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A B S T R A C T   

Post-translational modification structure of food’s proteins might be changed during processing, thereby 
affecting the nutritional characteristics of the food product. In this study, differences in protein N-glycosylation 
patterns between milk and yogurt were quantitatively compared based on glycopeptide enrichment, liquid 
chromatography separation, and tandem mass spectrometry analysis. A total of 181 N-glycosites were identified, 
among which 142 were quantified in milk and yogurt. Significant alterations in the abundance of 13 of these N- 
glycosites were evident after the fermentation of milk into yogurt. Overall, the N-glycosylation status of the 
majority of milk proteins remained relatively unchanged in yogurt, suggesting that their conformations, activ
ities, and functions were maintained despite the fermentation process. Among the main milk proteins, N241 of 
cathepsin D and N358 of lactoperoxidase were markedly reduced after undergoing lactic acid fermentation to 
produce yogurt. Furthermore, a comparative analysis of current and previously reported N-glycoproteomic data 
revealed heterogeneity in the N-glycosylation of milk proteins. To sum up, a quantitative comparison of the N- 
glycoproteomes of milk and yogurt was presented here for the first time, providing evidence that the fermen
tation process of yogurt could cause changes in the N-glycosylation of certain milk proteins.   

1. Introduction 

Milk and dairy products are important food sources for humans, in 
particular newborns, because they contain essential nutrients, immune 
supplements, and bioactive ingredients (Sakandar and Zhang, 2021). In 
recent years, the extensive application of high-throughput proteomic 
technology in dairy research has greatly expanded our knowledge of 
milk proteins and provided novel information that has enhanced our 
understanding of milk’s properties. In this respect, one key development 
is that the post-translational modification of milk protein, especially 
N-glycosylation, has been the focus of many recent studies. As one of the 
most common types of post-translational modification, N-glycosylation 
covalently adds an oligosaccharide chain to the protein at an asparagine 
site. This oligosaccharide chain induces changes in the molecular 
weight, surface charge, and spatial conformation of the protein (Geng 
et al., 2017), which generally plays crucial roles in the folding and 
structural stability, activity maintenance, molecular recognition and 
interactions, and functional properties of the protein (Cambay et al., 

2019). Moreover, N-glycosylation can also affect the digestion, nutri
tional properties, and health effects of food proteins. Therefore, the 
potential health risks or benefits of N-glycoproteins in milk constitute an 
important topic that deserves attention, yet they remain surprisingly 
understudied (Zheng et al., 2020). For example, N-glycosylation may 
weaken the hydrolysis of digestive enzymes through the steric hindrance 
of oligosaccharide chains, thereby prolonging the persistence of milk 
N-glycoproteins in the digestive tract, which could have non-negligible 
impacts on both intestinal immunity and intestinal microflora (Mar
kussen et al., 2021). Accordingly, to explore and elucidate the mecha
nism by which milk N-glycoproteins affect human health, it is 
imperative to identify the N-glycosylation sites, oligosaccharide chain 
structures, and glycopeptide structures of milk N-glycoproteins to pro
vide a robust foundation for evaluating their impact. 

The differences in N-glycosylation of milk protein between differing 
mammal species and various milk components have been studied and 
compared. For example, Cao et al. (2019a) distinguished 58–100 
N-glycoproteins in the whey of human/bovine colostrum and mature 
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milk based on their glycopeptide enrichment (with lectin) and identifi
cation by liquid chromatography-tandem mass spectrometry 
(LC-MS/MS). Their quantitative analysis found that the degree of 
N-glycosylation of whey proteins is not only related to the species (i.e., 
human vs. bovine milk) but also affected by the period of lactation (i.e., 
colostrum vs. mature milk). Using similar analytical procedures, 506 
N-glycoproteins (912 N-glycosites) were identified in human milk fat 
globule membrane (MFGM) of which 220 N-glycoproteins (containing 
304 N-glycosites) were differentially expressed between colostrum and 
mature milk and were strongly associated with membranes, response to 
stimuli, protein binding, receptor, and hydrolase activities (Cao et al., 
2019b). These newly identified N-glycosites provide a valuable tool for 
elucidating the structures and functions of milk proteins. These findings 
suggest that protein N-glycosylation patterns exhibit pronounced vari
ation among different sources and components of milk. During food 
processing, several factors e.g., heat, pH, ionic strength, and microor
ganisms, might induce deglycosylation, oxidation, and covalent 
cross-linking of oligosaccharide chains on a given N-glycoprotein. For 
instance, we previously reported that spray drying might induce oligo
saccharide chains to participate in the Maillard reaction and signifi
cantly change the N-glycosylation modification of egg white proteins 
(Liu et al., 2021). Yet, whether milk proteins’ N-glycosylation is altered 
during processing has not been investigated. 

Yogurt is among the most popular dairy products because of its po
tential variation in texture and taste, improved digestibility and bioac
tivity, and lack of lactose (Jeffrey et al., 2020). During the fermentation 
process driven by lactic acid bacteria, milk proteins undergo 
acid-induced aggregation/denaturation in a low pH environment, 
leading to curdling (Zhao et al., 2021). Enzymes secreted by lactic acid 
bacteria trigger additional chemical alterations in milk proteins, such as 
their partial hydrolysis. Therefore, both chemical and biological factors 
may affect the frequency and extent of N-glycosylation of milk proteins 
during the processing of milk into yogurt products. In this study, the 
N-glycoproteomes of bovine milk and yogurt were quantitatively 
compared, aiming to uncover the alterations in N-glycosylation patterns 
of milk’s proteins during the production of yogurt. The results are ex
pected to provide a new perspective and foundation for further revealing 
the nutritional properties and health benefits of yogurt from the pro
teins’ N-glycosylation. 

2. Materials and methods 

2.1. Preparation of yogurt 

Yogurt starter (Lactobacillus bulgaricus and Streptococcus thermophilus, 
1:1; Angel Yeast Co., Ltd, Yichang, China) was added to commercial 
bovine milk (Yili, ultra-high temperature treated milk, Tetra Pak pack
aging, 250 mL per package) at a ratio of 1:900 (w/v). After been 
magnetically stirred for 5 min, the starter was well mixed with milk, 
then the fermentation was conducted at 42 ◦C for 8 h, and fermented 
milk was incubated at 4 ◦C for 24 h. The yogurt was divided into tubes 
and stored at − 80 ◦C until analysis. Bovine milk without a starter sub
jected to the same treatment (42 ◦C for 8 h and 4 ◦C for 24 h) was used as 
the control. Sampling was repeated three times to obtain biological 
replicates. 

2.2. Protein extraction and enzymatic hydrolysis 

Milk and yogurt samples were stored at − 80 ◦C and total protein 
extraction was performed according to a previous study (Geng et al., 
2018). Briefly, ultrasonic lysis was performed with the lysis buffer 
containing 8 mol/L urea and 1% protease inhibitor. Sample solutions 
were centrifuged at 4 ◦C and 12000 g for 10 min and the supernatant 
(total protein solution) was collected. Protein concentrations were 
determined by using the BCA protein assay kit (P0010, Beyotime 
Biotechnology Co., Ltd., Shanghai, China) (Geng et al., 2021). Proteins 

were reduced at 56 ◦C for 30 min with dithiothreitol (5 mmol/L) and 
alkylated in the dark at room temperature for 15 min with iodoaceta
mide (11 mmol/L). Finally, trypsin (V5280, Promega Corporation, 
Madison, WI, USA) was added at a mass ratio of 1:50 (trypsin: protein), 
and digestion was conducted overnight at 37 ◦C. Next, trypsin was added 
at a mass ratio of 1:100 (trypsin: protein), and the secondary hydrolysis 
was conducted for 4 h (Wang et al., 2022a). 

2.3. LC-MS/MS analysis 

Glycopeptides were enriched via hydrophilic interaction liquid 
chromatography and deglycosylated with peptide-N-glycosidase F 
(V4831, Promega Corporation, Madison, WI, USA) in H2

18O at 37 ◦C 
overnight (Xiao et al., 2020). Deglycopeptides were dissolved in solvent 
A (aqueous solution containing 0.1% formic acid and 2% acetonitrile) 
and separated using the LC system (EASY-nLC 1000, Thermo Fisher 
Scientific, Waltham, USA). The gradient was increased from 5% to 24% 
solvent B (aqueous solution containing 0.1% formic acid in 90% 
acetonitrile) for 40 min, 38% solvent B for 8 min, 80% solvent B for 4 
min, and held at 80% solvent B for 4 min. The flow rate was maintained 
at 450 nL/min. Separated deglycopeptides were injected into the ion 
source for electrospray ionization (2.0 kV) and analyzed via tandem 
mass spectrometry (Orbitrap Fusion, Thermo Fisher Scientific) (Liu 
et al., 2020). Peptide precursor ions were fragmented via high-energy 
collision dissociation (35% of the fragmentation energy) and data 
were obtained using the data-dependent acquisition mode (Yang et al., 
2020). Other mass spectrometry parameters were the same as previously 
reported (Wang et al., 2021a). 

2.4. Protein identification and quantitative analysis 

Mass spectral data were processed using MaxQuant (v1.5.2.8). Uni
Prot Bos taurus (bovine) (37,948 sequences) databases were used to 
retrieve sequences. Specifically, mass tolerance was set as 5 ppm for 
precursor ions in the main search and 0.02 Da for fragment ions (Xin 
et al., 2020). Cysteine alkylation was set as fixed modification and 
variable modifications were methionine oxidation, protein N-terminal 
acetylation, deamidation (NQ), and asparagine deamidation (18O) (Liu 
et al., 2021). The false discovery rate for protein and peptide identifi
cation was set to 1%. 

The intensity of modified peptides in each sample was determined 
using the label-free quantitative calculation method and the relative 
quantitative value (ratio) of each sample was obtained according to the 
intensities of modified peptides between different groups (Luo et al., 
2021). At p < 0.05, fold change (FC) exceeding 1.3 was used as the 
threshold for the significant increase and <0.77 as the threshold for the 
significant decrease. 

2.5. Identification of proteins from lactic acid bacteria 

Another search was separately performed by using the same MS/MS 
raw data to identify the proteins from lactic acid bacteria in the yogurt 
sample. Briefly, UniProt databases were used to retrieve sequences from 
Lactobacillus bulgaricus and Streptococcus thermophilus (36737 se
quences). Mass tolerance was set as 5 ppm for precursor ions in the main 
search and 0.02 Da for fragment ions, and the false discovery rate for 
protein and peptide identification was set to 1%. 

2.6. Bioinformatics and multivariate analysis 

Bovine milk and yogurt N-glycoproteins were annotated using the 
UniProt-GOA database (http://www.ebi.ac.uk/GOA/) and InterProScan 
(v.5.14–53.0, http://www.ebi.ac.uk/interpro/) in the gene ontology 
analysis. First, protein ID was converted to UniProt ID, next UniProt ID 
was used to match Gene Ontology (GO) ID, and the corresponding in
formation was retrieved from the UniProt-GOA database according to 
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GO ID. If no information on a protein was available in the UniProt-GOA 
database, InterProScan, an algorithm software based on protein 
sequence, was used to predict GO function. For GO enrichment analysis, 
a two-tailed Fisher’s exact test was employed to examine enrichment of 
the identified milk proteins against all known proteins in UniProt (Bos 
taurus, 37,948 proteins) (Wang et al., 2022b). 

3. Results and discussion 

3.1. Overview of the identified N-glycoproteome 

A total of 144143 secondary mass spectra were obtained in the LC- 
MS/MS analysis, of which 8531 spectra were matched to 742 peptide 
sequences by searching the cattle database (Bos taurus, 37,948 se
quences, accessed 2019.09.15). The mass error of all peptides was <5 
ppm, indicating our test results were accurate (Fig. 1A). After removing 
the repeated peptide sequences, 172 unique sequences with N-glyco
sylation were obtained. These N-glycopeptides belonged to 118 N-gly
coproteins and contained 181 N-glycosites (Table S1). Among the 
identified N-glycoproteins, 81 (68.6%) were single N-glycosylated, 25 
(21.2%) were double N-glycosylated, and 12 (10.2%) were multiple N- 
glycosylated (Fig. 1B). Four N-glycoproteins (mucin-15, platelet glyco
protein 4, glycoprotein 2, and gamma-glutamyltranspeptidase 1) were 
the most heavily N-glycosylated proteins in milk and yogurt, with 6 N- 
glycosites detected. The canonical motif of the post-translational N- 
glycosylation is N-X-[S/T] (where X is not proline), and the majority of 
identified N-glycosites corresponded to N-X-T and N-X-S (Fig. 1C). This 
distribution is consistent with other reported result from the N-glyco
proteomic analysis of mature bovine milk (Cao et al., 2019a). Leucine 
(L) was the most common residue within the sequence near the modi
fication site. Overall, the proportion of NXT motifs was higher than that 
of NXS, whereas the proportion of other non-conserved motifs was 
relatively low (Fig. 1D). 

3.2. Functional annotation and enrichment analyses of identified N- 
glycoproteins 

GO annotations were conducted to evaluate the functions of the 
identified N-glycoproteins. Under the “biological process” category, N- 
glycoproteins were mainly involved in “single-organism process” 
(GO:0044700, 44 N-glycoproteins), “biological regulation” 
(GO:0065007, 38 N-glycoproteins), “cellular process” (GO:0009987, 37 
N-glycoproteins), “metabolic process” (GO:0008152, 33 N-glycopro
teins), and “response to stimulus” (GO:0050896, 27 N-glycoproteins). 
Under the “cellular components” category, “extracellular region” 
(GO:0005576, 47 N-glycoproteins), “cell” (GO:0005623, 44 N-glyco
proteins), “organelle” (GO:0043226, 44 N-glycoproteins), and “mem
brane” (GO:0016020, 37 N-glycoproteins) were the GO terms 
predominantly associated with most N-glycoproteins. Further, the ma
jority of identified N-glycoproteins were annotated with functions of 
“binding” (GO:0005488, 64 N-glycoproteins) and “catalytic activity” 
(GO:0003824, 29 N-glycoproteins) (Fig. 2A). Next, the putative sub
cellular localization of every identified N-glycoprotein was predicted by 
using Wolfsort (http://wolfpsort.seq.cbrc.jp/). Subcellular localization 
annotations were obtained for 96 N-glycoproteins, half of which 
featured “extracellular” localization. This finding is consistent with the 
secretion of bovine milk by mammary gland cells. Although 19 N-gly
coproteins were located to the “plasma membrane”, relatively few were 
found present in other subcellular structures (Fig. 2B). 

We also conducted GO enrichment analysis of the identified N-gly
coproteins to further explore their functions and associated processes. 
Consistent with their GO classifications, the “extracellular region” was 
overrepresented at GO level 2 with a fold-enrichment value of 3.66. The 
“extracellular space,” “cell surface,” “vesicle,” “extracellular organelle,” 
and “endomembrane system” terms were enriched at GO level 4 
(Table S2). Under the “molecular function” category, “glycosamino
glycan binding” (GO:0005539) was enriched with a fold-enrichment 
value of 12.46 and mapped to six N-glycoproteins. Two enzymes 

Fig. 1. Characteristics of identified N-glycoproteins from bovine milk and yogurt. (A) Mass error distribution of the identified N-glycopeptides; (B) number of N- 
glycosylation sites per identified N-glycoprotein; (C) the sequence motifs of the identified N-glycopeptides; (D) distribution of recognized sequence motifs based on 
the unique sequences or MS/MS counts of the identified N-glycopeptides (X ∕= P). 
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(Q1RMU3 and Q3SYY3) catalyzing the hydroxylation of proline into 
collagen were annotated with the GO term “procollagen-proline 4-diox
ygenase activity,” which was significantly enriched (fold-enrichment 
value of 102.05) at GO level 8. Although the hydroxyproline content is 
extremely low in fresh milk, relatively high levels have been detected in 
adulterated milk (Liu et al., 2014). The two enzymes identified in this 
study catalyze the production of hydroxyproline using the abundant 
proline residues in milk protein as substrates. Hence, it is theoretically 
possible to produce hydroxyproline by itself in milk, which could lead to 
uncertainty in the identification of adulterated milk. “Endopeptidase 
inhibitor activity” (GO:0004866, GO level 6) was also overrepresented, 
with a fold-enrichment value of 7.2 and mapped to five N-glycoproteins. 
These inhibitors may suppress the hydrolysis of milk proteins and thus 
positively affect the stability and storage of milk. 

Under the category “biological process,” “cell surface receptor 
signaling pathway” (GO:0007166, level 6) was overrepresented with a 
fold-enrichment value of 2.99 and 13 mapped N-glycoproteins. Many 
glycoproteins are involved in signal transduction and regulation during 
lactation, some of which enter milk in the form of milk exosomes or 
MFGM (Cao et al., 2019b). The term “response to bacterium” 
(GO:0009617, level 6), with 7 mapped N-glycoproteins, was over
represented with a fold-enrichment value of 7.69. These N-glycoproteins 
defend against bacterial invasion, mainly via the immune system 
(immunoglobulin J chain, Q3SYR8; monocyte differentiation antigen 
CD14, Q95122; toll-like receptor 2, Q95LA9), antimicrobial substance 
production (lactoperoxidase, P80025), and iron-binding 

(lactotransferrin, P24627). Notably, the transforming growth factor 
beta-1 proprotein (TGFB1, P18341) was associated with several 
enriched GO terms, including “regulation of bone mineralization” 
(GO:0045778 and GO:0030500), “regulation of collagen metabolic and 
biosynthetic processes” (GO:0010714 and GO:0032965), “regulation of 
fibroblast proliferation” (GO:0048145), and “response to progesterone” 
(GO:0032570). TGFB1, an important cytokine, regulates the growth and 
differentiation of various cell types and participates in multiple physi
ological processes. For example, TGFB1 activates the cAMP-responsive 
element-binding protein 3-like protein 1, by regulating the intra
membrane proteolysis to stimulate the continuous production of 
collagen, and is also an effective stimulator of osteoblast bone forma
tion, leading to chemotaxis and the proliferation and differentiation of 
definitive osteoblasts (Ye, 2020). Although TGFB1 is expressed by many 
cell types, the activated protein (i.e., fragment 279–390) exerts a 
localized effect in the cellular environment due to regulation by the 
latency-associated peptide chain (i.e., fragment 30–278) and “environ
mental molecules” (Dubois et al., 1995). In our study, two N-glycosites 
of milk TGFB1 were identified (N82 and N136), both being located in the 
latency-associated peptide chain fragment; this evidence supports the 
involvement of N-glycosylation in the activation of TGFB1. 

3.3. Quantitative comparison of N-glycoproteomes between milk and 
yogurt 

The N-glycoproteomic profiles of milk and yogurt samples were 
initially compared using PCA (principal component analysis). The three 
replicate samples in each milk or yogurt group clustered together, 
indicating good reproducibility of the quantitative analysis, whereas the 
distribution of the two groups was distinct (Fig. 3A), indicating marked 
differences in the N-glycoproteome between milk and yogurt. Based on 
the signal intensities of the identified N-glycopeptides, the abundances 
of N-glycosites and N-glycoproteins were quantified. Of the 181 N-gly
cosites and 118 N-glycoproteins we identified, 142 N-glycosites on 94 N- 
glycoproteins were quantified (Fig. 3B). Using the milk group as a 
reference, N-glycosites and N-glycoproteins with p < 0.05 and fold- 
change > 1.3 or <0.77 were respectively classified as significantly 
upregulated and downregulated. Overall, 13 N-glycoproteins (contain
ing 13 N-glycosites) in yogurt were significantly altered in comparison 
to milk (Table S3). Five N-glycoproteins (containing 5 N-glycosites) 
were markedly upregulated, namely Ras-related protein Rab-3 
(A0A3Q1MDS4, N171), glycoprotein 2 (A0A3Q1M193, N288), 5′-nucle
otidase (Q05927, N333), lipocalin 2 (E1B6Z6, N86), procollagen-lysine, 
and 2-oxoglutarate 5-dioxygenase 3 (A0A3Q1LSS0, N76) (Fig. 4A), 
while eight N-glycoproteins (containing 8 N-glycosites) were signifi
cantly downregulated (Fig. 4B). Among these, lactoperoxidase (P80025, 
N358, fold-change: 0.46) and cathepsin D (P80209, N241, fold-change: 
0.47) were the most significantly downregulated. 

During the fermentation process to produce yogurt, many factors 
might affect the N-glycosylation of milk proteins. The physiological and 
metabolic activities of lactic acid bacteria would be the potentially 
major reasons for the changed N-glycosylation of milk proteins. 
Although lactic acid bacteria are incapable of protein post-translational 
processing, there is evidence they could secrete proteases to hydrolyze 
milk proteins (Gu et al., 2020). To assess the influence of lactic acid 
bacteria upon milk protein, proteins from L. bulgaricus and 
S. thermophilus were mined from MS/MS data. Through these results, we 
identified a total of 39 proteins from L. bulgaricus and S. thermophilus 
(Table S4). Among them, two kinds of proteolytic enzymes came from 
S. thermophilus: peptidase (A0A2X3ULJ7) and serine protease (V8LRF7). 
A glycosyltransferase (U4M5H4) from S. thermophilus was also identi
fied, which implied that the ends of oligosaccharide chains on milk 
proteins might be processed by lactic acid bacteria. Admittedly, the 
number of identified lactic acid bacteria proteins in this study was very 
limited because their abundance in the yogurt samples was generally 
very low. Nevertheless, the limited information that can be gleaned from 

Fig. 2. Gene ontology (GO) classification (A) and subcellular localization (B) of 
the N-glycoproteins identified in bovine milk and yogurt. 
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the present study indicates that lactic acid bacteria are likely capable of 
changing the N-glycosylation profile of protein in milk during its 
fermentation to make yogurt. 

The Maillard reaction during milk fermentation could also change 
the N-glycosylation of milk protein. This reaction is known to change the 
N-glycosylation of egg white protein, in that the abundance of 18 N- 
glycoproteins (containing 32 N-glycosites) was significantly reduced in 
the spray-dried egg white compared with fresh egg white; hence, the N- 
glycans of egg white proteins were likely covalently cross-linked during 

spray drying (Liu et al., 2021). Unlike spray drying, the process of 
fermentation for yogurt is mild. Nevertheless, the Maillard reaction may 
ensue under very mild conditions, even under physiological ones, such 
as the glycation of plasma proteins (Rossello et al., 2021). It’s conducive 
to the Maillard reaction’s initiation in the early stage of fermentation for 
yogurt: high reducing sugar content, abundant protein content, and a 
temperature of 40◦C–42 ◦C. Therefore, whether the oligosaccharide 
chain on milk protein is changed due to the Maillard reaction during the 
fermentation for yogurt is another question that needs to be answered in 

Fig. 3. Quantitative comparison of protein N-glycosylation between the bovine milk and yogurt samples. (A) Principal component analysis of milk (M) and yogurt 
(Y) N-glycoproteomes; (B) the number of differentially abundant N-glycoproteins and N-glycosites between milk and yogurt. 

Fig. 4. Variation in the abundances of N-glycoproteins (N-glycosites) between bovine milk (M) and yogurt (Y); Results are showing by mean ± SE, n = 3; *p < 0.05, 
**p < 0.01. 
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future investigations. To sum up, our results confirmed that the 
N-glycosylation of milk protein was changed during yogurt’s fermen
tation process. The underlying mechanism was speculated upon but 
awaits verification in subsequent studies. 

3.4. Changes in N-glycosylation of main milk proteins during yogurt’s 
fermentation 

3.4.1. Lactotransferrin 
Lactotransferrin (P24627) was the most abundant N-glycoprotein 

identified in the present study. A search of the UniProt database revealed 
the presence of four marked N-glycosites (N252, N387, N495, and N564). 
We succeeded in identifying the N252, N495, and N564 sites other than the 
N387. An earlier study by Cao et al. (2019a) revealed different N-gly
cosites of lactotransferrin in bovine colostrum milk (N252, N253, N564, 
N572, and N613) and bovine mature milk (N252, N253, N564, and N572); 
this implied the N-glycosylation of lactotransferrin is affected by the 
stage of lactation and processing method. During the processing of 
bovine milk into yogurt, N-glycosylation of lactotransferrin was slightly 
increased but the change was not significant (FC = 1.04–1.22, p =
0.11–0.74; Table S1). The results suggested that the fermentation pro
cess affects the N-glycosylation of lactotransferrin. 

Lactotransferrin is a monomeric glycoprotein, with a molecular 
weight of 78 kDa, which binds two Fe3+ and two CO3

2− (Moore et al., 
1997) and has multiple biological functions. These include regulating 
iron absorption and immune responses (Hao et al., 2019) as well as 
engaging in antibacterial, antiviral, anti-inflammatory, and anti-cancer 
activities (Zhang et al., 2015b). It is currently believed that the anti
bacterial activity of lactotransferrin is mainly determined by two factors. 
On the one hand, lactotransferrin can inhibit the growth of bacteria thus 
has an antibacterial effect, which is related to its ability to chelate free 
iron; on the other hand, lactotransferrin directly induces the release of 
lipopolysaccharide in the outer membrane of bacteria, thereby also 
inhibiting bacterial growth. Further, lactotransferrin exerts assimilation, 
differentiation, and anti-apoptotic effects on osteoblasts, inhibits oste
oclast production, and regulates bone growth (Shi et al., 2020). The 
covalently modified N-glycans on lactotransferrin will influence its 
binding to potential interacting molecules, such as receptors, thus 
playing a pivotal role in determining its activities. 

3.4.2. Lactoperoxidase 
We identified a total of five N-glycosites (N106, N212, N322, N358, and 

N449) of lactoperoxidase (P80025). In the UniProt database, all five sites 
are annotated. The N106 of lactoperoxidase is predicted to be N-glyco
sylated, which was experimentally validated in this study, and the four 
other sites were reported on previously (Singh et al., 2009). In the work 
by Cao et al. (2019a), two N-glycosites of lactoperoxidase were identi
fied in bovine mature milk (N212 and N358) but only one (N358) in bovine 
colostrum; this suggests the N-glycosylation of lactoperoxidase is het
erogeneous and varies with lactation and processing. Quantitative 
comparisons in our study uncovered changes to the magnitude of 
N-glycosylation of lactoperoxidase after fermentation into yogurt. While 
the abundances of N358 (FC = 0.46, p < 0.01), N212 (FC = 0.63, p =
0.38), and N449 (FC = 0.87, p = 0.20) were lower in yogurt than milk, 
only the reduction in N358 was significant. The N-glycosite of N106 

remained unaffected (FC = 1.02, p = 0.80). The N322 of lactoperoxidase 
was identified in yogurt only, whereas the other four sites were detected 
in both milk and yogurt samples. Our data provide compelling support 
for altered N-glycosylation patterns of lactoperoxidase during yogurt’s 
fermentation process that could impact protein activity and function. 

Lactoperoxidase is an enzyme naturally present in milk, with a mo
lecular weight of ~80 kDa, that functions in the production of the 
antimicrobial compound hypothiocyanous acid (HOSCN) in the pres
ence of thiocyanate (SCN) and H2O2 (Jafary et al., 2013). Therefore, 
lactoperoxidase is considered the major antibacterial ingredient that 
protects the udder from infection and delays the degradation of milk. For 

example, lactoperoxidase can extend the shelf life of raw milk to more 
than 16 h at 40 ◦C (Masud et al., 2008). In addition, lactoperoxidase 
could significantly reduce IL-8 mRNA expression and inhibit secretion of 
IL-8 induced by H2O2 in Caco-2 cells, leading to reduced intestinal 
inflammation associated with oxidative stress (Matsushita et al., 2008). 
Developing effective medications using lactoperoxidase as an ingredient 
have been reported and its stable nanoformulations—prepared by 
loading or adsorbing bovine lactoperoxidase onto chitosan nano
particles—display selective apoptosis-mediated anticancer activity 
(Abu-Serie and El-Fakharany, 2017). However, the potential relevance 
of post-translational N-glycosylation for lactoperoxidase activity has yet 
to be established. The N-glycosylation patterns of lactoperoxidase in 
milk are diverse among species, not only in terms of N-glycosites but also 
N-glycan profiles (Kumar et al., 2018). These differences in N-glyco
sylation structures may be a key underlying reason for the differences in 
both the activity and characteristics of lactoperoxidase among various 
mammalian species. Accordingly, clarifying the relationship between 
N-glycosylation and lactoperoxidase function is now an important 
research goal. 

3.4.3. Mucin-15 
As the main component of epidermal mucus, mucins are proteins that 

usually have a large molecular weight and a high degree of glycosylation 
and provide a physicochemical barrier to protect epithelial tissues. 
Several mucins have been identified in milk, of which mucin-15 is one of 
the major MFGM proteins that accounts for 0.08% of the milk’s protein 
content and 1.5% of all its MFGM proteins (Smoczyn’Ski et al., 2011). 
Western blot analysis of mucin-15’s distribution in different components 
of bovine milk revealed its presence in both fat-containing components, 
such as MFGM and non-fat components, such as skimmed milk and 
whey. The glycans of mucin-15 consist of fucose, galactose, mannose, 
sialic acid, and both N-acetylgalactosamine and N-acetylaminoglycos
amine (Pallesen et al., 2007). 

In this study, six N-glycosites (N30, N44, N54, N71, N79, and N221) were 
identified in mucin-15 (Q8MI01). Quantitative data showed that after 
fermentation into yogurt, the abundances of four of these N-glycosites of 
mucin-15 were increased (N30, FC = 1.44; N44, FC = 1.13; N71, FC =
1.11; N79, FC = 1.11) but decreased for the other two sites (N54, FC =
0.98; N271, FC = 0.93). However, these changes were not significant (p 
= 0.87–0.10). These results indicate an overall upward trend for the N- 
glycosylation of mucin-15 (average FC = 1.12) during milk’s fermen
tation into yogurt. These changes to mucin-15’s N-glycosylation may be 
attributed to the action of related enzymes in milk or starter cultures 
(L. bulgaricus and S. thermophilus). Highly N-glycosylated mucin-15 is 
expected to produce several glycopeptides during the gastrointestinal 
digestion process and further studies are essential to establish the effects 
of these glycopeptides on intestinal immunity and flora. 

3.4.4. Cathepsin D 
Cathepsin D (P80209), an acid endoprotease, was annotated using 

the UniProt database as a protein whose catalytic specificity is similar to 
that of pepsin A. Annotation of GO cellular components disclosed the 
presence of bovine milk cathepsin D in “lysosome” (GO: 0005764), 
indicating its derivation from lysosomes of breast cells and subsequent 
transport into milk during lactation. Human cathepsin D mRNA has been 
detected in milk products. Furthermore, a number of human milk pep
tides identified via mass spectrometry are predicted to undergo cleavage 
by cathepsin D (Khaldi et al., 2014). Therefore, cathepsin D is consid
ered the main protease catalyzing proteolysis in human milk. Based on 
the high homology between bovine and human cathepsin D (79.4% 
shared identity determined via the Align analysis; https://www.uniprot. 
org/align/), bovine cathepsin D was similarly inferred to be one of the 
main enzymes contributing to milk proteolysis. 

Bovine cathepsin D is annotated with two potential N-glycosites. In 
the current study, however, only one N-glycosite (N241) of cathepsin D 
(P80209) was identified. After fermentation into yogurt, the abundance 
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of the cathepsin D N241 site was significantly decreased (p < 0.01) with 
an FC of 0.47. This reduction in the degree of N-glycosylation has a 
significant potential impact on the activity of bovine cathepsin D in 
yogurt, although its active hydrolysis sites (N77 and N273) are distant 
from the N-glycosite (N241). In the crystal structure of human cathepsin 
D, an N-glycan extends from Asn-70 towards Lys-203 and is potentially 
involved in the recognition regions of phosphotransferase and human 
cathepsin D (Metcalf and Fusek, 1993). Furthermore, N-glycans may 
affect both the thermal stability and water activity tolerance of pro
teases. The potential role of N241 glycosylation in bovine cathepsin D 
enzyme activity now requires further exploration. 

3.4.5. Folate receptor α 
Folate in bovine milk coexists with folate-binding protein (mainly 

folate receptor α), in the form of a complex. The folate-binding affinity of 
human folate receptor α is not significantly affected by enzymatic 
deglycosylation; however, when the folate receptor α is deglycosylated 
via mutation it shows a decrease or complete loss of its folate-binding 
capacity (Roberts et al., 1998). These results indicate that the N-gly
cans of folate receptor α are not necessary for folate binding but essential 
for synthesis in the correct conformation. Previous studies have shown 
that bovine folate receptor α (P02702) from milk whey (Cao et al., 
2019a) and MFGM (Cao et al., 2019b) contains three N-glycosites (N62, 
N68, and N160), all of which were successfully identified in our study. 
Notably, the N-glycosylation levels of N160 (FC = 0.76, p = 0.018) were 
significantly decreased after yogurt’s fermentation process. Still, 
changes in N-glycosylation may have little effect on the binding of folate 
receptor α to folate given the homology between human and bovine 
folate receptor α (Roberts et al., 1998). The acid produced by fermen
tation may induce dissociation of the complex, so that folate in yogurt 
mainly exists in a free state (Laiño et al., 2013). In any case, yogurt’s 
fermentation process is gentle, and therefore the folate content is 
maintained and even increased if the starter bacterium used is a pro
biotic that can synthesize folate (Wang et al., 2021b). Compared with 
fermentation for yogurt, thermal processing of milk is disadvantageous 
for the retention of folate in milk. An earlier study has shown that the 
complex of folate and folate receptor α in milk is impaired by thermal 
processing. Specifically, the complex is stable in pasteurized milk but 
folate will dissociate and undergo thermal degradation during UHT milk 
processing. Heating at temperatures below 80 ◦C, however, is safe for 
ensuring the complex retains its integrity (Sahoo et al., 2014). 

3.4.6. Cluster of differentiation (CD) antigens 
A total of seven CD antigens were identified as N-glycosylated in this 

study: platelet glycoprotein 4 (CD36, P26201; N79, N172, N235, N247, 
N321, N417), monocyte differentiation antigen CD14 (CD14, Q95122; 
N150, N280), CD44 antigen (Q29423, N57), integrin-associated protein 
(CD47, F1MUL0; N40, N70, N99), CD63 antigen (Q9XSK2; N130 and N150), 
tetraspanin (CD82, A0A3Q1NBQ9; N197), and CD109 (A0A3Q1M299; 
N41, N114, and N333). 

Platelet glycoprotein 4 is one of the major immune-related N-gly
coproteins in bovine milk. During the processing of yogurt, glycosyla
tion of N172 of platelet glycoprotein 4 was increased, but not to a 
significant extent (FC = 1.45, p = 0.10), while the other five N-glycosites 
showed a decreasing trend, which was also not significant (FC =
0.78–0.97; p = 0.41–0.82). Being a coreceptor for Toll-like receptor 4, 
Toll-like receptor 6, and the Toll-like receptor 6 heterodimer, platelet 
glycoprotein 4 could combine oxidized low-density lipoprotein or mi
crobial diacylated lipopeptide to form CD36 clusters and initiate signal 
transduction. These activated signaling pathways are known to be 
involved in the inflammatory response. The platelet glycoprotein 4 
content in milk with a higher number of somatic cell counts (>4 × 105 

cells/mL, closely related to mastitis) was significantly altered when 
compared to milk with a low somatic cell count (<105 cells/mL, normal 
milk) (Zhang et al., 2015a). In addition, platelet glycoprotein 4 was 
annotated as a participant in the absorption and metabolism of lipids, 

such as triglyceride transport (GO:0034197), intestinal cholesterol ab
sorption (GO:0030299), long-chain fatty acid import into cells 
(GO:0044539), and cholesterol import (GO:0070508). In view of these 
potential functions, platelet glycoprotein 4 is proposed to figure prom
inently in the process of lipid absorption of milk during its digestion in 
the small intestine. 

CD14 is a coreceptor of lipopolysaccharides that together with 
lipopolysaccharide-binding protein binds to lipopolysaccharide and 
activates Toll-like receptor 4 and its downstream immune response. 
Therefore, CD14 could act as an immune effector and participate in the 
defense against invasion by microorganisms. The abundance of CD14 in 
milk is significantly reduced during thermal processing, whereas ultra
sonic treatment and microfiltration treatment may be effectively used to 
maintain CD14 levels in milk (Zhang et al., 2021). Changes in the 
abundance of immune and antibacterial proteins in milk caused by 
different processing methods may be related to the shelf life of milk. 

CD44 antigen is a hyaluronic acid-binding receptor that can be 
activated or upregulated in immune cells through antigen receptor 
stimulation, thereby inducing proinflammatory cytokine production. In 
addition to participating in immune and inflammation-related regula
tion, CD44 antigen plays a key regulatory role in the lipid metabolism of 
bovine mammary epithelial cells. Both triglyceride and cholesterol 
contents are augmented in cells with overexpression and conversely 
reduced in cells with knockdown of CD44 (Jiang et al., 2020), thus 
suggesting its critical role in regulating lipid components of bovine milk. 
The hyaluronic acid-binding domain of CD44 antigen is N-glycosylated 
and the N-glycans of this domain could weaken hyaluronic acid binding 
upon capping the terminal with sialic acid residues (Guvench, 2015). 
This weakened binding is due to interactions of the terminal sialic acid 
of N-glycan with the basic residue on the hyaluronic acid-binding 
domain, to occupy the binding site. Our results indicate a critical role 
of covalently bound N-glycans in the binding of CD44 antigen to its 
ligand. 

After fermentation into yogurt, the abundances of all 18 N-glycosites 
of the above seven CD antigens did not significantly altered, indicating 
that the N-glycosylation level of these immune-related proteins 
remained relatively stable during the yogurt fermentation process. The 
results suggest that these proteins remain active and potentially 
contribute to the health benefits of yogurt. 

3.5. Heterogeneity of the milk N-glycoproteome 

Heterogeneity is one of the important characteristics of glycosyla
tion. Our research group previously demonstrated the tissue specificity 
of N-glycosylation (Geng et al., 2017; Xiao et al., 2020; Yang et al., 
2020), though other research groups have reported differing N-glyco
sites of the same protein. Additionally, heterogeneity in the N-glyco
sylation of milk protein has been documented. We compared our results 
with the N-glycoproteomes of MFGM and whey (Cao et al., 2019a; Cao 
et al., 2019b). Overall, MGFM contained the most types of N-glycopro
teins and N-glycosites (176 N-glycoproteins having 273 N-glycosites), 
followed by the milk samples of this study (118 N-glycoproteins having 
181 N-glycosites), and milk whey contained the least (98 N-glycopro
teins having 139 N-glycosites). The overall differences in N-glyco
proteomes among the three samples could be mainly attributed to their 
variable degrees of homogenization of protein. The presence of 
high-abundance proteins usually reduces the throughput of proteome 
identification, which is relatively low in MFGM. 

Besides the overall differences in N-glycoproteomes between sam
ples, the number and location of N-glycosites of the same N-glycoprotein 
varied among the samples as well. Platelet glycoprotein 4 (P26201), 
glycoprotein 2 (A0A3Q1M193), and mucin-15 (Q8MI01) are used here 
as examples. The number of N-glycosites of platelet glycoprotein 4 from 
whey, milk, and MFGM respectively were 7, 2, and 6. Among these sites, 
N172 and N321 were each shared by three types of platelet glycoprotein 4 
but N205 was unique to platelet glycoprotein 4 from MFGM (Fig. 5A). 
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Similarly, glycoprotein 2 from whey had only one identified N-glycosite 
(N257) while that from milk harbored 6 N-glycosites. Three additional N- 
glycosites (N33, N142, and N339) were identified on glycoprotein 2 from 
MFGM (Fig. 5B). Taken together, these results are consistent with our 
data for chicken egg N-glycoproteomes showing different N-glycosite 
numbers (15–28) and locations of chicken mucin-5B from differing egg 
parts (Xiao et al., 2020). This is an “economical and efficient” mode 
acquired by living organisms in the long-term evolutionary process: a 
protein template, yielding multiple structures, with various activities. 

4. Conclusions 

A total of 181 N-glycosites on 118 N-glycoproteins were identified in 
bovine milk and fermented yogurt. The quantification of the abundance 
of 142 N-glycosites revealed significant changes in 13 of them (5 upre
gulated, 8 downregulated) after fermenting milk into yogurt. Overall, 
the N-glycosylation profile of milk proteins was only slightly changed 
during the process of lactic acid fermentation to produce yogurt. For 
example, N-glycosylation patterns of the main milk proteins, lacto
transferrin, and mucin-15 showed no significant differences. These 
findings suggest that a number of N-glycosylation sites did undergo 
significant changes in abundance, which warrants closer attention. For 
instance, N241 of cathepsin D and N358 of lactoperoxidase were signifi
cantly downregulated during the yogurt fermentation process, suggest
ing the reduction of N-glycans at the molecular surface could trigger 
changes in their surface charges and properties. Our quantitative anal
ysis of the protein N-glycosylation patterns between milk and yogurt 

provide novel information that should facilitate a better understanding 
of the molecular structural changes of proteins during the fermentation 
of milk into yogurt. 
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