5%-27% of solvent B (80% ACN, 19.9% water, and
0.1% FA) in 82 min, 27%-40% of solvent B in next 8 min,
40%-100% of solvent B in 7 min at which point the gradient
was held at 100% of solvent B for 7 min before reverting to
2% of solvent B and held at 2% for 15 min for column equili-
bration. The column was washed and equilibrated using three
30-min LC gradients before injecting the next sample. All the
data were acquired in the Orbitrap mass analyzer using a
higher energy collisional dissociation fragmentation scheme.
The MS scan range was from 350 to 1,600 m/z at a resolu-
tion of 120,000. The automatic gain control target was set
at 4 x 105, maximum injection time (50 ms), dynamic exclu-
sion 30 s, and intensity threshold 5.0 x 104. MS data were
acquired in data-dependent mode with a cycle time of 5 s/
scan. MS/MS data were collected at a resolution of 15,000.
MaxQuant software (version 1.6.3.3) was used for protein
identification by searching against the Sus scrofa database
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Table 1. Categories and pathways enriched with non-glycosylated proteins
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Category No. proteins P-value Proteins

KEGG pathway complement coagulation cascade 7 1.7E-7 CS5, C6, C8B, CFB, FGB, PLG, SERPINF2

Innate immunity 6 0.0004 LBP, CS5, C8B, C6, CFB, FGB

Membrane attack complex 3 0.0001 CS, C6,C8

Innate immune response 6 0.001 APOE, ACTG1, HSPA8, CDH1, CTNNB1, CAP1,
Complement pathway 3 0.001 CS5,C8B, C6

Rap1 signaling pathway 5 0.004 GNAS, ACTG1, ANGPT2, CDH1, CTNNB1
Adherens junction 3 0.02 ACTG1, CTNNB1, CDH1

Calcium ion binding 7 0.003 MCFD2, FBLN2, NUCB1, GSN, SDF4, CDH1, AOAH

downloaded from UniProt (www.uniprot.org). The following
parameters were used: precursor mass tolerance of 10 ppm;
enzyme specificity of trypsin/Lys-C allowing up to two missed
cleavages; oxidation of methionine (M), acetyl N-term, and
deamination of asparagine (N) and glutamine (Q) as variable
modifications and iodoethanol (C) as a fixed modification.
Peptide spectral match and protein identification were set at
a false discovery rate (FDR) of <0.01. Results were filtered
to retain only proteins with non-zero iBAQ values in at least
two samples within the days and MS/MS (spectral counts) > 2
for further analysis. Glycoproteins were quantified by unique
plus razor peptides. Razor peptides are the non-unique pep-
tides assigned to the most of the proteins The LC-MS/MS
raw data files are available in the massive data repository
(massive.ucsd.edu) under ID MSV000090185.

Following the removal of decoy and contaminated pro-
teins, chemical deamidation was used to identify N and Q
glycosylation sites. A protein was considered as glycosylated
if the probability score of deamidation was >0.75 (class 1
glycosites). Data were uploaded to Perseus (v.16.15.0) for
downstream analysis. Data were filtered such that at least two
samples on any 1 d had a non-zero iBAQ value. For 0 values
that remained, imputed values were generated using Perseus
tool replace missing values based on normal distribution.
iBAQ values were log base 2 transformed, and statistical anal-
ysis that included principal component, analysis of variance
(ANOVA), and Welch’s ¢-test analysis was used to determine
differentially abundant proteins (Tyanova et al., 2016).

Proteins were identified as differentially abundant between
days using an adjusted P-value cut-off of 0.05. The UniProt
I.D.s were converted into Ensemble L.D.s using Database
for Annotation, Visualization, and Integrated Discovery
(DAVID); (Huang et al., 2009) and Ensemble BioMart (Howe
et al., 2021) software. Duplicate Ensemble IDs were removed
by selecting the reads with the highest intensity across all time
points. To retain robustness of data during functional anno-
tation analysis, S. scrofa Ensemble IDs were converted into
human Ensemble IDs before uploading into DAVID (Huang
et al., 2009). GeneCards (Stelzer et al., 2016) and Uniprot
databases were used to determine protein functions. To iden-
tify protein common between data sets, Ensemble IDs were
uploaded into Venny 2.1 (Oliveros, 2007-2015).

Results

MaxQuant software mapped LC-MS/MS data to 466 unique
Unitprot/Swiss Prot 1.D.s in the S. scrofa database. Of these,
319 were considered high-confidence proteins, as defined by
being detected in two samples within a day. After removing

redundant proteins, 289 remained, and 69 (21.63%) pro-
teins did not have high-confidence N or Q glycosylation sites
(Supplementary Table S1). Functional annotation analysis of
the proteins that lack the criteria of glycosylation (the prob-
ability score for deamidation >0.75) found seven of these
enriched the KEGG pathway complement coagulation cas-
cade, six were involved in innate immunity, and three were
involved in membrane attack complex and six as innate
immune response. There were also three involved in comple-
ment pathway and five enriched the Rap1 signaling pathway
(Table 1).

Principal component analysis (PCA) and heat map of pro-
teins with N/Q-link glycosylation sites demonstrated distinct
clustering of milk samples by day indicating that phase of milk
production affects the abundance and distribution of glyco-
sylated proteins (Figure 2a and b). There were 220 non-re-
dundant proteins that had at least one N or Q glycosylation
site (probability score of >0.75), and are shown according
to the changes in their abundance across the three phases
of lactation in Supplementary Table S2. In particular, there
63 glycoproteins differentially abundant between DO and
D3, between D3 and D14 there were 86 glycoproteins, and
between DO and D14, 135 glycoproteins (FDR < 0.05). Thus,
as illustrated by the heat map, which shows all glycosylated
proteins by individual sow and day, and data in Supplemen-
tary Table S2, it is evident that the relative abundance of most
glycosylated proteins decreases as lactation progresses from
colostrum to transitional and then mature phase of milk pro-
duction.

Of the 63 proteins differentially abundant between DO and
D3, 46 decreased and 17 increased. Proteins that decreased
in abundance included 5 Ig/Ig-like proteins, multiple growth
factors (FGF1, TGFB3, MSTN, PDGFC) and their modifi-
ers (NBL1) as well as lysosomal enzymes (DNASE2, GNS,
HEXA) vitamin (BTD) and mineral (SELENOP, CP) trans-
porters and extracellular matrix components (LAMAT,
LAMC1, THBS1, FMOD). Glycosylated proteins that signifi-
cantly increased between DO and D3 included multiple major
milk proteins-MFGM proteins (CSN1S1, LALBA, PLINS,
MUCH4, SAA2, BTN1A1, LPO) as well as CD209, a patho-
gen recognition receptor, MAN2A1, which catalyzes the first
committed step in the biosynthesis of complex N-glycans, and
Toll-like receptor-2 (TLR2).

Almost all of the glycoproteins differentially abundant
between DO and D14 were lower on D14 than on DO. Among
the proteins that decreased between the days were two apo-
lipoproteins (APOD and APOH), five complement proteins
(C2,C3,C4A, C7,and C8G), three carboxypeptidases (CPM,
CPB2, and CPQ), four cathepsins (CTSA, CTSB, CTSL, and
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CTSZ), two fucosidases (FUCA1 and FUCA2), and three ser-
ine protease inhibitors (SERPINC1, SERPIND1, and SERP-
ING1).

Functional annotation analysis of the glycosylated proteins
found 23 (10.45%) involved in KEGG pathway of lysosome.
Seventeen (7.72%) were involved in negative regulation of
endopeptidase activity, and eight (3.63%) were involved in
endopeptidase inhibitor activity. Four glycosylated proteins
were categorized as being involved in blood coagulation, and
eight in proteolysis, including cathepsin D (CTSD). Five were
found involved in tissue development and four were involved
in iron ion transport (Table 2).

The number of N and Q glycosylation sites per protein was
counted and found to range from 14 to 1 (Table 3; Figure
3; Supplementary Table S3). To gain a better understanding
of the potential role of glycosylated proteins in milk they
were categorized as highly glycosylated (26 glycosylation
sites), moderately glycosylated (5 to 2), and low glycosylated
(1 glycosylation site) categories. Nineteen (8.63%), proteins

{a} PCA plot of significant proteins
Total PC (38.83 %}

PC2(122%)

o
PC1 { 26.69%)

were defined as being heavily glycosylated. The most highly
glycosylated protein found in swine milk was polymeric
immunoglobulin receptor (PIGR), with 14 (12N and 2Q) gly-
cosylation sites. There were two casein proteins in the heavily
glycosylated category, CSN3 (Kappa-casein) with 12 (1N and
11Q) glycosylation sites, and CSN1S1 (Alpha-S1-casein) hav-
ing 10 (5N and 5Q) glycosylation sites. Three mucin proteins
were considered either heavily or moderately glycosylated
proteins. MUC4 had 11, MUC15 had 9, and MUC1 had 3
glycosylation sites, which were respectively 10 N and 1 Q, 8N
and 1Q, and 3N.

Among the moderately glycosylated proteins, there were
seven with five glycosylation sites, which included transco-
balamin 1 (TCN1) and lactoferrin (LTF). Sixteen (7%) have
four glycosylation sites and included the ] chain (joining
chain of multimeric immunoglobulin A [IgA] and immuno-
globulin M [IgM]). Functional annotation analysis indicated
that moderately glycosylated proteins had eight involved in
negative regulation of endopeptidase activity, six categorized

Significant protelns at ANOVA pvalue < 0.05
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Figure 2. Principal component scores plot of glycosylated proteins collected in the milk samples from sows during farrowing day 0 (DO; red) to
represent colostrum, day 3 (D3; blue) postnatal to represent transitional milk, and day 14 (D14; green) postnatal to represent mature milk (a). Heat map
of glycoproteins differentially abundant P < 0.05 between day 0 (D0), day 3 (D3), and day 14 (D14) (b).

Table 2. Categories and pathways enriched proteins with N/Q-linked glycosylation sites

Category No. proteins  P-value Proteins

KEGG pathway of 23 8.2E-20 ATP6AP1, CD63, ASAH1, NPC2, GAA, FUCA1, FUCA2, IDUA, CTSA, CTSB, CTSD,

lysosome CTSH, CTSL, CTSZ, DNASE2, GNS, GB, HEXA, LGMN, MAN2B1, PPT1, PSAP, SUMF1

Negative regulation of 17 2.4E-18  TIMP1, AHSG, C3, FETUB, HRG, ITIH2, ITIH4, KNG1, SERPINB4, F1SCC7, SER-

endopeptidase activity PINA3, SERPIN A3-8, SERPINA1, SERPIN, A7, SERPINC1, SERPIND1, SERPING1

Glycosidase 11 9.5E-10 GAA, FUCA1, FUCA2, IDUA, GANAB, GBA, HPX, HEXA, MAN2A1, MAN2BI,
AMY2A

Endopeptidase inhibitor 8 1.3E-10 AHSG, A2M, C3, C4A, FETUB, HRG, KNG1, PZP

activity

Antigen processing and 4 0.04 CALR, CTSL, LGMN, CTSB

presentation

Blood coagulation 4 0.001 FGG, SERPINC1, PROC, KLKB1

Proteolysis 8 0.0001 ANPEP, CPB2, CTSD, CTSH, LTF, LGMN, PROC, TFRC

Tissue development N 0.0001 POSTN, GAA, LAMA1, LAMC1, LAMB1

Iron ion transport 4 0.003 TFRC, CP, TE, LTF

Developmental protein 6 0.04 DNASE2, ANPEP, SEMA7A, CHRDL2, PDGFC, FGF1
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Table 3. Glycosylated proteins categorized by number of N or Q glycosylated sites per protein

No. N/Q-linked No. proteins Proteins
sites per protein
Highly glycosylated proteins (26 sites)
14 1 PIGR
12 1 CSN3
11 2 LAMA3, MUC4
10 1 CSN1S1
9 4 CEACAMI1, SAA2, FMOD, MUC15
8 4 A0A287AGWO0, FSTL1, I3LGTO0, CLU
7 3 A0A287B5C1, BRICDS, CP
6 3 AOA286Z5X6, MGAM, LALBA
Moderately glycosylated proteins (2-35 sites)
5 7 TCN1, SLC6A14, LTE, ITIH4, FAT2, CPM, TLR2
4 16 PGLYRP1, APOD, ANPEP, JCHAIN, AOA5G2QXTS, CHRDL2, LAMC1, F1SCD1, ORM1, THBST,
CPN2, TNC, VWDE, P00761, P01846, CSN1S2
3 28 AOA075B719, APOH, CTSA, APOB, SLC9A3R1, YBX1, CHL1, SERPINA3-2, GNS, PTPR], HPX,
LAMB1, FGG, LPO, MUC1, SERPIND1, FIRLO06, C4A, FUCA2, F1SCC9, LGMN, ZNF831, FGL2,
HAPLN3, PSAP, CEACAM21, NPC2, IGFALS
2 47 AOA286ZJZ7, PTPRK, RNASET2, LGALS3BP, FUCA1, HEXA, PTGDS, AOA287B626, AEBP1,

Low glycosylated proteins (1 site)
1 103

B4GALT1, RFC1, PON1, KNG1, ADAM12, FN1, MERTK, SEMA7A, ADGRG1, C7, SERPINC1, IDUA,
AOASG2RIVS, AOASG2RDR6, FOLR1, SERPING1, CTSZ, BTN1A1, BTD, KLKB1, F151G8, SMPDL3A,
GOLMT1, SLC34A2, MAN2B1, CREB3L1, LUM, F6Q5X1, I3LHC3, SELENOP, CSF2RA, TE, SPP1,
TGFB3, AHSG, GANAB, CTSV, MGP

A0A075B7H9, AOA075B7]J0, HYOUT, AOA286ZIM1, TINAGL1, SLC44A2, PPIB, RTN4R, NBL1,
SUSDS, SOD3, MYH?7, AOA286ZQ]J9, ALB, CD82, DAG1, AOA287A4Y3, PTPRE, MFAP4, CDSL, CS8G,
CD36, AOA287ATT2, ADGRGS6, FUT2A, AOA287BF7S, FUT11, SLC29A1, AOA287BRF1, CANT1,
PRNP, CD63, PPT1, HSPG2, PROC, CPB2, ATP6AP1, POSTN, CFI, MINPP1, HRG, LY96, TIMP1, F11R,
ASAH1, LPL, GBA, MAN2A1, PLBD2, PGLYRP4, C2, PLA2G7, C3, MPZL1, MFGES, F12, SIL1, OAZ1,
FOLR2, CTSB, CD209, CTSH, B4GAT1, FAM20A, FGA, CCDC40, BAGALT3, TSPAN1, SLC28A3,
CTSL, FGFBP1, C8A, LRG1, SERPINAT, MATN4, DNASE2, FETUB, SUMF1, F1SG31, TP23, PRSS23,
PLOD3, HS6ST1, CPQ, PDGFC, PZP, FAM20C, IL18BP, MSTN, CTSD, SAL1, ST3GAL1, F2, HSP90B1,
TFRC, SERPINA7, SEMA3E, CREG1, GAA, SLC15A1, TTIH2, MASP2, A2M

Proteins by no of glycosylation site There were 103 proteins (47%) identified with a single

high-confidence glycosylation site and categorized as low
glycosylated proteins. Functional annotation analysis found
7 of them were involved in serine-type endopeptidase inhib-
itor activity, 10 categorized as lysosome, 5 involved proteol-

ul ysis, and 5 were involved in endopeptidase inhibitor activity.
There were eight proteins involved in negative regulation
w2 of endopeptidase activity, nine involved in complement and
coagulation cascades, and three were involved in complement
=3 pathway (Table 4).
In addition, we compared the high-confidence glycoprotein
4 data set with the global swine milk proteome data set (Brad-
shaw et al., 2021) and found only 58 (28%) of the 207 high
=5 confidence proteins measured in the global proteome were
found in common with the data set of high confidence gly-
= coproteins considered in the current analysis (Figure 4). This
6 . . . .
T finding indicates that lectin-based glycoprotein enrichment
brings down a unique set of proteins.
Figure 3. Distribution of glycosylated proteins by total number of N/Q- Discussion
glycosylation sites. Lectin-based purification followed by LC-MS/MS proteome
analysis identified 545 glycosylation sites on 220 glycopro-
as serine-type endopeptidase inhibitor activity, eight as gly- teins in sow milk. Glycoproteins were found across all three

cosidase, and three involved in blood coagulation (Table 4). phases of milk production and varied in abundance and
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Table 4. Functional annotation analysis categories and pathways enriched with moderate and lowly glycosylated proteins

Category No. P-value Proteins

Moderately glycosylated
Negative regulation of endopeptidase 8 2.34E-08 SERPIND1, SERPINC1, AHSG, SERPING1, SERPINA3-8, I[TTH4,
activity F1CC7,KNG1
Serine-type endopeptidase inhibitor 6 9.00E-05 SERPIND1, SERPINC1, SERPING1, SERPINA3-8, ITIH4, F1CC7
activity
Glycosidase 1.67E-08 HPX, HEXA, FUCA2, FUCA1, MAN2B1, AMY2A, GANAB, IDUA
Blood coagulation 0.006 FGG, SERPINC1, KLKB1
Cell adhesion 0.0002 TNC, FOLR3, ADGRGT1, SPP1, CHL1, HAPLN3, THBSI1,

LGALS3BP

Receptor binding 7 0.0003 TNC, BTN1A1, SLC9A3R1, FGG, FGL2, KNG1, VWDE

Low glycosylated
Serine-type endopeptidase inhibitor activity 7 1.2E-05 PZP, SERPINA7, HRG, A2M, SERPINA1, SERPINB4, ITIH2
Lysosome 10 3.06E-11 PPT1, DNASE2, CD63, SUMF1, CTSL, FUCA2, GAA, ATP6AP1,

CTSD, CTSH

Proteolysis 0.002 TFRC, PROC, CPB2, CTSD, CTSH
Endopeptidase inhibitor activity 1.26E-06 PZP, A2M, FETUB, C3, HRG
Negative regulation of endopeptidase 2.83E-08 SERPINA7, FETUB, C3, HRG, TIMP1, SERPINA1, SERPINB4,
activity ITIH2
Complement and coagulation cascades 3.78E-08 C2, MASP2, C8G, CPB2, C3, A2M, PROC, SERPINA1, KLKB1
Complement pathway 0.001 C2, MASP2, C3

distribution between colostrum, transitional and mature milk.
The number of glycosylation sites per protein also varied,
ranging from 1 to 14, with 47% having only one high con-
fidence glycosylation site. Although milk protein samples in
the current study were enriched for N-glycosylated proteins,
51 glycoproteins were identified as having glycosyl groups on
glutamine (Q-linked glycosylation), with 79 of 545 (14.5%)
of the total glycosylation sites being Q-linked. The 220 glyco-
proteins identified accounted for approximately 50% of the
milk proteins measured across the two studies, which is sim-
ilar to the current estimation of 50% of proteins in the body
being glycosylated. (Song et al., 2021). Here we discuss the
potential role of glycosylation of sow milk proteins and com-
pare our results to similar studies of milk from other species.

The number of proteins measured in the current study
was similar to what we found in our analysis of milk pro-
teome across the same phases of sow lactation (Bradshaw
et al., 2021). However, these data are largely additive. Lec-
tin-based enrichment resulted in isolation of a majority of
proteins unique from the non-enriched global proteome we
previously described. In both studies, we isolated proteins
from homogenate milk samples. Analysis of homogenized
milk resulted in a similar number of proteins when com-
pared to studies that analyzed proteins following fraction-
ation into skim or MFGM components and enabled the
querying of the relative abundance of total milk proteins to
each other. We identified a greater number of glycoproteins
and glycosylation sites per protein in our sow milk samples
compared to any one species recently analyzed for N-linked
glycosylation sites and glycoproteins in mature MFGM
(Yang et al., 2016). The milk samples in Yang et al. (2016)
study where from Holstein and Jersey cows, buffaloes, yaks,
goats, camels, horses, and humans and number of glycopro-
teins measured ranged from 83 to 106 by species. Functional
annotation profiles of MFGM glycoproteins were similar to
what we found for homogenate milk samples from swine,

Global Proteome

Glycoproteome

Figure 4. \enn diagram of glycoprotein and global proteome (Bradshaw
et al., 2021) data sets, show that only 58 overlaps.

and included the “response to stimulus” gene ontology
category, supporting an immunogenic role of glycosylated
milk proteins. A study of changes in human MFGM glyco-
proteome between colostrum and mature milk production
phases (Cao et al., 2018) showed similar changes in abun-
dance between colostrum and mature milk phases of syn-
thesis as were measured for homogenate sow milk samples.
However, this group found nearly twice the number of gly-
cosylation sites and glycoproteins in human colostrum and
mature milk samples compared to our analysis of sow milk.
The higher recovery of glycoproteins in human milk may
have been due to the pooling of milk samples for analysis
and lack of established stringency for identifying a high-con-
fidence glycosylation site.

Similar to what was found for other species (Yang et al.,
2016), sow milk glycoproteins enriched categories related
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to lysosomes and lysosomal activity. Lysosomal proteins are
considered highly glycosylated proteins. This is due, in part,
to luminal lysosomal proteins being directed to the lysosome
via the mannose 6-phosphate (Man6P) pathway (Dahms
et al., 2008). The N-linked carbohydrates receive a Man6P
modification, which is recognized by Man6P receptors that
direct the vesicular trafficking of the lysosomal proteins from
the trans-Golgi to the lysosome. Glycosylation of lysosomal
membrane proteins also mediates intracellular homeostasis
inclusive of regulation of autophagy (Sudhakar et al., 2020).
Involution of the mammary gland following lactation pro-
ceeds through lysosomal-mediated cell death and so lyso-
somes play a central role in mediating mammary epithelial
cell homeostasis (Sargeant et al., 2014). Lysosomal proteins
are also expressed at relatively high levels during lactation.
(Luo et al., 2018). Whether lysosomal proteins and their gly-
cosylation play a role in mediating milk components and in
regulating neonate development needs further studies.

The most highly glycosylated protein in sow milk was
PIGR. PIGR binds polymeric immunoglobulin molecules,
IgA and IgM, at the basolateral surface of epithelial cells, and
then transports them across the cell to be secreted at the api-
cal surface. Transport of immunoglobulins across epithelial
cells begins with the non-covalent binding of the joining (J)
chain to the extracellular domain 1 of PIGR. PIGR bound
immunoglobulins are transcytosed to the apical surface where
the receptor undergoes endoproteolytic cleavage and disasso-
ciates from the membrane-bound domain, forming a secre-
tory component. The secretory component remains bound to
the immunoglobulin and forms secretory immunoglobulins
(Turula and Wobus, 2018). In vitro studies support that gly-
cosylation of PIGR mediates the transport or release of free
PIGR (Matsumoto et al., 2003).

Multiple mucins were found to be high to moderate glyco-
sylated proteins in sow milk. Mucins are a family of heavily
glycosylated proteins (glycoconjugates) produced by epithe-
lial tissues. Mucins are the primary constituent of mucus
that lines all components of the gastrointestinal tract and
the relatively high level of mucin proteins in milk may help
in establishing the mucus lining in neonates. Mucus in the
small intestine prevents bacteria from reaching the epithe-
lium and the Peyer’s patches, and in the large intestine, the
inner mucus layer separates the commensal bacteria from the
host epithelium (Pelaseyed et al., 2014). The key character-
istic of mucin proteins is their ability to form gels that func-
tions as lubrication and in forming chemical barriers (Marin
et al., 2007). Mucins bind to pathogens and are considered
a component of the innate immune system. Functional stud-
ies of milk mucins have demonstrated bactericidal roles of
mucin proteins (Li et al., 2012) and antiviral actions medi-
ated by glycan groups (Sargeant et al., 2014). Mucins in the
gastrointestinal tract are primary gatekeepers and control-
lers of bacterial interactions with the host immune system.
The glycan groups linked to mucin proteins can be quite
complex and cross-linking among them along the gastro-
intestinal tract prevents degradation of cells by peptidases
(Pelaseyed et al., 2014). Also identified as a glycosylated
protein was maltase-glucoamylase (MGAM). MGAM is a
brush border membrane enzyme that plays a role in the final
steps of starch digestion. Presence of MGAM protein in milk
likely functions to digest starch as suckling rodents lack all
six enzymes needed for the digestion of starch (Nichols et
al., 2016).
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Milk proteins that included the MFGM protein MFGES,
whey proteins LALBA and LTF, as well as multiple caseins
(CSN) were among the glycosylated proteins. Analysis of
glycoproteins in cow milk found MFGES (aka lactadherin)
to have both N and O glycosylation sites (O’Riordan et
al., 2014). MFGE8 was also found to be heavily glyco-
sylated in human milk. Our analysis of swine milk only
found evidence for one high-confidence N-linked site on
MFGES. LALBA (alpha-lactalbumin) was found to have
six (SN and 1Q) glycosylation sites in sow milk. Studies
of human colostrum and mature milk also found LALBA
to be glycosylated, but only a single glycosylation site was
identified (Cao et al., 2017). LTF was also found to be
among the glycosylated proteins in human milk. We found
5 N-linked glycosylation sites on LTF in sow milk. Lac-
toferrin is an iron-binding protein and has been charac-
terized as a heavily glycosylated protein, with one of the
glycan groups functioning to mediate iron binding (Karav
et al., 2017). CSN3 is a well-characterized glycoprotein
in milk. Studies of the role of glycosylation of CSN3 in
dairy cow milk found that it varied from 22% to 76% of
the captured protein as glycosylated. The variation in level
of CSN3 glycosylation found it related to heritability as
well as total amount of protein synthesized and efficiency
of glycosylation (Bonfatti et al., 2014). Analysis of rennet
coagulation time found the more glycosylated CSN3 was,
the faster the coagulation time, suggesting the potential for
positive selection of protein glycosylation to enable a slow
release of casein proteins between suckling bouts of neo-
nates (Huppertz and Chia 2021).

Laminin subunit alpha 1 (LAMA1) was also found to be
a glycosylated protein in swine milk. Laminins are a family
of extracellular matrix glycoproteins that make up a major
component of the basement membrane milk producing alveo-
lar cells are attached to and are needed for induction of milk
protein expression (Kariya et al., 2008).

Several proteins considered highly to moderately glyco-
sylated were categorized as being related to immunity. Car-
cinoembryonic antigen-related cell adhesion molecule five
isoform X2 (CEACAMI1) with nine N-linked glycosylation
sites, belongs to the immunoglobulin superfamily, and found
to be a cell-cell adhesion molecule detected on leukocytes,
epithelia, and endothelia. Its specific role in milk and neo-
nate development are currently unknown, but recent stud-
ies suggest a function in mediating T-cell function through
inhibitory actions (Shhadeh et al., 2021). Serum amyloid A
protein (SAA2) was also found to have nine (7N and 2Q)
glycosylation sites. SAA2 is a member of the serum amyloid
A family of apolipoproteins, and activates the inflammasome
cascade, it possesses many proinflammatory and cytokine-like
properties. In human neutrophils, SAA induces the produc-
tion of TNF-a, IL-1p, and IL-838 and, in human mast cells,
the expression of TNF-a and IL-1f (Eklund et al., 2012). Pep-
tidoglycan recognition protein 1 (PGLYRP1) has four (3Q
and 1N) glycosylation sites and is involved in peptidoglycan
binding activity and peptidoglycan immune receptor activity.
A study of camel milk supports a role of PGLYRP1 in the pro-
tection of the lactating mammary gland as well as the passive
immunization of the neonate (Kappeler et al., 2004).

There were 69 proteins enriched in samples following lec-
tin-based selection that lacked high-confidence glycosylation
sites based on low deamidation scores. Among these were
beta-lactalglobulin (BLG), several MFGM proteins, and
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Ig-like immunoglobulin proteins. BLG in cow’s milk was
shown to have low levels of glycation, however, heat treat-
ment induces the Maillard reaction and results in the for-
mation of glycosylation sites on the protein (Perusko et al.,
2018). The glycosylated state altered both cellular uptake of
BLG and immune response to the protein.

Our study was limited to characterizing milk glycopro-
teins based on N-linked glycosylation sites. N-glycosylation
accounts for only one of the two primary types of protein gly-
cosylation, with O-linked site being the other. Proteins with
O-linked sites have a glycan chain covalently attached to the
hydroxyl oxygen of a serine or threonine residue. Multiple
studies showed that milk glycoproteins have an abundance
of O-linked glycans that vary by species and lactation stage
(Kwan et al., 2021) and so future studies of sow milk should
include enrichment of these for a more comprehensive profile
of sow milk glycoproteome.

An uncommon aspect of this study is that we identified
glycosylation of not only asparagine residue but also glu-
tamine residues in milk proteins. While N-linked glycosyla-
tion is the most common type and most reported, reports
on glycosylation of glutamine residue are rare. In this study,
about 14% of the glycosylation sites (probability of site-spe-
cific glycosylation > 0.75) were Q-linked glycosylation sites.
Multiple filtering steps were applied to ensure that these N-
and Q-linked glycosylation sites were of high confidence.
Thus, this study combined with recent others (Valliere-Dou-
glass et al., 2010; Daubenspeck et al., 2015) may suggest
that Q-linked glycosylation may not be as uncommon as
previously thought. However, additional investigations
are needed to confirm and expand the knowledge base of
Q-linked glycosylation.

Our analysis was limited to the difference in abundance of
glycoproteins across stages of a sow’s lactation and not the
changes in glycosylation sites across these stages. We focused
on the characterization of changes across lactation, as this
is our realm of interest in understanding. We provide data
in an open-access forum for further probing of changes in
sites by other research groups. The glycan groups attached to
the glycoproteins were also not analyzed. This information
is important as it likely reflects atopic disease, (Holm et al.,
2022), as well as establishes the unique microbiome of the
suckling neonate (Bode, 2020). However, the approach is dis-
tinct from what was used to enrich and profile the N-linked
glycoproteome, (Wilson et al., 2008) and thus, beyond the
scope of the current study.

In reviewing the patterns of relative glycoprotein abun-
dance in PCA plots and heat maps, between sows, within
a day and across days, a high degree of biological variation
is noted. The variation in milk composition and quality has
been reported elsewhere, especially in regard to the variabil-
ity in the quality of colostrum and IgG content (Quesnel
2011). Despite the biological variability, we found a signif-
icant difference in the abundance of multiple glycoproteins
between the days using a standard, but high stringency, cor-
rected for multiple testing, of FDR < 0.05. These differences
reflect the large differences in composition among colostrum,
transitional, and mature milk. The differences, as we have
previously discussed in relation to the global milk proteome
(Bradshaw et al., 2021), reflect the metabolic activity-state of
secretory differentiation-activation of the mammary gland,
and likely the nutritional and developmental needs of the
neonate.

Conclusion

The characterization presented here shows that across the
course of a sow’s lactation the N-glycosylated proteins and
sites varied in abundance by stage of milk production. The
majority of the proteins identified as having high confidence
N-linked glycans were unique from our previous analysis of
global swine milk proteome, indicating that the isolation of
glycoproteins with lectin captures a distinct set of proteins,
furthering our knowledge of the complexity of milk. Identi-
fication of many proteins glycosylated in asparagine as well
as glutamine expands our knowledge and understanding of
saw milk protein glycosylation. The most highly glycosylated
proteins found in the sow milk, e.g. PIGR and mucins, are
important bioactive molecules that likely play roles in the
protecting neonates from pathogen infection, with the glycan
units playing roles in this bioactivity.

Supplementary Data

Supplementary data are available at Journal of Animal Science
online.
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