
UC Davis
UC Davis Previously Published Works

Title
Human Milk Proteins and Their Glycosylation Exhibit Quantitative Dynamic Variations 
during Lactation

Permalink
https://escholarship.org/uc/item/1zt6r158

Journal
Journal of Nutrition, 149(8)

ISSN
0022-3166

Authors
Goonatilleke, Elisha
Huang, Jincui
Xu, Gege
et al.

Publication Date
2019-08-01

DOI
10.1093/jn/nxz086
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1zt6r158
https://escholarship.org/uc/item/1zt6r158#author
https://escholarship.org
http://www.cdlib.org/


The Journal of Nutrition
Biochemical, Molecular, and Genetic Mechanisms
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Exhibit Quantitative Dynamic Variations
during Lactation
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and Carlito B Lebrilla1,2,4

1Department of Chemistry, 2Foods for Health Institute, 3Department of Food Science and Technology, and 4Department of Biochemistry
and Molecular Medicine, University of California, Davis, Davis, CA

ABSTRACT
Background: Proteins in human milk are essential and known to support the growth, development, protection, and

health of the newborn. These proteins are highly modified by glycans that are currently being recognized as vital to

protein structure, stability, function, and health of the intestinal mucosa. Although milk proteins have been studied, the

quantitative changes in milk proteins and their respective site-specific glycosylation are unknown.

Objective: This study expanded the analytical tools for milk proteins and their site-specific glycosylation and applied

these tools to a large cohort to determine changes in individual protein concentrations and their site-specific N-

glycosylation across lactation.

Methods: A tandem mass spectrometry method was applied to 231 breast-milk samples from 33 mothers in Davis,

California, obtained during 7 different periods of lactation. Dynamic changes in the absolute abundances of milk proteins,

as well as variation in site-specific N-glycosylation of individual proteins, were quantified.

Results: α-Lactalbumin, β-casein, K-casein, and α-antitrypsin were significantly increased from colostrum to transitional

milk (4.37 ± 1.33 g/L to 6.41 ± 0.72 g/L, 2.25 ± 0.86 g/L to 2.59 ± 0.78 g/L, 1.33 ± 0.44 g/L to 1.60 ± 0.39

g/L, and 0.09 ± 0.10 g/L to 0.11 ± 0.04 g/L, respectively; P < 0.002). α-Lactalbumin (37%), β-casein (9%), and

lysozyme (159%) were higher in mature milk than in colostrum. Glycans exhibited different behavior. Fucosylated

glycans of lactoferrin and high-mannose, undecorated, fucosylated, sialylated, and combined fucosylated + sialylated

glycans of secretory immunoglobulin A increased during lactation even when the concentrations of the parent proteins

decreased.

Conclusions: Proteins in healthy mothers vary dynamically through lactation to support the development of infants.

Individual milk proteins carried unique glycan modifications that varied systematically in structure even with site

specificity. The role of glycosylation in human milk proteins will be important in understanding the functional components

of human milk. This trial was registered at clinicaltrials.gov as NCT01817127. J Nutr 2019;149:1317–1325.

Keywords: human milk proteins, site-specific N-glycosylation, lactation, mass spectrometry, fucosylation,

sialylation

Introduction

Human milk is the remarkable product of the selective pressures
on the mammary gland through evolution as the primary source
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of nutrients for the newborn. In the past few decades, human
milk has been studied extensively to understand its nutritional
value. In addition to delivering nutrients, milk provides many
physiological benefits, such as the development of immunity
and the maintenance of gut health for the newborn (1–4).
Human milk contains a wide diversity of biologically active
components, including carbohydrates, proteins, endogenous
peptides, lipids, and minerals (5–8). Milk proteins are the fourth
most abundant component in human milk, consisting of both
caseins and whey proteins with a total concentration range of
10–20 mg/mL (9).

Variation in caseins and whey proteins in human milk is
thought to be important because these proteins play many
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roles in the newborn’s health and development. The three main
types of caseins present in human milk are β-, k-, and α-
casein. Caseins have been considered to be of predominantly
nutritional value because they are completely digested by the
infant’s gastrointestinal proteases. However, functions of casein
proteins and peptides continue to emerge with ongoing research.
For example, caseins promote calcium absorption through
the action of phosphopeptides, whose heavily phosphorylated
groups can chelate Ca2+ (10). In addition, β-casein has
shown antimicrobial properties toward streptococci (11) and
Haemophilus influenza (12), and k-casein has been shown to
inhibit the adhesion of Helicobacter pylori to the human gastric
mucosa (13).

Whey proteins in milk consist of a wide variety of proteins.
In addition to providing essential amino acids and energy,
these proteins have exhibited a wide range of biological
actions, including antimicrobial activity, prebiotic activity, and
assisting the digestion of proteins, all of which promote healthy
development of the newborn. α-Lactalbumin is responsible for
lactose synthesis in the mammary gland and enhancing calcium,
iron, and zinc absorption (14). Proteolytic fragments of α-
lactalbumin can block harmful pathogens and encourage the
growth of beneficial micro-organisms, such as Bifidobacteria
(15, 16). Lactoferrin (LF), another abundant whey protein
in milk that is known to facilitate the absorption of iron,
has multiple physiological functions, including antiviral and
antibacterial activities (17). Furthermore, immunoglobulins
[secretory IgA (SIgA), IgM, and IgG], osteopontin, and
lysozyme exert antipathogenic activities (18–22), whereas α-
antitrypsin in milk guides digestion by functioning as a protease
inhibitor (23).

A large number of milk proteins are known to be
glycosylated. N-glycosylation is one of the most complicated
but commonly occurring post-translational modifications of
proteins. Glycosylation plays a variety of roles in the functions
of proteins by stabilizing the three-dimensional structure and
facilitating cell–cell recognition and cell signaling (24–26). It
is not known precisely how, but the structure and functions
of glycans on milk proteins may interact with the infant in
various ways. There is evidence that glycosylated proteins
act as an extra line of defense, where glycans attached
to milk proteins have structural features that function as
pathogen adhesion sites (9, 27, 28). Glycosylated proteins
may also guide the community competition and functions
of the intestinal microbiome. N-glycans are released through
specialized enzymes from Bifidobacteria to provide free glycans
as additional prebiotic compounds (29). To date, a very limited
number of studies have focused on milk protein glycosylation
during lactation. These studies release glycans and are therefore
unable to capture many of the functions of glycosylated
proteins because deglycosylation loses the information about
the proteins of origin (27, 30).

In the current study, we measured the concentrations of
>90% (by abundances) of the proteins in milk from healthy
mothers during lactation. The proteins quantified include α-
casein, β-casein, k-casein, α-lactalbumin, LF, SIgA, IgM, IgG, α-
antitrypsin, osteopontin, and lysozyme. The respective glycosy-
lations of the individual proteins were quantitatively monitored
using dynamic multiple-reaction monitoring (MRM), yielding
variations in site-specific glycosylation (31). The samples
were obtained through the lactation study sponsored by the
Foods for Health Institute at the University of California,
Davis.

Methods
Materials and chemicals
Protein standards including α-lactalbumin, LF, IgA, IgG, IgM, and
α-antitrypsin were purchased from Sigma-Aldrich. Human lysozyme
was purchased from Lee Biosolutions. Standard peptides for the
β-, k-, and α-caseins and osteopontin were purchased from Bionexus.
Sequencing grade modified trypsin and dithiothreitol were purchased
from Promega. Iodoacetamide was purchased from Sigma-Aldrich.

Milk samples
A total of 231 human milk samples were collected from 33 healthy
mothers enrolled in the Food for Health Institute lactation study at the
University of California, Davis. Milk samples were collected postnatally
from mothers who gave birth to full-term infants (>37 weeks of
gestation). Samples were binned into 7 groups to evaluate the changes in
proteins and site-specific glycosylation across lactation: colostrum (days
2–5), week 2 (days 12–15), week 5 (days 28–42), week 10 (days 71–78),
week 13 (days 85–92), week 17 (days 106–130), and week 24 (days
170–189). The University of California, Davis, institutional review
board approved every aspect of this study. Written informed consent
was obtained from each participant. Milk samples were collected in the
morning using a modified, published method (32).

Trypsin digestion of a pooled milk sample for Q
Exactive Plus Orbitrap LC-MS/MS analysis
A pooled milk sample from all the donors in this study was used for
proteomic analysis. A 25-μL aliquot of the pooled milk sample was
diluted in 175 μL of 50 mM ammonium bicarbonate. The sample was
then reduced with 2 μL of 550 mM dithiothreitol at 60◦C in a waterbath
for 50 min and alkylated with 4 μL of 450 mM iodoacetamide for 30
min in the dark. Proteins were digested by adding 2 μg of trypsin and
incubating for 18 h at 37◦C.

Trypsin digestion of standards and human milk
samples for ultraperformance LC–electrospray
ionization–triple quadrupole analysis
For the quantification of milk proteins, accurate amounts of protein
standards (200 g of LF and α-lactalbumin individually; 100 g of
IgA; and 20 g of IgG, IgM, α-antitrypsin, and lysozyme individually)
were used to make a standard protein mixture. For the quantification
of caseins and osteopontin, accurate amounts of peptide standards,
including 100 μg of β-casein peptide 1 (SPTIPFFDPQIPK), 50 μg of
β-casein peptide 2 (VLPIPQQVVPYPQR), 20 μg of k-casein peptide
1 (RPAIAINNPYVPR), 20 μg of k-casein peptide 2 (TYYANPAVVR-
PHAQIPQR), 20 μg of α-casein peptide 1 (CAEQFCR), 20 μg of α-
casein peptide 2 (NNVMLQW), and 20 μg of osteopontin peptide
(GDSVVYGLR), were used to make a standard peptide mixture.
Standard mixtures of proteins, peptides, and 25 μL of each milk
sample were reduced, alkylated, and digested with trypsin in a 96-well
plate under the same conditions as previously described (31). Digested
proteins were purified with a C18 96-well cartridge plate. Peptides and
glycopeptides were completely dried before MRM analysis.

Q Exactive Plus Orbitrap LC-MS/MS analysis
The tryptic digest of milk proteins was reconstituted with 2% (vol:vol)
acetonitrile (ACN) in 0.1% formic acid (FA) prior to analysis with a Q
Exactive Plus Orbitrap mass spectrometer in conjunction with an EASY-
nLC II nano ultra-HPLC and Proxeon nanospray source. Peptides and
glycopeptides were loaded on a 100 μm × 25 mm Magic C18 reverse-
phase trap column prior to separation using a 75 μm × 150 mm Magic
C18 reverse-phase column. A binary gradient containing 0.1% (vol:vol)
FA in water (solvent A) and 100% ACN (solvent B) with a flow rate of 3
μL/min was used. MS spectra were obtained with an m/z of 300–1900.
MS and MS/MS spectra for the tryptic peptides were acquired in the
positive ion mode.

1318 Goonatilleke et al.



Ultraperformance LC–electrospray ionization–triple
quadrupole analysis
For quantification, peptide and glycopeptide samples were analyzed
using an Agilent 1290 Infinity ultraperformance LC system coupled
with an Agilent 6490 triple quadrupole mass spectrometer. An Agilent
Eclipse Plus C18 column (RRHD 1.8 μm, 2.1 mm × 100 mm) was used
for LC separation. Standards and milk samples were reconstituted with
100 μL of nanopure water and 1.0 μL was injected for the analysis.
To obtain protein concentrations, standard proteins and peptides were
diluted serially to acquire calibration curves. Peptides and glycopeptides
were separated using a 16-min binary gradient consisting of solvent A
of 3% ACN and 0.1% FA and solvent B of 90% ACN and 0.1% FA
in pure water (vol:vol) at a flow rate of 0.5 mL/min. The instrument
was operated in the dynamic MRM mode with unit resolution, and
peptide and glycopeptide ionization was performed in the positive ion
mode.

Data processing and statistical analysis
Q Exactive Plus Orbitrap LC-MS/MS data for tryptic peptides were
extracted using X! Tandem (www.thegpm.org), which is designed to
search the SwissProt human proteome database. Masses allowed a 10-
ppm error and 2 missed cleavages. Iodoacetamide derivative was chosen
as a fix modification on cysteine. Phosphorylation in threonine, serine,
and tyrosine, oxidation in methionine and tryptophan, and deamidation
in asparagine and glutamine were selected as variable modification.

Triple quadrupole MS data for peak area and signal-to-noise ratio
were analyzed using Agilent Mass-Hunter Quantitative Analysis B.6.0
software. To evaluate the sensitivity of this method, linear regression
was applied in Microsoft Excel 2010, and the limits of quantification
were determined as the concentrations of peptides with signal-to-
noise ratio ≥10. Absolute protein concentrations were obtained for
all 33 mothers at 7 lactation time points using calibration curves.
Relative abundances of glycopeptides were calculated by normalizing
the glycopeptide abundance to the quantifying peptide from the same
glycoprotein.

Statistical analysis was performed using JMP Pro 13 (SAS Institute),
and P ≤ 0.05 was considered statistically significant. Concentrations
of the proteins and the relative abundances of the glycopeptides
were transformed into natural log scale before any analysis. To
observe the effect of the lactation time points on milk proteins and
glycosylation, ANOVA and Wilcoxon’s test were used. Student’s t-test
and nonparametric comparisons test were used to compare between
two lactation stages. Means and SDs were calculated for the absolute
abundances of proteins and relative abundances of glycoproteins and
used to prepare graphical plots.

Results

Proteomic analysis was performed first to determine the identity
of the proteins in human milk. A tryptic digest of pooled
milk samples from all the donors was analyzed on a Q
Exactive Plus Orbitrap LC-MS/MS instrument to identify milk
proteins. We observed peptides corresponding to 639 milk
proteins with a 99% confidence level (Supplemental Table 1).
Among the identified proteins, 11 proteins represented >90%
of the total abundances. This study thus focused efforts on
the quantification of this most abundant group of proteins: α-
lactalbumin, LF, β-casein, k-casein, α-casein, IgA, osteopontin,
IgG, IgM, α-antitrypsin, and lysozyme.

Selection of peptides and glycopeptides for
quantification

For the quantification of proteins, a novel strategy was
developed to identify unique and unmodified peptides from
each protein. A minimum of 2 unique peptides were selected
for protein quantification. However, only 1 unique peptide for

osteopontin was included because the majority of its tryptic
peptides were post-translationally modified. The fragmentation
pattern of each peptide was evaluated to identify the precursor
ion and a minimum of 2 product ions (quantifier and qualifier)
that were added to the MRM transitional list. For example,
Supplemental Figure 1 shows the MS/MS spectrum of the α-
casein peptide CAEQFCR and illustrates abundant b- and y-
ions. For this peptide, the doubly charged quasimolecular ion
([M + 2H]+ m/z 485.7) was chosen as the precursor ion,
whereas the most abundant fragment ion m/z 739.3 was selected
as a quantifier and m/z 610.3 was selected as a qualifier.
For quantification, MRM transitions of tryptic peptides were
optimized for their quantifier, qualifier, collision energy, and
retention time. To increase the peak capacity, a dynamic MRM
method was employed in which the analyte was monitored
only when eluted. This reduced the number of concurrent
transitions observed at a given time, rendering dynamic MRM
to be very selective and sensitive. For example, the retention
time for the α-casein peptide mentioned previously was 1.7
min with an optimized collision energy of 15 eV. MRM
transitions for caseins and osteopontin peptides are listed with
their precursor masses, product masses, retention times, and
collision energies in Supplemental Table 2. MRM transitions
for other whey proteins were previously optimized and reported
(31). The chromatographic separation of peptides from α-
casein, β-casein, k-casein, α-lactalbumin, LF, SIgA, IgM, IgG,
α-antitrypsin, osteopontin, and lysozyme is shown in Figure 1A,
with the separation of all peptides observed between 1.4 and 4.5
min.

For glycopeptides, oxonium ions corresponding to m/z 204.1
for N-acetylhexosamine and m/z 366.1 for N-acetylhexosamine
+ hexose were universally the most abundant fragments
observed under collision-induced dissociation (31). These ions
were therefore used as the quantifiers for the glycopeptides.
In the method, a total of 114 glycopeptides were monitored
from LF, SIgA, IgM, IgG, and α-antitrypsin. Chromatographic
separation of glycopeptides is shown in Figure 1B. Interestingly,
glycopeptides containing the same peptide backbone with
different glycans attached were eluted in similar retention time
windows.

Quantification of milk proteins and glycopeptides

For absolute quantification, various concentrations of protein
standards were used to prepare a standard mixture that
was serially diluted to build the calibration curves. Because
standard proteins of human milk caseins and osteopontin are
not available, synthesized tryptic peptides were used for their
absolute quantification. To quantify caseins and osteopontin, a
single mixture with various concentrations of peptide standards
was prepared. The resulting calibration curves for the previously
mentioned peptides are shown in Supplemental Figure 2.
All peptides exhibited very good linearity, with a regression
coefficient >0.997. The linear ranges for the peptides spanned
3 orders of magnitude, which is sufficient to capture biological
diversity. Abundances of the peptides in each protein were
calculated using calibration curves, and the mass ratio between
the peptide and the corresponding protein was used to calculate
the absolute abundance of the protein present in milk. Limits of
quantification for the proteins were observed at the femtomole
level (Supplemental Table 2).

Absolute abundances of glycopeptides are complicated by
the lack of commercial standards. To measure fold changes,
the abundance of the glycopeptides was normalized to the
protein abundance. This decoupled the degree of glycosylation

Quantification of milk proteins and their site-specific N-glycosylation across lactation 1319

http://www.thegpm.org


FIGURE 1 MRM chromatograms of (A) peptides and (B) glycopeptides in human milk. Blue squares, green circles, yellow circles, red triangles,
and purple diamonds represent N-acetylglucosamine, mannose, galactose, fucose, and sialic acid, respectively. AT, α-antitrypsin; J, J chain;
α-Lact, α-lactalbumin; LF, lactoferrin; Lyso, lysozyme; MRM, multiple reaction monitoring; Oste, osteopontin; SC, secretory component.

to the variation in protein concentrations. A more extensive
description of this method and its utility has been provided
previously (31).

Dynamics of human milk proteins across lactation
(colostrum to week 24)

The concentrations of the milk proteins throughout lactation
are shown in Figure 2 and Supplemental Table 3. β-Casein was
the most abundant casein in human milk. The concentration
of β-casein showed a significant increase (P = 0.004) from
colostrum to week 2 and gradually decreased until week 24.
A similar trend was observed for k-casein across lactation,
in which it exhibited a significant increase (P = 0.002) from
colostrum to week 2 and gradually decreased until week 24.
However, we observed a significant decrease (P = 0.011) in
the concentration of k-casein from week 5 to week 10. In
contrast to β- and k-casein, α-casein continuously decreased
from colostrum to week 24, with a large decrease (P = 0.0004)
from colostrum to week 2.

α-Lactalbumin exhibited a significant increase (P < 0.0001)
in concentration from colostrum to week 2. It gradually
decreased after week 2, and the concentration remained higher
than in colostrum at week 24. After the first 2 time points, all

the other subsequent days had no major changes. In contrast,
the concentration of LF decreased throughout the lactation
period from colostrum to week 24. A significant decrease was
observed between week 2 and week 5 (P = 0.009) and also
between week 5 and week 10 (P = 0.0007). Interestingly, the
concentration of osteopontin increased from colostrum to week
2, although a gradual decrease was observed during the later
stages of lactation. No significant differences were observed
among lactation stages. A similar trend was observed for α-
antitrypsin, in which its concentration significantly increased
(P < 0.0001) from colostrum to week 2 and then significantly
decreased (P < 0.0001) from week 2 to week 10. There was no
significant change in concentration from week 10 to week 24.
In contrast to all of the proteins observed, the concentration
of lysozyme continuously increased from colostrum to week
24, with a significant increase (P < 0.029) from week 17 to
week 24. The study also quantified immunoglobulins in human
milk, including IgA, IgM, and IgG. IgA and IgM concentrations
were higher in early lactation and gradually decreased in later
lactation. In contrast, IgG remained mostly unchanged across
lactation.

To evaluate the dynamic nature of milk proteins during
lactation (colostrum to week 24), the percentage changes
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FIGURE 2 Dynamics of human milk proteins across lactation in the order of decreasing concentration: (A) first 6 abundant proteins; (B) next
5 abundant proteins. Values are mean ± SDs, n = 33. AT, α-antitrypsin; α-Lact, α-lactalbumin; LF, lactoferrin; Lyso, lysozyme; Oste, osteopontin.

in protein concentrations were determined relative to the
protein concentrations on day 3 (Figure 3). For α-casein,
k-casein, LF, osteopontin, α-antitrypsin, IgA, and IgM, the
concentrations decreased from colostrum to week 24. A group
of proteins including osteopontin, k-casein, α-antitrypsin, and
LF decreased <50% in abundances, whereas another group
including IgA, α-casein, and IgM decreased even more. IgM
had the largest decrease of 89% across lactation. In contrast, α-
lactalbumin, lysozyme, and β-casein concentrations increased
from colostrum to week 24. β-Casein and α-lactalbumin
increased <50%, whereas lysozyme increased the most (159%).

Dynamics of human milk site-specific N-glycosylation
across lactation

Quantification of the site-specific glycosylation of the glyco-
proteins including LF, IgA, IgG, IgM, and α-antitrypsin during
lactation was performed. Shown in Figure 4 are the fold changes
associated with the more abundant glycans at specific glycosites
relative to colostrum. In LF, 2 of the 3 sites are glycosylated,

and the glycans on the left are on site N156 (asparagine
156), whereas most of those on the right belong to N497
(Figure 4A). Glycans at the two sites were mainly complex
types that were fucosylated only (fucosylated), sialylated only
(sialylated), and simultaneously fucosylated and sialylated
(fucosylated + sialylated). Those that are neither fucosylated
nor sialylated are termed undecorated. Fucosylated glycans
increased at both sites during lactation. The monofucosylated
biantennary LF[8] at site 497 and the difucosylated biantennary
LF[2] at site 156 illustrate this behavior. Relative to colostrum,
LF[8] increased slightly in week 2 (Figure 4A, slight pink)
and increased more strongly and remained constant after week
10. Interestingly, LF[2] decreased immediately after colostrum
(week 2) and increased in mature milk (week 10 to week
24). Sialylated and sialylated + fucosylated glycans generally
decreased (Figure 4A, light blue; week 2) and more strongly
across lactation (week 5 to week 24). They include LF[11] for
sialylated glycans and LF[3], LF[5], LF[6], LF[7], and LF[10] for
sialylated + fucosylated glycans.

Quantification of milk proteins and their site-specific N-glycosylation across lactation 1321



FIGURE 3 Percentage changes in protein concentrations across lactation (colostrum to week 24) for 11 proteins. Data are reported as mean
values, n = 33.

SIgA is the most abundant immunoglobulin in milk. The site-
specific glycosylation of IgA1, IgA2, and secretory component
(SC) and J chain was monitored and consisted of nearly 50
N-glycans across 8 glycosites. However, only 28 glycans were
able to be quantified. IgA1 site N144 and IgA2 site N131
share the same tryptic backbone and cannot be separated in
this method. The glycosites in SIgA were occupied with high-
mannose and complex type glycans, including undecorated,
fucosylated, sialylated, and fucosylated + sialylated glycans. In
the heavy chain of SIgA (Figure 4B), we observed an increase in
the abundance of Man6 IgA[2]. This behavior was accompanied
by a decrease in Man5 IgA[1], Man8 IgA[3], and Man9 IgA[4].
Interestingly, the sialylation appeared to increase, as illustrated
by IgA[12]; however, fucosylated + sialylated glycans, IgA[16]
and IgA[17], increased at week 2, relative to colostrum, but
decreased at week 5. The fucosylated glycans IgA[14] and
IgA[15] increased at weeks 2 and 5 and decreased to the levels
of colostrum thereafter.

Glycosylation in the SC of the IgA behaved dramatically,
in that 3 species increased markedly compared to colostrum
(Figure 4C): undecorated complex-type glycan SC[4] and
fucosylated + sialylated glycan SC[6] on site 469 and SC[8] on
site 499. Interestingly, the triantennary structures SC[4], SC[5],
SC[6], SC[8], and SC[9] all increased in weeks 2 and 5. The J
chain was found with 2 structures, but both decreased relative
to colostrum (Figure 4D).

The glycosylation of IgG was monitored for all 4 subclasses
(IgG1, IgG2, IgG3, and IgG4), with each subclass containing
a single glycosylation site. The amino acid composition of the
tryptic glycopeptides for IgG3 and IgG4 are identical and could
not be distinguished with this method. A total of 25 glycan
compositions from IgG were detected in the glycoproteomic
map; however, only 7 structures had abundances suitable for
quantification. All the glycans decreased immediately after
colostrum and remained lower than colostrum in mature milk
(Figure 4E). IgM had a single glycan that could be quantified,
which had variable expression during lactation (Figure 4F).

α-Antitrypsin contained 3 N-glycosites that were mainly
fucosylated and sialylated complex-type glycans. We observed

11 glycans in α-antitrypsin in all the sites; however, only 2
at different sites could be quantified. The abundance of the
disialylated species at sites 107 AT[1] and 271 AT[2] decreased
from colostrum to transitional milk and remained constant.
AT[2] decreased more significantly (Figure 4G).

Discussion
This study represents the most extensive analysis of individual
proteins during lactation and the first to examine variations
in glycosylation on multiple glycoproteins. Total milk protein
concentration is known to decrease during the lactation period
(33). The results obtained in this study indicate that this
trend is not general for all proteins, and the behavior is
more complicated at the protein level. Nonetheless, the values
obtained in this study are in general agreement with those
of previous reports involving selected proteins, such as β-
casein, k-casein, α-casein, LF, lysozyme, and α-lactalbumin
(6, 34–36). Layered on top of the protein abundances is the
glycan expression, which appears to be independent of protein
expression. For example, the protein SIgA generally decreased
across lactation, whereas several of the glycans increased during
the same period.

A major role of milk is to develop the microbiome (37).
In this regard, the glycans in milk proteins may play a
complementary function, which includes pathogen defense and
delivery for prebiotic compounds. In pathogen defense, the
immunoglobulins represent the active immune system, and
LF and lysozyme represent the passive immune system. The
immunoglobulins have high concentrations early in lactation,
and these decrease as the milk matures. IgG remains constant or
slightly increases. As the infant’s immune system develops, there
is less of a need for the mother’s immune system to protect the
infant. Therefore, the immunoglobulins delivered to the infant
decrease. Interestingly, the passive immune system appears to
play a greater role as the concentration of lysozyme increases
dramatically. Lysozyme is an enzyme that hydrolyzes the cell
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FIGURE 4 Variations in site-specific glycosylation across lactation of selected glycoproteins: (A) lactoferrin, (B) heavy chain of IgA, (C) secretory
component of IgA, (D) J chain, (E) IgG, (F) IgM, and (G) α-antitrypsin. Blue squares, green circles, yellow circles, red triangles, and purple diamonds
represent N-acetylglucosamine, mannose, galactose, fucose, and sialic acid, respectively. Data are reported as log value (mean) of fold change
relative to colostrum, n = 33. AT, α-antitrypsin; J, J chain; LF, lactoferrin; SC, secretory component.
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walls of gram-positive bacteria, and together with LF, lysozyme
destroys gram-negative bacteria (38).

The understanding of the role of protein glycosylation is
less developed, but the analytical methods employed in this
study provide new insight. It is perhaps remarkable that with
33 mothers, the behavior of the glycans is generally correlated.
This behavior is consistent throughout lactation for various
types of glycans. Glycosylation in proteins may take on several
roles. It can protect the peptide backbone from proteolysis
(39). Bioactive peptides are produced in milk, and the extent
of proteolysis is affected by the glycosylation on the parent
protein. Glycans also play critical roles in the ability of proteins
to block pathogens (9, 27, 28). The different glycoforms interact
with specific bacteria more effectively. In LF, we found glycans
with 1 or 2 fucose residues at sites 156 and 497. These glycans
further increase in abundance in mature milk. The results are
in agreement with those of a previous study performed in our
laboratory that showed an increase in fucosylation of LF in
mature milk (27). Core fucose is known to control biological
activities including adhesion and cell–cell signaling (40, 41).
Glycans with terminal fucose are Lewis family glycotopes and
bind to lectin receptors of viruses and bacteria to block adhesion
to epithelial cells, thereby preventing invasion and colonization
(27, 42). Barboza et al. (27) showed that the enzymatic release
of fucose from intact LF significantly increased the adhesion
of Salmonella enterica typhimurium to host cells. Indeed,
fucosylated glycans increased or at least remained constant
during lactation.

SIgA proteins were found to be high in mono- and
disialylated glycans. Increases in fucosylation and sialylation
were found in the SC and the heavy chain of SIgA. SIgA is the
predominant immunoglobulin that protects the surface mucosa
against pathogen invasions. Sialylated glycans in the SIgA bind
to S-fimbriated E. coli to prevent it from binding to epithelial
cells. Escherichia coli causes meningitis and sepsis in newborns
(43). The secretory component, also sialylated, is known to
bind to toxin A (from Clostridium difficile) as well as E. coli
to prevent them from interacting with epithelial cell surfaces
(44). Abundant sialylated glycans are also found in antitrypsin,
which suggests that it too may function as a pathogen
block.

High-mannose glycans are found on SIgA and IgM glyco-
proteins. We observed Man5 to Man9 in various combinations
on IgA and IgM. Both glycoproteins are richer in high-mannose
glycans in colostrum. High-mannose-type glycans in IgA have
been shown to aggregate Enterobacteriaceae-carrying type 1
fimbriae through mannose-specific lectins (45). Glycans with
terminal N-acetylglucosamine were also observed in SIgA, with
higher abundance in colostrum. These glycans are known to also
bind to mannose-binding lectins in bacteria (46).

The intestinal microbiota of breastfed newborns has his-
torically been dominated by Bifidobacterium species (37). The
glycosidase present in Bifidobacteria longhum subsp. infantis
releases N-glycans by cleavage of the chitobiose core. Protein
glycosylation can therefore further affect the microbiome by
releasing N-glycans as free oligosaccharides. These compounds
would complement the existing free oligosaccharides that are
abundant in human milk, providing nutrition for the gut
microbiota.

In conclusion, through advanced analytical methods such as
dynamic MRM, studies were performed to quantify human milk
proteins and their site-specific glycosylation. Novel analytical
protocols were developed that are capable of characterizing all
the changes that occur in human milk, enabling more detailed

understanding of the functions of individual components and
how they work in unison and also a better understanding
of the general role of food materials as they are consumed.
Indeed, there is no single trend regarding protein concentra-
tion, and each protein behaves according to the function it
provides. Although glycosylation increases the complexity of
proteins, such post-translational modifications also provide new
opportunities. The abundance of these proteins along with the
changes in their glycosylation play roles in the development
and protection of the newborn. The complexity of human milk
suggests more than a single function for food. Nutrition will
need to expand beyond essential nutrients, energy provision,
and growth.
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