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ABSTRACT: Protein N-glycosylation on human milk proteins assists in protecting
an infant’s health and functions among others as competitive inhibitors of pathogen
binding and immunomodulators. Due to the individual uniqueness of each mother’s
milk and the overall complexity and temporal changes of protein N-glycosylation,
analysis of the human milk N-glycoproteome requires longitudinal personalized
approaches, providing protein- and N-site-specific quantitative information. Here, we
describe an automated platform using hydrophilic-interaction chromatography
(HILIC)-based cartridges enabling the proteome-wide monitoring of intact N-
glycopeptides using just a digest of 150 μg of breast milk protein. We were able to
map around 1700 glycopeptides from 110 glycoproteins covering 191 glycosites, of
which 43 sites have not been previously reported with experimental evidence. We next
quantified 287 of these glycopeptides originating from 50 glycoproteins using a targeted proteomics approach. Although each
glycoprotein, N-glycosylation site, and attached glycan revealed distinct dynamic changes, we did observe a few general trends. For
instance, fucosylation, especially terminal fucosylation, increased across the lactation period. Building on the improved
glycoproteomics approach outlined above, future studies are warranted to reveal the potential impact of the observed glycosylation
microheterogeneity on the healthy development of infants.

KEYWORDS: human milk, glycoprotein, milk proteins, glycopeptides, HILIC-based platform, mass spectrometry, N-glycosylation,
N-glycopeptide enrichment, targeted N-glycopeptide quantification, lactation

■ INTRODUCTION

Human milk is a remarkable multifunctional fluid of the
mammary gland, providing varying amounts of nutritional and
non-nutritional, bioactive components to satisfy the specific
demand of a newborn.1 Glycans form a major component of
human milk, occurring both in free form as lactose and
oligosaccharides,2 as well as conjugated to glycoproteins
primarily through N- and/or O-linked glycosylation.3 Protein
glycosylation is of special interest in milk due to its widespread
functional capacity. For instance, glycosylated proteins are
relevant to proteolytic susceptibility,4 as competitive inhibitors
of pathogen binding5,6 and immunomodulators,5 all together
working to protect the infant’s health.7 Like other components
in human milk, protein glycosylation is quite diverse among
individual mothers, and it is thought to also vary quite
dynamically across lactation.8 To understand the bioactive
effects of the continuing changes of glycosylation in human
milk, it is necessary that protein glycosylation analysis is done
both in a personalized manner and longitudinally.
The characterization of human milk glycosylation is

challenging due to the large dynamic range of human milk
proteins9 and the complexity of protein glycosylation. The first
challenge is posed by the co-occurrence of highly abundant
non-glycosylated proteins in human milk, such as β-casein that

accounts for ∼30% of the proteins by weight,9 which
diminishes the detectability of glycopeptides in a standard
proteomics approach. Furthermore, the microheterogeneity
introduced by harboring different types of glycans on the same
protein glycosylation site further confounds the complexity of
the sample and, additionally, the specific analysis of
glycopeptides.10,11

The glycopeptide-centric analysis of human milk protein
glycosylation is still rather in its infancy. Thus, further
developing this analysis is essential for obtaining information
on site-specific glycosylation. Recent studies have mainly
focused on the mapping of N-glycosylation sites of enzymatic
deglycosylated peptides12−14 or on enzymatically released N-
glycans.15,16 To name a few, a recent study from Cao et al.12

investigated human colostrum and mature milk samples, and
reported 68 and 58 N-glycoproteins and 111 and 96 N-
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glycosites, respectively, using a lectin-enrichment approach and
subsequent identification of the deglycosylated peptides.
Picariello et al.14 used hydrophilic-interaction chromatography
(HILIC) glycopeptide enrichment and applied this to a milk
sample collected on day 7 after parturition, also merely
analyzing the deglycosylated peptides, identifying 63 N-
glycosylated sites originating from 32 glycoproteins. Released
N-glycans have revealed that a specific feature of human milk
glycosylation is the high degree of abundant fucosylation, when
compared with bovine milk15 or healthy human serum.17 For
instance, Nwosu et al.15 compared human and bovine milk and
found substantial differences in their fucosylated N-glycans.
They reported that 75% of the N-glycans in human milk
correspond to fucosylated glycans, while this number was only
31% in bovine milk. Moreover, human milk exhibited more
glycoforms harboring multiple fucoses when compared to
bovine milk. About 60% of the fucosylated N-glycans in human
milk were reported to be multi-fucosylated, whereas this
number was just 30% in bovine milk. Also Dallas et al.16

quantified the abundance of N-glycans in human milk and
found that 84% of the total were fucosylated N-glycans. They
further reported that fucosylated N-glycans in human milk
harbor either one (36%), two (32%), three (14%) or more
(2%) fucose moieties. This high degree of fucosylation in
human milk is in sharp contrast to what has been observed in
human serum. For instance, Yoshida et al.17 reported that the
majority of N-glycans in human serum were glycans without
fucose (around 800 pmol/μL), followed by glycans with one
fucose (around 300 pmol/μL) and glycans with two fucoses
(only around 0.6 pmol/μL).
Here, we report on a high-throughput method to profile the

human milk N-glycoproteome, taking a glycopeptide-centric
approach, with the aim to monitor changes occurring over the
lactation period in a single individual donor. Therefore, we
collected human milk samples at nine time points covering the
early, transitional, and mature lactational stages. We enriched
for intact N-glycopeptides using an automated HILIC-based
setup, and identified the N-glycopeptides by higher energy C-
trap dissociation (HCD)-triggered electron-transfer/higher-
energy collision dissociation (EThcD). We also quantified
many N-glycopeptides using scheduled single ion monitoring
(SIM) and parallel reaction monitoring (PRM). Overall, our
dataset provides a comprehensive view of the human milk N-
glycoproteome. We identify and profile 191 glycosites on 110
glycoproteins, of which 43 sites on 32 proteins can be
considered novel. Moreover, these 191 sites harbor in total
1697 different glycans, i.e., on average 8 per site. We could also
quantify 287 glycopeptides originating from 50 glycoproteins
across the lactational period, which allowed us to observe
distinctive site-specific glycosylation profiles. From this
comprehensive profiling, a picture emerges that the human
milk glycoproteome is rather complex and dynamic, likely
reflecting the changing demands of the newborn’s growing and
developing immune system and gut microbiota.

■ EXPERIMENTAL PROCEDURES

Human Milk Sample Collection

Human milk samples were collected longitudinally from one
healthy donor in weeks 1, 2, 3, 4, 6, 8, 10, 12, and 16 (for a
total of nine time points). Written informed consent was
obtained before the collection of any samples. All samples used
were donated to Danone Nutricia Research in accordance to

the Helsinki Declaration II. Milk samples were collected from
one breast, as a complete breast expression, between the hours
of 9 and 11 AM, taking the breast that had not been used for
feeding within a 2 h window. Immediately after pumping, the
samples were transferred to a 2 mL Eppendorf tube containing
protease inhibitors (cOmplete Protease Inhibitor Cocktail
Tablets from Roche) and were then frozen at −20 °C. The
samples were transferred to the laboratory on dry ice and
stored at −80 °C until thawed for analysis.
Experimental Design and Statistical Rationale

For all milk samples, three technical replicate analyses were
performed. The mean ± standard deviation of the three
technical replicates was calculated, and the proportion was
calculated using the values of the mean of three technical
replicates.
Chemicals and Materials

Unless otherwise specified, all chemicals and reagents were
obtained from Sigma-Aldrich (Steinheim, Germany). Lys-C
was obtained from Wako (Neuss, Germany). The Oasis
PRiME HLB plate was purchased from Waters (Etten-Leur,
the Netherlands). Formic acid (FA) was purchased from
Merck (Darmstadt, Germany). Acetonitrile (ACN) was
purchased from Biosolve (Valkenswaard, the Netherlands).
The Pierce peptide retention time calibration (PRTC) mixture
was obtained from Thermo Fisher Scientific (Bremen,
Germany). Milli-Q was produced by an in-house system
(Millipore, Billerica, MA).
Milk Serum Separation and Protein Digestion

For each time point, an aliquot of 200 μL of a thawed whole
milk sample was centrifuged at 1000g for 1 h at 4 °C,
whereafter the upper fat layer was discarded. The lower
skimmed milk was further ultracentrifuged at 150 000g for 1 h
at 4 °C to remove the insoluble pellet, and the supernatant
milk serum was retained. The protein concentration was
estimated by measuring the absorbance at 280 nm on a
Nanodrop spectrophotometer (Nanodrop 2000, Thermo
Scientific). Up to a final concentration of 1% w/v sodium
deoxycholate (SDC), 100 mM Tris−HCl (pH 8.5), 5 mM
tris(2-carboxyethyl)phosphine hydrochloride (TCEP), and 30
mM chloroacetamide (CAA) were added to the milk serum.
Trypsin and Lys-C were added at ratios of 1:50 and 1:100 (w/
w), respectively. Digestion was performed overnight at 37 °C.
The next day, SDC was removed via acid precipitation (0.5%
trifluoroacetic acid (TFA)), and the final peptide concen-
tration was estimated by measuring the absorbance at 280 nm
on a Nanodrop spectrophotometer (Nanodrop 2000, Thermo
Scientific).18 The peptides were desalted using an Oasis
PRiME HLB plate and then dried and stored at −80 °C.
Automated HILIC-Based Glycopeptide Enrichment

The HILIC-based glycopeptide enrichment was performed
automatically with triplicates for each milk serum sample using
an AssayMAP Bravo robot (Agilent technologies) coupled
with HILIC-based cartridges (GlykoPrep APTS Cleanup
Module, ProZyme, CA). The HILIC-based columns were
first washed with 50 μL of 1% FA and equilibrated with 50 μL
of loading buffer (80% ACN/0.5% TFA). The peptide digests
(150 μg) were reconstituted with 50 μL of loading buffer and
loaded onto the column. The cartridges were washed with 50
μL of loading buffer, and the glycopeptides were step-eluted
with 75% ACN/0.5% TFA, 70% ACN/0.5% TFA, 65% ACN/
0.5% TFA, and 0.5% FA. These samples were dried down and
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stored at −80 °C until subjected to liquid chromatography−
tandem mass spectrometry (LC−MS/MS).

Full Proteome Analysis of Human Milk

To estimate protein abundances in the human milk proteome,
800 ng of the mixture of nonenriched tryptic peptides were
analyzed using an Agilent 1290 Infinity high-performance
liquid chromatography (HPLC) system (Agilent Technologies,
Waldbronn, Germany) coupled on-line to a Q Exactive HF
mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). The peptides were first trapped using a 100 μm
inner diameter 2 cm trap column (in-house packed with
ReproSil-Pur C18-AQ, 3 μm) (Dr. Maisch GmbH, Ammer-
buch-Entringen, Germany) coupled to a 50 m inner diameter
50 cm analytical column (in-house packed with Poroshell 120
EC-C18, 2.7 μm) (Agilent Technologies, Amstelveen, The
Netherlands). The mobile-phase solvent A consisted of 0.1%
FA in water, and the mobile-phase solvent B consisted of 0.1%
FA in ACN. Trapping was performed at a flow rate of 5 μL/
min for 5 min with 0% B, and peptides were eluted using a
passively split flow of 300 nL/min for 170 min with 10−36% B
over 155 min, 36−100% B over 3 min, 100% B for 1 min,
100−0% B over 1 min, and finally held at 0% B for 10 min.
Peptides were ionized using a spray voltage of 1.9 kV and a
heated capillary. The mass spectrometer was set to acquire full-
scan MS spectra (375−1600 m/z) for a maximum injection
time of 20 ms at a mass resolution of 60 000 and an automated
gain control (AGC) target value of 3 × 106. Up to 15 of the
most intense precursor ions were selected for tandem mass
spectrometry (MS/MS). HCD MS/MS (200−2000 m/z)
acquisition was performed in the HCD cell, with the readout in
the Orbitrap mass analyzer at a resolution of 30 000 (isolation
window of 1.4 Th) and an AGC target value of 1 × 105 or a
maximum injection time of 50 ms with a normalized collision
energy of 27%.
Raw shotgun LC−MS/MS data files were searched using a

processing workflow in Proteome Discoverer (version 2.2,
Thermo Scientific) using the Mascot search engine (version
2.6.1) against the Swiss-Prot database (release date: Feb 2017,
20 172 entries, taxonomy: Homo sapiens) using fixed Cys
carbamidomethylation and variable Met oxidation of peptides
as search variables. Trypsin was chosen for cleavage specificity
with a maximum of two missed cleavages allowed. The
searches were performed using a precursor mass tolerance of
10 ppm and a fragment mass tolerance of 0.05 Da, followed by
data filtering using Percolator, resulting in a 1% false discovery
rate (FDR). Only peptide-to-spectrum matches (PSMs) with
Mascot score >20 were accepted. The full proteome search
result was then used as a focused database for the identification
of glycopeptides (1259 entries). For label-free quantification,
the node called minora feature detector was used with high
PSM confidence, a minimum of five nonzero points in a
chromatographic trace, a minimum number of two isotopes,
and a maximum retention time (RT) difference of 0.2 min for
isotope peaks. The consensus workflow in Proteome
Discoverer was used to open the search results and enable
retention time (RT) alignment with a maximum RT shift of 5
min and mass tolerance of 10 ppm to match the precursor
between runs. Label-free quantification of peptides was
performed using the intensities of the extracted ion chromato-
gram (XIC). Protein intensity was determined by the average
intensity of unique peptides. Protein abundance was estimated
by taking the proportion of the protein intensity for each

protein to the total protein intensity. To relatively compare the
proportional change in each time point, the protein abundance
in week 1 was defined as standard, giving an adjustment factor
of 1. Other adjustment factors of proteins in other weeks were
calculated using their relative abundances normalized to the
measured value for that protein in week 1.

Identification of Human Milk Glycopeptides

All peptides from the automated HILIC-based glycopeptide
enrichment were separated and analyzed using the same HPLC
system as that used for the global proteome analysis, albeit now
coupled on-line to an Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany)
using a 90 min gradient, as follows: 0−5 min, 100% solvent A;
13−44% solvent B for 65 min; 44−100% solvent B for 5 min;
100% solvent B for 5 min; and 100% solvent A for 15 min.
Peptides were ionized using a 2.0 kV spray voltage. For the MS
scan, the mass range was set from 350 to 1800 m/z for a
maximum injection time of 50 ms at a mass resolution of
60 000 and an AGC target value of 4 × 105 in the Orbitrap
mass analyzer. The dynamic exclusion was set to 30 s for an
exclusion window of 10 ppm with a cycle time of 3 s. Charge-
state screening was enabled, and precursors with 2+ to 8+
charge states and intensities >1 × 105 were selected for tandem
mass spectrometry (MS/MS). HCD MS/MS (120−2100 m/
z) acquisition was performed in the HCD cell, with the
readout in the Orbitrap mass analyzer at a resolution of 30 000
(isolation window of 1.6 Th) and an AGC target value of 5 ×
104 or a maximum injection time of 75 ms with a normalized
collision energy of 30%. If at least two out of three oxonium
ions of glycopeptides (138.0545+, 204.0687+, or 366.1396+)
were observed, EThcD MS/MS on the same precursor was
triggered (isolation window of 1.6 Th) and fragment ions
(120−2100 m/z) were analyzed in the Orbitrap mass analyzer
at a resolution of 30 000, AGC target value of 2 × 105, or a
maximum injection time of 250 ms with activation of electron-
transfer dissociation (ETD) and supplemental activation with a
normalized collision energy of 27%. To obtain MS/MS scans
from more various precursors, we made reference samples with
mixed glycopeptides from weeks 1, 4, 10 (ref 1), weeks 2, 6, 12
(ref 2), and weeks 3, 8, 16 (ref 3) and measured each reference
sample three times using the same LC−MS/MS method for
glycopeptide identification, except that we applied various
dynamic exclusion times, 30, 60, and 180 s, respectively.
All raw files obtained for the glycopeptide identification,

including those of the reference samples, were processed in
Proteome Discoverer (version 2.2, Thermo Scientific) using
the Byonic node (Protein Metrics Inc., version 3.2.0) searching
against a targeted milk protein database (1259 entries) based
on our own data from the global milk proteome analysis using
the following search parameters: trypsin digestion with a
maximum of two missed cleavages, precursor ion mass
tolerance, 10 ppm; fragmentation type, both HCD and
EThcD; fragment mass tolerance, 20 ppm; carbamidomethy-
lation of cysteines as a fixed modification; variable
modifications: methionine oxidation. For glycan analysis, we
used a Byonic database of 182 glycans with no multiple
fucoses, whereby we added manually several reported glycan
compositions with multiple fucoses (Table S1). The maximum
number of precursors per scan was set to one and the FDR as
1%. Only PSMs matched to EThcD spectra with non-
negligible error probabilities |log Prob| >4.0 and Byonic score
≥200 were accepted. The MS1 feature of high-confidence
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PSMs was captured by the node called minora feature detector,
and the precursor was matched between runs by enabling
retention time (RT) alignment with a maximum RT shift of 5
min and mass tolerance of 10 ppm.

Quantification of Human Milk Glycopeptides

First, we built a library in Skyline19 (Skyline-daily, version
4.2.1.18305) based on the m/z and retention time of each
identified glycopeptide precursor and its HCD fragmentation
pattern. Since the used version of Skyline was only able to
accommodate b and y ions, we manually added oxonium ions
and Y ions (peptide backbone ions carrying a glycan fragment
from the glycosidic bond cleavage). The targeted peptides
were selected based on their chromatographic trace and
intensity. Due to the lack of appropriate stable isotope-labeled
glycopeptide standards, we spiked PRTC peptides equally in all
samples, which helped in monitoring the potential retention
time shifts and variability between MS runs. Around 10% of
the enriched glycopeptides and 50 fmol of the PRTC mixture
were analyzed by LC−MS/MS with the same HPLC system
and mass spectrometer as described above for the identi-
fication of the glycopeptides, except that MS and MS/MS

scans were acquired in SIM and PRM modes, respectively. For
MS scans, the m/z range was set from 350 to 2000 with a
resolution of 30 000 using an AGC setting of 5 × 104,
maximum IT of 54 ms, one microscan, a 1.6 Th isolation
window, 27% normalized collision energy, and a 3 min
retention time window. For MS/MS scans, the m/z range was
set from 120 to 3000 with a resolution of 30 000 using an AGC
setting of 5 × 104, maximum IT of 54 ms, one microscan, a 1.6
Th isolation window, 30% normalized collision energy, and a 3
min retention time window.
Further data analysis was done in Skyline as well. Skyline

initially scanned for up to five isotopes of the precursors and all
b and y fragment ions, oxonium ions, and Y ions for each
peptide. Each peak was manually assessed, whereafter ions with
interferences were removed. The retention time and rank of
fragment ions were checked. If the fragment ions were co-
eluted and the rank were the same as recorded in the above-
mentioned library, the chromatographic peak of the precursor
was undoubtedly pinpointed and the abundance of the
glycopeptides was represented by the max intensity of the
top three isotopes of the precursors. The abundances of the
PRTC peptides were extracted to determine the coefficient of

Figure 1. Experimental overview of the human milk glycopeptide-centric proteome analysis. (A) Overview of experimental steps taken. Human
milk samples were collected longitudinally from the same individual across the early, transitional, and mature lactational stages, at weeks 1, 2, 3, 4, 6,
8, 10, 12, and 16. By centrifugation and ultracentrifugation, the separated milk serum was subsequently tryptic-digested, whereafter the total peptide
concentration was determined. Milk proteins and their abundances across lactation were measured by standard shotgun proteomics approaches. N-
Glycopeptides present in human milk were enriched using HILIC implemented on an automated AssayMAP Bravo platform. The resulting
glycopeptides were then analyzed in HCD-triggered EThcD and searched by Byonic. A dedicated human milk protein database was used based on
the proteomics data from the shotgun identification. N-Glycopeptides were next quantified by a targeted assay with scheduled SIM and PRM with
spiked PRTC peptides to supervise the variability between runs and retention time shifts. These data were quantitatively analyzed using Skyline.
The intensity of the glycopeptide was normalized to the intensity of its protein of origin, as measured in the shotgun quantification. (B) Total
numbers of N-glycopeptides found in one, two, or three technical replicates. About 90% of the glycopeptides were identified in at least two
replicates at all time points. Week 16 revealed somewhat lower reproducibility, albeit still 83%. (C) Total number of N-glycopeptides detected in at
least two out of three technical replicates (1497 glycopeptides) found at all nine time points. Only 4.5% (68) were solely found at one time point,
and the majority 60.6% (907) were detected at all time points, indicating the ability to reproducibly enrich from the different milk samples. (D)
General composition of the observed glycoforms, based on the detected glycopeptide PSMs. The observed glycoforms were grouped into high
mannose, hybrid, and complex types, whereby the complex type was further divided into subgroups without fucose, with one fucose, and with
multiple fucoses, and others. See Table S5 for details about the glycan identifiers. The composition of complex with one fucose was observed to
gradually decrease, while the composition of complex with multiple fucoses was found to relatively increase from early to mature lactation.
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variation (CV). To relatively quantify the abundance of each
glycopeptide over the lactation period, the abundance was
normalized using the glycoprotein abundances obtained in our
global human milk proteome analysis of the same samples.

■ RESULTS AND DISCUSSION

Human Milk Sample Collection and Experimental
Workflow

Here, we aimed to extensively characterize the temporal
changes in the N-glycoproteome of a single mother’s breast
milk during the course of a lactation period. The overall
experimental workflow is depicted in Figure 1A and further
detailed in the Experimental Procedures. In brief, we collected
milk samples longitudinally from the same mother across early,
transitional, and mature lactational stages, i.e., at weeks 1, 2, 3,
4, 6, 8, 10, 12, and 16. Following ultracentrifugation, the
obtained milk serum was digested with LysC and trypsin,
whereafter the total peptide concentration was estimated. First,
abundances of the human milk proteins across the lactation
period were determined by label-free standard shotgun
proteomics approaches. In parallel, N-glycopeptides present
in human milk were selectively enriched using HILIC-based
cartridges implemented on an automated 96-well plate
AssayMAP Bravo robot. The resulting glycopeptides were
subsequently analyzed by LC−MS/MS, using HCD-triggered
EThcD as the fragmentation method, whereafter the spectra
were searched and identified using the Byonic node in
Proteome Discoverer. A dedicated human milk protein
database was made based on the 1259 proteins identified in
the shotgun proteomics experiments. A selected set of human
milk N-glycopeptides were quantified in more detail using a
targeted assay with scheduled SIM and PRM, using a spiked-in
PRTC peptide standard, to correct for the variability between

runs and potential LC retention time shifts. These data were
further quantitatively analyzed using Skyline. The intensity of
each glycopeptide was normalized to the intensity of its protein
of origin, as measured in the shotgun quantification of the
same human milk sample.

Mapping the Human Milk N-Glycoproteome across
Lactation

To retain only the most confident glycopeptide identifications,
we only accepted PSMs matched to EThcD spectra with strict
thresholds, namely, a non-negligible error probability |log Prob|
>4.0 and a Byonic score ≥200. In general, a high Bionic score
improves accuracy but at the expense of lowering the number
of IDs. We selected cutoff filters based on previous work by
Lee et al.20 who investigated the relationship between the
Byonic score and the accuracy of the IDs, whereby it was
concluded that a Byonic score >200 was a stringent but good
cutoff. For the log probability cutoff, we selected a value >4, as
a value of >1 results in an estimated 0.33% FDR for glyco
PSMs.21 After applying this stringent cutoff, in total, 22 614
PSMs could be identified (Table S2), resulting in 1697 unique
intact N-glycopeptides (Table S3) originating from 110
different human milk glycoproteins. The identified glycopro-
teins spanned a range in abundance very similar to those
observed in the full human milk proteome analysis (Figure S1).
As a quality check, we next assessed the reproducibility in the
automated enrichment of glycopeptides among all technical
replicates (Figure 1B). About 90% of all glycopeptides were
identified in at least two out of three technical replicates at all
time points, whereby only week 16 revealed a somewhat lower
reproducibility, albeit still around 83%, revealing the robust-
ness and reproducibility of our automated glycopeptide
enrichment.

Figure 2. Characteristics of the glycoproteins, glycopeptides, and glycosites observed in the human milk N-glycoproteome. (A) Distribution of the
number of glycosites observed on each of the 110 identified glycoproteins. (B) Distribution of the number of different glycans observed on each
glycosite. (C) Glycoprotein−glycan network map displaying what sort of glycans (outer circle, 160 total) modify which proteins (inner bar, 110
total). Glycoproteins are sorted as in (A), by the number of observed glycosites (note the same scale as the distribution in (A)). The observed
glycans were, therefore, organized using a standard classification, and edges are colored by the glycan node from which they originate. See Table S5
for more details about the glycan identifiers. (D) Approximately 22.5% (43) of the identified glycosites are not yet annotated in UniProt. Of these,
35 could be hypothesized to be genuine N-glycosylation sites based on the presence of the N-X-S/T sequon, whereas 8 were not annotated at all.
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We next inspected the 1497 glycopeptides, which were
found in at least two out of three technical replicates among
the nine different time points (Figure 1C). Only 4.5% (68) of
these were uniquely found at one time point, and the majority
61% (907) were detected at all time points. Thus, qualitatively,
the glycopeptide variety is rather constant over the lactation
period. Following this, we evaluated the nature of the glycans
identified based on the detected PSMs (Figure 1D). The
observed glycoforms were grouped into high mannose, hybrid,
and complex types, whereby the complex type was further
divided into subgroups without fucose, with one fucose, and
with multiple fucoses. The detailed compositions of the glycans
can be found in Table S5. The majority of the identified
glycans (67−70% of the PSMs) at each time point consisted of
complex N-glycans with none, one, or multiple fucoses. This is
in line with previous results for human milk analysis focused on
released N-glycans.15,16 Among the complex N-glycans, we
noticed that the glycans carrying one fucose gradually
decreased, while those harboring multiple fucose moieties
increased in time from early to mature lactation, again
consistent with previous findings based on studies focused
on released N-glycans.22

Having established a global picture of the glycan distribution
as occurring on glycoproteins in human milk, we used these
data to make a rough comparison to the global distribution of
glycans in human serum, taking serum data reported earlier23

(Figure S2). This comparison revealed, not surprisingly, that
global glycoproteome compositions in human milk and serum
are quite distinct. In particular, hybrid structures and complex

glycans harboring multiple fucoses seem to be relatively more
abundant in human milk versus serum.
Since we detected the majority of glycopeptides at all

investigated time points, we combined all data to get a
comprehensive picture of the human milk N-glycoproteome.
We first counted how many glycosites we identified for each
glycoprotein (Figure 2A). The number of glycosites per
glycoprotein varied from 1 to 10 (Table S4). In total, 191
glycosites were identified on cumulatively 110 glycoproteins.
These proteins together harbor 546 N-glycosylation sites
annotated in Uniprot by either experimental evidence or
sequon prediction. Of all glycoproteins, 67 were detected with
1 glycosite, 23 with 2 glycosites, 13 with 3 glycosites, 3 with 4
glycosites, 2 with 5 glycosites, 1 with 7 glycosites, and 1 with
10 glycosites. The last one is the glycoprotein tenascin (TNC),
which is known to be involved in the protection against viral
infections, signifying the importance of glycans in host
defense.24 We next investigated the degree of glycan
microheterogeneity observed on each of the 191 glycosites
(Figure 2B and Table S4). Overall, 72% of the glycosites were
identified with more than 1 glycoform, and 20% of the
glycosites were even harboring more than 10 glycoforms. This
clearly indicates the high degree of glycan microheterogeneity
observed on human milk glycoproteins. To further visualize
the data, we adapted a glycoprotein−glycan network diagram21

(Figure 2C), in which the variety of glycans (outer nodes, 160
in total, Table S5) are connected to their glycoproteins of
origin (inner column, organized by the number of glycosites,
110 in total). Again, the most eye-catching feature is the high
prevalence of complex glycans harboring multiple fucoses. This

Figure 3. Illustrative EThcD spectra of glycopeptides derived from α-S1-casein on a novel N-glycosylation site. Three examples of the same
glycopeptide; DTRNESTQNCVVAEPEK of α-S1-casein (66−82), harboring various glycoforms. The EThcD fragmentation of these
glycopeptides resulted in full sequence coverage, and the fragment ion (Y1f) of the amino acid backbone with HexNAc(1)Fuc(1) indicated
one core fucose. (A) EThcD fragmentation spectra of the glycopeptide harboring a HexNAc(4)Hex(4)Fuc(1). (B) EThcD fragmentation spectra
of the glycopeptide harboring a HexNAc(4)Hex(4)Fuc(1)Sia(1). (C) EThcD fragmentation spectra of the glycopeptide harboring a
HexNAc(4)Hex(5)Fuc(2). Lower case c in the peptide sequence indicates a carbamylated cysteine.

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.9b00753
J. Proteome Res. 2020, 19, 1941−1952

1946

http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00753/suppl_file/pr9b00753_si_003.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00753/suppl_file/pr9b00753_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00753/suppl_file/pr9b00753_si_003.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00753/suppl_file/pr9b00753_si_003.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00753/suppl_file/pr9b00753_si_003.xlsx
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00753?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00753?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00753?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00753?fig=fig3&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.9b00753?ref=pdf


network diagram also indicates that the complex glycans are
found on nearly all glycoproteins, while the majority of high
mannose and hybrid glycans occur mostly on glycoproteins
harboring multiple glycosylation sites.

Identification of Novel N-Glycosylation Sites

We evaluated the N-glycosylation sites found in our data
versus those annotated in UniProt (Figure 2D). Most of the
sites we report here (149 out of 191 glycosites) are annotated
with experimental evidence in Uniprot; however, we detected
43 potentially novel glycosites, all displaying the well-known
N-X-S/T sequon. In UniProt, these 43 were annotated as
putative sites without any experimental evidence (35
glycosites) or not annotated at all (8 glycosites). In particular
for these putative novel sites, we not only took the stringent
cutoff in Byonic but also manually validated the MS/MS
spectra using the following procedure. (1) All of these spectra
should contain at least two Y ions (peptide backbone ion
carrying a glycan fragment from the glycosidic bond cleavage)
and two oxonium ions, which strongly indicate that the spectra
originated from intact glycopeptides. (2) The EThcD
fragmentation ions should contain the c or z ion pairs with a
difference in mass of the intact glycan and corresponding
amino acids, which is essential for an unambiguous site
localization. Of all novel sites identified, the most surprising
one was Asn69 (sequon: NES) in α-S1-casein, since this
protein is quite abundant and a very well studied highly
phosphorylated milk protein.25 We generated very strong
evidence for Asn69 N-glycosylation, observing many different

glycopeptides harboring this site. Due to a variable number of
m i s c l e a v a g e s , w e i d en t ifi e d EKQTDEIKDTR -
N69ESTQNCVVAEPEK (58−82) , QTDEIKDTR-
N 6 9 E S T Q N C V V A E P E K ( 6 0 − 8 2 ) ,
D T R N 6 9 E S T Q N C V V A E P E K ( 6 6 − 8 2 ) ,
DTRN69ESTQNCVVAEPEKMESSISSSSEEMSLSK (66−
98), and N69ESTQNCVVAEPEK (69−82). Among these,
the backbone sequence of DTRN69ESTQNCVVAEPEK (66−
82) was found to be detected with most PSMs and glycoform
variants. The corresponding EThcD spectra showed both
glycan and backbone fragmentation, enabling confident
assignments of the glycoforms and glycosylation site (Figure
3). Moreover, the glycopeptides with two fucoses could be
assigned as one core fucosylation and one terminal
fucosylation by the Y1f ion (peptide backbone ion carrying a
glycan fragment HexNAc(1)Fuc(1) from the glycosidic bond
cleavage) and HexNAc(1)Hex(1)Fuc(1) oxonium ion (m/z
512.197+).
Additionally, we investigated the site occupancy of this site

by direct monitoring in the milk serum shotgun experiments
(i.e., without any enrichment or depletion) for the
DTRNESTQNCVVAEPEK peptide in its unmodified form
and for the same peptide harboring the glycoform HexNAc(4)-
Hex(5)Fuc(1)Sia(1). We selected this glycopeptide as it was,
on average, about 15 times more intense than all others
(Figure S3A). The peak area of extracted ion chromatograms
of the unmodified peptide at different time points showed a
gradual decrease over lactation and was almost not detected in

Figure 4. Targeted quantitative monitoring of glycopeptides. For illustrative purposes, a glycopeptide of the polymeric immunoglobulin receptor
(pIgR), VPGNVTAVLGETLK, is taken, harboring a HexNAc(4)Hex(5)Fuc(1)Sia(2) moiety. (A) HCD spectrum of the glycopeptide precursor
(m/z 1250.2149+++). (B) EThcD spectrum of the same precursor, which improved the identification and site assignment. (C) Elution profile of Y
and y ions, which were co-eluted and whose rank was matched with the HCD spectrum in (A). (D) The chromatographic peak of the precursor
could be pinpointed by the MS2-HCD elution profile, whereby the max intensity of the top three isotopes was used to determine the abundance of
the glycopeptide of interest.
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week 16, while that of the glycopeptide harboring the
glycoform HexNAc(4)Hex(5)Fuc(1)Sia(1) decreased to a
lesser extent (Figure S3B). By comparing the ion intensities of
the most abundant glycopeptide and the corresponding
unmodified peptide, we extracted that the site occupancy of
Asn69 in α-S1-casein ranged from 20% at the early stages to
almost fully occupied (98%) at later stages of lactation (Figure
S3C). This substantial change in occupancy may indicate that
the site has a functional relevance. However, at later lactational
stages, we almost did not detect the unmodified peptide
anymore, opening up the question of whether possibly other
modifications may play a role as well. α-S1-casein is best
known as a highly phosphorylated protein harboring close to a
dozen phosphorylation sites. Among these phosphorylation
sites, Ser71, which has recently been reported to be
phosphorylated in breast milk,26 happens to be in the sequon
of the N-glycosylation we found (NES) and, thus, on the

peptide stretch we monitored. This opens the question of
whether a potential positive or negative crosstalk between N-
glycosylation and phosphorylation may occur. In humans, α-
S1-casein has four isoforms produced by alternative splicing27

(Figure S4). Interestingly, in isoform 3, both Asn69 and Ser71
are deleted. Moreover, aligning α-S1-casein protein sequences
across different species (Figure S4) revealed that only the
human sequence carries this N-glycosylation site.

Targeted Monitoring of Intact Glycopeptides across
Lactation

Observing that the glycan occupancy of certain N-glycopep-
tides varies substantially during the lactation period, we
decided to monitor a subset of observed glycopeptides by a
targeted proteomics assay. Therefore, we first built a library
with relevant m/z and retention times of selected intact
glycopeptide precursors and their corresponding HCD

Figure 5. Site-specific glycosylation varies across stages of lactation, as illustrated for the protein polymeric immunoglobulin receptor (pIgR). The
temporal changes in abundance of pIgR and the glycans it harbors are depicted. (A) Overview of the pIgR protein sequence, the identified
glycosites, the glycan compositions, and the abundances over the nine measured time points. The protein sequence chains are color-coded, wherein
light blue and blue represent the signal peptide and the mature protein, respectively. Indigo dots inserted in the protein sequence with an asterisk
indicate the UniProt-annotated N-glycosylation sites with evidence. A red circle indicates that the glycosite is identified in this study. (B) Taking
the value in week 1 as the reference point, the abundance of the protein pIgR gradually decreases marginally over the 16 weeks of monitoring its
abundance. In contrast, the glycan distribution on N469 and N499 (taken by the summed intensities of biantennary glycopeptides
VPGN469VTAVLGETLK, WN499NTGCQALPSQDEGPSK, respectively) shows a diverging behavior with a 2−2.5-fold increase in abundance after
6−8 weeks, which decreases back to the abundance observed at 1 week at week 16. Microheterogeneity in glycan composition monitored over the
lactation period as observed for (B) VPGN469VTAVLGETLK and (C) WN499NTGCQALPSQDEGPSK. For pIgR, the glycoforms harboring
fucose moieties displayed a relative increase over the lactation period. In general, the site-specific glycosylation patterns were quite distinctive for
each glycoprotein and each N-glycosite.
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fragmentation pattern. The glycopeptide identification based
on the HCD spectrum (Figure 4A) was confirmed by their
matching EThcD spectra (Figure 4B). We then scheduled, for
all selected glycopeptides, the precursor and its fragmentation
ions to be measured. In a 90 min LC−MS gradient, we did
target and measure 287 glycopeptides originating from 50
glycoproteins by selected ion monitoring (SIM) and parallel
reaction monitoring (PRM), respectively, catching at least 10
data points in their chromatographic peaks (Figure S5A,B). In
the MS/MS-HCD spectra, Y ions are normally quite
abundant.28 We could use these ions in addition to the b
and y ions to check whether they were co-eluted and compare
the rank to that recorded in the above-mentioned library
(Figure 4C). If so, we could undoubtedly pinpoint the
chromatographic peak of the precursor and use the maximum
intensity of the top three isotopes to represent the abundance
of the glycopeptides (Figure 4D). We also noticed the
separation of glycopeptide isoforms in MS1 XICs; however,
we could often not directly distinguish their exact form.
Therefore, in our analysis, we took the most intense MS1 XIC
of the detected isoforms. For some glycopeptides containing
Met, we noticed variable oxidation occurring; thus, we
summed the intensities of the oxidation (±) forms.
Considering the lack of commercial 13C-labeled glycopeptide
standards, we spiked the PRTC mixture equally in all samples
to monitor potential LC retention time shifts and variability
between MS runs. We could calculate the CV of the intensities
of PRTC peptides as a measure of variation. Of all PRTC
peptides, 70% had CVs less than 20%; another 30% had CVs
less than 40% (Figure S5C). Based on this observation, we
concluded that the variability between runs was within a
reasonable range. Based on our in parallel acquired proteome
data, we noticed that the abundances of certain proteins also
showed changes across the lactation period. Thus, to assess the
total quantitative change in specific N-glycoform abundances,
the raw intensity obtained from the targeted monitoring was
normalized to the in parallel measured protein abundances,
using the protein abundances from week 1 as the baseline
(Table S6).

Visual Summary for Each Glycoprotein and Each Glycosite

To better illustrate the dynamics observed in the site-specific
glycosylation of all detected glycoproteins, we mapped on the
UniProt sequence of each glycoprotein the detected glycans
per site with their relative abundances over the lactation period
(using log 10 of average normalized intensities), as shown in
Figure S6 (Uniprot Accession). The diversity of glycan
microheterogeneity can be exemplified by comparing different
glycoproteins. Some proteins have only one glycosite that
harbors a great variety of glycans, e.g., α-S1-casein (Figure S6,
P47710), and immunoglobulin J chain (Figure S6, P01591).
However, other glycoproteins have several glycosylation sites,
with limited variability in the glycans modifying them, e.g.,
hemopexin (Figure S6, P02790). Also some glycosites exhibit
higher variability in glycans than other sites on the same
protein, e.g., lactoferrin (Figure S6, P02788). Interestingly, for
lactoferrin, the glycosite with lower glycan heterogeneity
(Asn642) is the site that is unique to human lactoferrin;
other sites (Asn156, Asn497) are more conserved glycosylation
sites.
We choose to further demonstrate the variability of glycans

and glycosites by focusing on one example, namely, the
polymeric immunoglobulin receptor (pIgR) protein, which has

seven potential N-glycosylation sites. The protein pIgR in
human milk is quite abundant29 and plays an essential role in
the formation and secretion of secretory immunoglobulin A
(sIgA), which is the dominant immunoglobulin in human milk
and essential for infant health.30 Not only is pIgR essential for
the secretion of immunoglobulin A (IgA), but it has known
antimicrobial functionality and can also be secreted on its own,
providing protection to sIgA from degradation.31 We identified
a stunning number of 201 glycopeptides in total, covering all
seven potential glycosylation sites of pIgR, whereby each site
displayed a striking different degree of heterogeneity (Figure
5A). We quantified 34 of the glycopeptides over nine time
points, further elucidating quantitative differences. Among all
detected glycosites, Asn469 and Asn499 accounted for the
most PSMs and the highest degree of heterogeneity. We
zoomed into the variation in occupancy of these two sites by
different glycans, especially biantennary complex glycans with
or without fucose moieties across lactation. First, as shown in
Figure 5B, the pIgR protein does not change that much in
abundance over the monitored lactation period, although it
does show a gradual decrease by up to about 20% at the latest
time point. After normalization for protein level variation, the
glycopeptides harboring Asn469 and Asn499 in pIgR did reveal
much more variability and site-specific changes over the
lactation period. We next compared the longitudinal variations
in the different glycans occupying these two sites. In Figure 5C,
it is shown that for VPGN469VTAVLGETLK, glycoforms
harboring one fucose decreased in abundance, while glyco-
forms with multiple fucoses increased, especially HexNAc(4)-
Hex(5)Fuc(2)NeuAc(1) , f rom 36 to 58%. For
WN499NTGCQALPSQDEGPSK (Figure 5D), the glycoforms
harboring one fucose increased, while those without fucose
decreased. Notably, glycan HexNAc(4)Hex(5)Fuc(1) in-
creased from 5 to 18% and HexNAc(4)Hex(5)Fuc(1)-
NeuAc(1) from 16 to 39%, whereas HexNAc(4)Hex(5)-
NeuAc(1) dropped from 51 to 31% and HexNAc(4)Hex(5)-
NeuAc(2) from 18 to 5%. Our data are also supported by
earlier studies that reported that fucosylation increases over
lactation.32,33 For instance, Landberg et al.32 observed that
with the progression of lactation, the levels of fucosylation on
N-glycans of the bile-salt-stimulated lipase protein increased.
Related to our work, Barboza et al.33 analyzed the released N-
glycans of human milk lactoferrin from day 1 to 72 postpartum
and found decreased levels of mono-fucosylation and increased
levels of multiple fucosylation. They also showed that
enzymatic removal of the fucose moieties from lactoferrin
affected the ability of bacteria to bind to epithelial cells,
whereas lactoferrin with fucose attached significantly inhibited
pathogen adhesion. In our data, we observed similar trends for
the glycopeptides of lactoferrin (Figure S6, P02788).
In mammals, core fucosylation, which is fucosylation on the

GlcNAc linked to asparagine in the core of N-glycans, is the
most common type of fucose modification.34 Thus, mono-
fucosylation tends to be core fucosylation, while additional
fucosylation of N-glycans is likely terminal fucosylation, for
which we also find evidence in our EThcD spectra. The
functions of multiple fucosylation in the course of lactation,
especially the site-specific effects, are still understudied.
Nevertheless, the feature of having terminal fucosylation on
glycoproteins represents a structural homology to human milk
oligosaccharides (HMOs), which may lead to a similar
function of the fucosylated HMOs. There is evidence from
studies investigating HMOs that have shown that HMOs
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increase in complexity and diversity, especially regarding
fucosylation, throughout lactation to meet the needs of the
increasing diversity of the gut microbiota.35−37 This could be
an explanation for the changes observed in our study regarding
the glycoproteome, especially with regard to increasing
fucosylation observed from several different glycoproteins
and varying glycosites across lactation. Potentially, then these
observed differences are related to the changing needs of the
infant to meet functional demands for growth and develop-
ment and of diversifying gut microbiome. N-Glycans could be
effectively released by the bacterium-derived glycohydrolases,
e.g., endo-β-N-acetylglucosaminidases,38 and serve as the
selective growth substrates for infant-associated gut mi-
crobes.39,40 Additionally, the attached N-glycans could slow
down the proteolytic digestion in infants, which is conceivably
supported by evidence that many glycoproteins such as
lactoferrin41 and sIgA42 are not fully absorbed in the small
intestine but rather can be found back as intact protein in
infant stool samples, indicating that these proteins serve many
important roles in pathogen defense and regulation of cellular
proliferation and differentiation.5

■ CONCLUSIONS

In this study, we characterized the human milk N-
glycoproteome of a single donor over nine time points during
the lactation period, characterizing 191 glycosites on
cumulatively 110 human milk glycoproteins. In total, we
were able to assign 1697 glycopeptides, indicating that many
sites were occupied by a wide variety of glycans. In more
quantitative detail, we performed targeted proteomics on 287
glycopeptides originating from 50 glycoproteins monitoring
their abundance over the lactational period, through which we
observed distinctive site-specific changes in glycosylation.
Compared to previous studies on the human milk
glycoproteome, we took a more integral approach by focusing
on intact glycopeptides and were able to reach considerably
more depth. Other studies either focused on the released N-
glycans15,16 or deglycosylated peptides.12−14 We consider the
improvement in depth in our study to originate mainly from
two factors: (1) the application of the robust and reproducible
automated HILIC-based enrichment protocol, and (2) the
high-end high-resolution mass spectrometry approach using
HCD-triggered EThcD-based glycopeptide identification. The
automated HILIC-based enrichment on the AssayMAP Bravo
robot has the capacity to allow for the enrichment of 96
digested samples in parallel within 1 h, offering the potential
for application on studies with numerous samples, such as the
longitudinal time series presented here. We demonstrate that it
is now possible to monitor personalized milk glycoproteomes,
i.e., per individual donor. By doing this, our data revealed a
fascinating variability in glycans and their site occupancy,
whereby each human milk glycoprotein, each N-glycosylation
site, and each glycan attached exhibit their own distinctive
quantitative pattern across the monitored lactation period. All
of these observed variations are very likely related to the
changing needs of the growing and developing infant, and are
hallmarked by the changing functional demands of the immune
system and diversifying gut microbiome.
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