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Abstract

Oligosaccharides in milk not only provide nutrition to the infants, but also have significant
immune biofunctions such as inhibition of pathogen binding to the host cell. The main component
in milk oligosaccharides is free oligosaccharides. Since the proteins in milk are highly
glycosylated, N-glycans in milk also play an import role. In this study, we investigated the
permethylated free oligosaccharides and N-glycans extracted from bovine, goat and human milk
using LC-MS/MS. Quantitation profiles of free oligosaccharides and N-glycans were reported.
The number of free oligosaccharides observed in bovine, goat and human milk samples (without
isomeric consideration) were 11, 8 and 11 respectively. Human milk had more complex free
oligosaccharides structures than the other two milk samples. Totally 58, 21, and 43 N-glycan
structures (without isomeric consideration) were associated with whey proteins extracted from
bovine, goat and human milk samples, respectively. Bovine milk free oligosaccharides and N-
glycans from whey proteins were highly sialylated and to a lesser extend fucosylated. Goat and
human milk free oligosaccharides and N-glycans from whey proteins were both highly
fucosylated. Also, the isomeric glycans in milk samples were determined by PGC LC at elevated
temperatures. For example, separation of human milk free oligosaccharide Gal-GIcNAc-(Fuc)-
Gal-Glc and Gal-GIcNAc-Gal-Glc-Fuc isomers was achieved using PGC column. Permethylation
of the glycan structures facilitated the interpretation of tandem MS. For example, internal cleavage
and glycosidic bond cleavage are readily distinguished in the tandem mass spectra of
permethylated glycans. This feature resulted in the identification of several isomers.
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1 Introduction

Oligosaccharides are the third most abundant component in human milk and animal milk
[1]; they are usually composed of linear or branched units of monosaccharides including N-
acetylglucosamine (GIcNAc), N-acetylgalactosamine (GalNAc), galactose (Gal), glucose
(Glc), mannose (Man), fucose (Fuc) and N-acetylneuraminic acid (NeuAc). The importance
of milk oligosaccharide has been extensively demonstrated [2]. Although oligosaccharides in
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milk do not provide nutrition to infants, the biofunctions of milk oligosaccharide have been
well recognized [3]. One of the major biofunctions of milk oligosaccharides is to inhibit
pathogen binding to the host cells. The first step of pathogenesis is to identify and bind to
the host cell according to the cell surface glycans. Due to the unique structures of milk
oligosaccharides, they act as decoys to protect infants [4-6]. Meanwhile, although milk
oligosaccharides cannot directly nourish mammalian neonates, they have been shown to play
a role in nourishing highly specific strains of bifidobacteria which would prompt the
generation of a particular gut microbiota [7, 8]. All these biofunctions of milk
oligosaccharides promote the development of reliable and sensitive quantitation analysis.

The dominant component of milk oligosaccharides is soluble free oligosaccharides that
consist of D-glucose (Glc), D-galactose (Gal), N-acetylglucosamine (GIcNAc), L-fucose,
and N-acetylneuraminic acid (NeuAc). Unlike peptides’ linear structure, most free
oligosaccharides exist as branched structures. The linkage of monosaccharides also varies in
different oligosaccharides. All these facts contribute to the complexity of milk
oligosaccharides and increase the difficulty of quantitative and structural analysis. Another
source of milk oligosaccharides is from the glycosylated whey proteins. These N and O
linked glycans also participate in the pathogen inhibition even though they are much less
abundant compared to free oligosaccharides [8].

Most informative structural analysis of milk oligosaccharides have been conducted by NMR
[9]. Various combinations of different separation and detection methods have been utilized
in milk oligosaccharides quantitative analysis. Native oligosaccharides can be separated by
ion exchange chromatography [10-14], hydrophilic interaction chromatography (HILIC)
[15], porous graphitic carbon (PGC) [16-18], reverse phase LC [19-21] and capillary
electrophoresis (CE) [22, 23]. lon exchange chromatography separation was usually
conducted on native oligosaccharides. Among these separation techniques, isomeric
separation is mainly attained by PGC and CE while reversed-phase liquid chromatography
(RPLC) only separates limited number of isomers [2]. Isomeric separation is important in
studies of milk oligosaccharides studies due to the fact that the biofunctions of
oligosaccharides are more influenced by their spatial structures. Similar to conventional N-
glycan analysis, free oligosaccharides are also labeled with tags containing a fluorophore or
chromophore or permanent charge at the reducing end, which is galactose, in most of the
free oligosaccharides quantitative studies. With reducing end labeling, milk oligosaccharides
are detected by UV or fluorescence. Meanwhile, the hydrophobicity introduced through
labeling renders glycan structures more amenable to separation by RPLC. The identification
of glycans by UV or fluorescence detection methods relies on the availability of standards.
This strategy has limited application in discovering new milk oligosaccharide structures;
issues may occur when glycan pool is too complex, and the dynamic concentration range of
glycans is wide.

Mass spectrometery (MS) is one of the most powerful analytical technique providing superb
identification capability and detailed structural information in glycomics studies. LC
coupled with MS would provide most comprehensive qualitative and quantitative analyses of
milk oligosaccharides. However, the quantitation of acidic milk oligosaccharides may be
problematic because of the lower ionization efficiency and possible sialic acid loss during
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ionization. However, analyses of native free oligosaccharides and N-glycans of whey
proteins in milk have been reported [1, 3, 8, 16, 24-33].

Permethylation is a common derivatization method in glycomics, and can overcome the
issues associated with ionization of glycans and loss of acidic structures. Efficient glycan
permethylation method was first reported in 1984 [34]. More recently, solid-phase
permethylation was developed in order to simplify the procedure and enable high-though
sample preparation [35]. Permethylation stabilized glycans and prevents loss of NeuSAc
during ionization. The ionization differences between structures are also eliminated in
permethylated glycans, resulting in more reliable glycomic profiling. Moreover,
permethylated glycans have higher proton affinity, which would contribute to higher
ionization efficiency in positive ESI; hence higher sensitivity could be achieved. Although
free oligosaccharides are a major component in milk, N-glycans from whey proteins are
relatively less abundant. High sensitivity would enable effective identification and
quantitation of N-glycans of whey proteins in milk samples. In most LC-MS analyses of
permethylated glycans, the separation is conducted in RPLC such as Cqg. However RPLC
separation cannot resolve isomeric glycan structures, limited structure information can be
obtained by this method. Recently our group has optimized the separation of permethylated
glycan on PGC column, enables high sensitive and isomeric informative glycomic profiling.

In this study, free oligosaccharides and N-glycans released from whey proteins of human
milk, bovine milk and goat milk are quantitatively profiled by C1g LC-MS/MS and
isomerically separated by PGC LC-MS/MS. MS? spectra were utilized for detailed structure
elucidation for isomers.

2. Method

2.1 Materials and reagents

Human milk was from Human milk bank at Austin, bovine milk and goat milk were bought
from a local supermarket (United supermarket, Lubbock, TX). PNGase F, 10xG7 reaction
buffer (50mM sodium phosphate buffer, pH 7.5) were purchased from New England Biolabs
(Ipswich, MA, USA). Dimethyl sulfoxide (DMSO), iodomethane, ammonia-borane
complex, sodium hydroxide beads and formic acid were acquired from Sigma-Aldrich (St.
Louis, MO, USA). ACS/USP grade anhydrous ethanol was from PHARMCO-AAPER,
HPLC grade methanol, HPLC grade water, Acetonitrile (ACN) were obtained from Fisher
Scientific (Fair Lawn, New Jersey, USA)

2.2 Sample preparation (extraction and purification)

The extraction and purification of whey protein and free oligosaccharides were performed as
previously reported [26, 29]. Three aliquots of milk were taken from milk source and
subjected to the same protocol. Briefly, as shown in the workflow in Figure 1, a 500-pl
aliquot of milk samples were mixed with 500 pl water and centrifuged at 4°C and 1.5 krpm
for 60 min. The mixture was separated into 3 layers. The middle aqueous layer was carefully
collected, which consisted of whey protein and free oligosaccharides [26]. Next, a 500-pl
aliquot of 90% chilled ethanol aqueous solution was added to each of the extracted middle
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layers. The mixture was then incubated at —20°C for 20 min, and centrifuged at 14.8 krpm
for 10 min. The supernatants were then transferred to new vials, and the pellets which
consisted of precipitated proteins were dried under vacuum.

Next, the supernatants were split into 4 vials with 200 pl in each, an 800-pl aliquot of
chloroform/methanol (v/v 2:1) solution were added to the supernatants. The mixture was
centrifuged at 4°C, and 1.5 krpm for 30 min, all supernatants after enrichment were
collected [36].

2.3 Digestion of whey protein, N-glycan release

The dried whey protein pellets were resuspended in 50 pul 10xG7 reaction buffer (50mM
sodium phosphate buffer, pH 7.5), incubated in 90°C water bath for 20 min to denature the
whey proteins. After denaturation, a 1.2-pl aliquot of PNGase F stock solution was added to
the mixture. N-glycans were released from whey proteins after incubation in a 37°C water
bath for 18 h. A 500-ul aliquot of 90% ice-cold ethanol aqueous solution was added to the
mixture and was incubated at -20°C for 10 min. After centrifugation at 14.8 krpm for 10
min, the supernatants were collected and vacuum dried.

2.4 Reduction of free oligosaccharides and whey protein N-glycans

Free oligosaccharides and N-glycans reduction to eliminate the reducing end of the released
and free oligosaccharides were performed as previously described [35]. Briefly, a 10-pl
aliquot of ammonia-borane complex solution (10 pg/ul) were mixed with free
oligosaccharides and N-glycans, the mixtures were incubated in 60°C water bath for 1h. The
reduced samples were purified by using 500 ul methanol to remove the extra ammonia-
borane complex and the borate salt. When methanol and ammonia-borane were mixed,
volatile methyl borate salts are produced. Thus, repetitive addition and evaporation of
methanol will eliminate all borate slats as methyl borate [35]. Samples were then dried under
vacuum. The washing steps were repeated two more times to remove thoroughly the
reducing reagent.

2.5 Solid-phase permethylation of free oligosaccharides and whey protein N-glycans

Solid-phase permethylation was performed as previously described[35]. Briefly, dried
reduced glycans or free oligosaccharides were resuspended in 30 pl DMSO with 1.2 l
water. Sodium hydroxide beads, which were suspended in DMSO were transferred to the
spin-columns, prior centrifugation at 1.8 krpm for 2 min. DMSO was then added to the
columns and centrifuged again at 1.8 krpm for 2 min.

Next, a 20-ul CHsl aliquot was added to the resuspended glycan samples. The spin columns
were loaded with the sample mixture and were incubated for 25 min. Additional 20-pl CHsl
aliquot was added to the spin columns and was incubated for another 15 min t room
temperature, followed by centrifugation at 1.8krpm for 2 min. The sample mixtures were
eluted out with 30 ul ACN and centrifugation at 1.8 krpm for 1 min. The eluted samples
were dried under vacuum.
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2.6 LC-MS/MS analysis

LC-MS/MS analysis was performed as previously described [37-53]. The dried
permethylated N-glycans or free oligosaccharides were resuspended in 80 pl 20%ACN,
0.1% Formic Acid solution then analyzed using UltiMate 3000 nano-LC system (Dionex,
Sunnyvale, CA, USA) coupled with LTQ Orbitrap Velos (Thermo Scientific, San Jose, CA,
USA). Each injection volume was 3 pl. For glycan profiling, samples were run at 55°C on
reversed phase Acclaim PepMap capillary column (150 mmx 75um i.d.) packed with 100 A
C1g bounded phase (Dionex). The flow rate was 0.35 pl/min. Mobile phase A consisted of
98% HPLC water, 2% ACN, 0.1% formic acid while mobile phase B consisted of 100%
ACN with 0.1% formic acid. The gradient conditions for free oligosaccharides separation
was 20% mobile phase B, increased to 25% over 11 min, 25% to 60% B (11-46 min), 60%
to 90% B (46—47 min), 90% B (47-52 min), 90% to 20% B (52-53min), 20% (53-60min).
The gradient conditions for N-glycans separation was 20% B(0—-10min), 20% to 42% B (10-
11min), 42% to 55% B (11-48min), 55% to 90% B (48-49min), 90% B (49-54min), 90% to
20% B (54-55min), 20% B (55-60min). Isomeric separation was attained at 75°C on
HyperCarb porous graphitized carbon (PGC) column (100 mmx0.075mm i.d., particle size
3um) (Thermo Scientific, Pittsburgh, PA, USA). The flow rate was set to 0.6 pl/min. The
separation gradient for free oligosaccharides was 5% B (0-10min), 5% to 15% B (10-
11min), 15% to 65% B (11-46min), 65% to 90% B (46-52min), 90% to 20% B (52-53min),
20% B (53-60 min). The flow rate for N-glycans separation on PGC column was 0.65ul/
min, and the gradient employed was 20% B (0-10min), 20% to 45% B (10-11min), 45% to
60% B (11-20min), 60% to 95% B (20-46 min), 95% B (46-57min), 95% to 20% B (57—
58min), 20% B (58-60min). Full MS spectra were obtained by positive mode with a mass
range of 700-2000 /m/z. The resolution of the instrument was set to 15,000 while mass
accuracy was 5 ppm. MS/MS spectra were generated using collision induced dissociation
(CID) at a normalized collision energy of 35%. The relative percentages of free
oligosaccharides and N-glycans released from bovine, goat and human milk were based on
the peak areas calculated by Xcalibur (Thermo Scientific).

3. Results and Discussion

3.1. Major free oligosaccharides structures detected in different milk sources

Permethylated glycans have high hydrophobicity, thus prompting effective separation on
RPLC at high sensitivity. Glycan permethylation also permits the simultaneous detection of
sialylated and neutral glycans, which is effective for the identification and relative
quantitation of both free oligosaccharides and N-glycans in milk [17, 29, 35, 53]. In different
milk sources, the structures and distributions of free oligosaccharides are different. The
Extracted ion chromatograms (EICs) of free oligosaccharides derived from bovine, goat and
human milk are shown in Figure 2A, B, and C, respectively. Comparing with native free
oligosaccharides analysis methods [17], the intensity of permethylated free oligosaccharides
in EIC increased at least 2 orders of magnitudes (Figure S1). The dramatic sensitivity
increase permitted the detection of relatively low abundant structures in the milk samples,
which were difficult to be identified in native oligosaccharides (Figure S1). 11 free
oligosaccharides structures (without isomeric consideration) were assigned in the bovine
milk sample, 8 structures in goat milk sample and 11 compositions were found in a human
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milk sample. Human milk had 4 compositions in common with either bovine milk or goat
milk. Bovine milk and goat milk shared 5 compositions with the other milk samples. The
free oligosaccharides compositions in human milk were more complex than the ones
observed in the other two mammalian milk sources. The quantitation profile of free
oligosaccharides released from bovine, goat and human milk are shown in Figure 3. In
bovine milk, 85% of free oligosaccharides were triose, GIcNAc-lactose, and NeuGc-lactose.
In goat milk, fucose-lactose was the most abundant, which was 60%. In human milk, 75%
free oligosaccharides were fucosylated Gal-GIcNAc-lactose structure.

3.2 N-glycan profile in different milk sources

Although free oligosaccharides are the major glycan source in milk with a relative
abundance of 7-12 g/L[29], N-glycans from glycosylated proteins are another substantial
oligosaccharides source. According to initial studies in human and bovine milk, milk
proteins are highly glycosylated [26] and they play similar biological functions as free
oligosaccharides in milk. However, due to the limitation of analytical approaches, only N-
glycans attached to abundant proteins were studied. Comprehensive list of N-glycan
repertoire in milk sources remains to be challenging [26]. Permethylation of N-glycans
dramatically increased the ionization efficiency in MS analysis, especially for acidic glycans
containing N-acetylneuraminic acid (NeuAc) or N-glycolylneuraminic acid (NeuGc). The
putative compositions and relative abundance of N-glycans released from bovine milk, goat
milk, and human milk are listed in Table 1. 58 compositions (without considering isomers)
were identified in bovine milk, 52% of total were fucosylated structures, 59% of the
components included one or more sialic acid. In goat milk, 21 N-glycan structures were
identified, and fucosylated structures 52%, 4% of the total were sialylated structures. 43
different N-glycans were found in human milk, 53% of them were composed of at least one
fucose, and 39% compositions had sialic acid. Comparing with N-glycan distributions in
bovine milk, goat milk, and human milk, we can see that bovine milk was highly sialylated,
while in goat milk and human milk, fucosylated structures were in relatively higher
abundance. This percentage ia in greement with the previously reported studies [55].

3.3 Isomeric elucidation of permethylated free oligosaccharides on PGC column

Although permethylation increased ionization efficiency of glycans on RPLC-MS, partial
isomeric separation is attained on RP column. Optimized separation on PGC column under
high temperature (75°C) increased the efficiency of isomeric separation. The analysis on
PGC column successfully provided informative profiling for both permethylated free
oligosaccharides and permethylated N-glycans. As shown in Figure 4A, under 55°C, on C1g
column, the separation of isomers for fucosylated Gal-GIcNAc-lactose was not effective.
However, on PGC column at 75°C (Figure 4B), the two isomers with different fucose
connectivity were separated into two peaks, their structures were confirmed by tandem MS.
The characteristic peaks at m/z values of 638.40 and 842.55 in Figure 4C clearly illustrated
that the connecting position of fucose was at GICNAc. On the other hand, those two peaks
cannot be observed as shown in Figure 4D, if the fucose residue was attached to the glucose
in the core. These structures shared the same m/z value, but different fucose connectivity
was clearly elucidated using PGC column. In comparison, the MS/MS spectrum (Figure 4A)
we obtained on Cqg column showed the characteristic peaks of both species, which means
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that the spectrum was a mixture of the two isomers. Thus, isomeric separation of
permethylated free oligosaccharides is achieved on PGC column.

Interestingly, permethylation of N-glycans provided an easier to interpret tandem mass
spectra. For example, Tandem mass spectrum of Gal-GIcNAc-(Fuc)-Gal-Glc structure
contained a 450.3 m/z value representing Gal-GIcNAc fragment (Figure 4C) which is an
internal fragment ion resulting from the cleavage of both glycosidic bonds linked to GICNAc
moiety. However, the tandem mass spectrum of Gal-GIcNAc-Gal-Glc-Fuc structure
contained 464.31 my/z value representing Gal-GIcNAc fragment (Figure 4D) which
originates from the cleavage of the glycosidic bond linking GIcNAc to internal Gal.
Although the fragments have the same monosaccharide compositions, there was 14 Da
difference, which was exactly the mass of CH,. This confirms the composition of the
positional isomers with different fucose linkage. The fragment Gal-GlcNAc-Gal with m/z
654.40 in Figure 4C and the fragment Gal-GIcNAc-Gal with m/2668.46 in Figure 4D also
supported the presence of two structures. For native N-glycans or reducing end labeled N-
glycans, this difference cannot be observed. Therefore, permethylation did permit not only
the isomeric separation on PGC but also facilitate tandem MS interpretation.

Table 2 lists the isomeric species and relative abundances of free oligosaccharides extracted
from bovine milk, goat milk, and human milk. Different milk sources exhibited different
isomeric distributions. For example, bovine milk GIcNAc;Gals structure had 4 positional
isomers while human milk had only two positional isomers. On the other hand, goat milk
only exhibited one structure.

3.4 Isomeric elucidation of permethylated N-glycans on PGC column

Since the glycosylation of proteins is a template-free process [48], different monosaccharide
compositions, connectivity, linkage result in the extensive structural diversity of glycans.
Based on composition and branching difference, N-glycans may be classified as high
mannose, which is composed of only GIcNAc and mannose; complex, and hybrid.
Additionally, N-glycan isomeric structures are the result of (i) positions of monosaccharides,
(if) branching, (iii) fucose moiety position and linkage, and (iii) sialic acid moiety linkage
[26]. Isomeric structural elucidation is helpful to understand better the biological role of
glycoproteins [26].

High temperature (75°C) separations on PGC column prompt isomeric separation of
permethylated N-glycans. Based on tandem MS and the unique fragment ions associated
with permethylated N-glycans, isomeric structures resulting from fucose position are readily
identified. Fucose rearrangement in the gas phase is commonly observed for native glycans
[56] but not for permethylated glycans. Figure 5A depicts the extracted ion chromatogram of
(GlecNAcg4MansGaloFuciNeuAc, m/z1322.1546) structure detected in human milk. Two
peaks were observed in the EIC, thus indicating the presence of two isomers. Figure 5B and
Figure 5C are MS? spectra corresponding to retention times at 28 min and 38min,
respectively. In Figure 5B, m/z values of 660.43, 1003.94, 1176.00, and 1219.55 represent
fragment ions originating from a structure with fucose moiety attached to the branch
GIcNAc. In Figure 5C, fragment ions with //z values of 490.36 and 1090.98 suggested that
fucose moiety was connected to the GIcNAc in the core structure.
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A glycan structure with GIcNAcsManzGaliFuc; composition has potentially two positional
isomers originating from terminal Gal moiety attachment to GICNAc on the a6 branch or a3
branch. Since the two structures had very similar hydrophobicity, it is impossible to separate
them on Cyg columns. However, optimized separation on PGC column facilitated the
efficient separation of the two isomers. The EIC of these isomers is shown in Figure 6A
while their tandem mass spectra are depicted in Figures 6B and C. Although the fragment
ions observed in both spectra were identical, the ratio of some of these fragment ions was
unique to each isomer. For example, the ratio of the fragment ion at m7/z1103.7 to m/z
1307.8 in MS/MS spectra was different in the two spectra. With Galactose connected to an
a3 branch, the peak height of //21103.7 was obviously much higher than the peak at m/z
1307.8. While in a6 branch structure, the height of the two peaks was quite close. This
structural elucidation evidence has already been confirmed by analyzing standards of the
two isomers tandem MS of one of them is shown in Figure S2.

Figures 7A, B, and C, summarize all the assigned positional isomeric structures of N-
glycans identified from bovine, goat and human milk samples, respectively. In bovine milk,
fucose linkage to the core or branch resulted in two isomeric structure of
GIcNAcsMansGalyFuciNeuAc; and GIcNAcsMansGalqFucy (Figure 7A). Tandem mass
spectra of these isomers are shown in supplementary information Figures S3 and S4,
respectively. In goat milk, GIcNAc4MansGal;Fucq, and GIcNAcsMansGalqFuc, structures
exhibited several structural isomers (Figure 7B). In human milk, GIcNAcsManzGal;Fucq
and GlcNAcsMangGaljFuc, exhibited the same isomers observed in the other two milk
samples as well as additional isomers (Figure 7C). Two isomeric compositions of
GIcNAcsMansGalyFucy (tandem mass spectra are depicted in Figure S5 and S6) and
GIcNAcsMansGalyFucy were observed.

4 Conclusion

In this study, we investigated the compositions of permethylated free oligosaccharides and
N-glycans derived from bovine, goat and human milk. Quantitation profile of free
oligosaccharides and N-glycans were illustrated. The LC-MS/MS analyses revealed (without
isomeric consideration) the presence of 11, 8 and 11 free oligosaccharide compositions in
bovine, goat and human milk samples, respectively. Human milk had more complex free
oligosaccharides structures relative to the other two milk sources. On the other hand, LC-
MS/MS analyses of permethylated N-glycans derived from whey proteins extracted from the
different milk sources disclosed a more complex profile than the free oligosaccharides.
Totally 58, 21 and 43 N-glycan structures were identified in the whey proteins extracted
from bovine goat and human milk samples. N-glycans in bovine milk were more sialylated
than fucosylated while N-glycans in goat and human milk were highly fucosylated.

The distribution of isomeric free oligosaccharides and N-glycans in milk samples analyzed
in this study was attained using PGC column at elevated temperatures. Identification of
many of the isomers observed in this study was facilitated by permethylation and tandem
MS. Permethylated oligosaccharides and N-glycans separated on PGC column provided
richer fragmentation information in MS/MS than native glycans or reducing end labeling
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method. Accordingly, tandem MS of permethylated sugars showed an advantage in
distinguishing linkage and branching isomers.
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Refer to Web version on PubMed Central for supplementary material.
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Flow chart summarizing sample preparation steps.
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Figure 2.

Extracted lon Chromatogram (EIC) of free oligosaccharides extracted from (A) bovine milk
(B) goat milk and (C) human milk. Symbols: B, N-acetylglucosamine (GIcNAc); O,
Galactose (Gal); ¥, Fucose (Fuc); @, Mannose (Man); @, Glucose (Glc); ¢, N-
acetylneuraminic acid (NeuAc/Sialic Acid); <>, N-glycolylneuraminic acid (NeuGc).
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Figure 3.
Bar graphs of the relative intensities of free oligosaccharides determined in (A) bovine, (B)

goat and (C) human milk samples. The error bars represent the standard deviation of the
three performed analyses (N= 3, please see experimental for more details). The
oligosaccharides composition on x-axis shows a different number of GIcNAc, Hex(Man/Gal/

Glc), Fuc, NeuAc, and NeuGc. Symbols: see Figure 2.
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Figure 4.

EIC of fucosylated Gal-GIcNAc-lactose isomers determined in human milk, using (A) C1g
and (B) PGC columns. Tandem MS of the two isomers associated with this free
oligosaccharide structures are depicted in C and D. Symbols: see Figure 2.
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EIC of GIcNAcsManzGalyFuciNeuAc; isomers determined in human milk, using PGC.
Tandem MS of the two isomers associated with this structure is illustrated in B and C.
Symbols: see Figure 2.
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Bar graphs of the relative intensities of N-glycan isomers in whey proteins isolated from (A)
bovine, (B) goat and (C) human milk samples. The error bars represent the standard
deviation of the three performed analyses (N= 3, please see experimental for more details).
Glycan composition on the x-axis was named in the same order as in Figure 3. Symbols: see

Figure 2.
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Relative abundances of isomeric free oligosaccharides in (A) bovine, (B) goat and (C) human milk samples. 1,

2, 3, 4 stands for different isomers. Symbols as in Table 1.

A.
Putative 1 2 3 4
Structures
-/;--.. 831% 10.58% 51.64% 29.47%
L 4081% 50.19% 9.01% -
-
. /: 37.68% 6232% - =
BO
Putative 1 2
structures
L 43.69% 56.31%
/’ 34.15% 65.85%
| 2 A
C.
Putative 1 ) 3
struct__ures

T 334% 96.66% -

Ll 3341% 6047%  6.12%

gl
o ®  3447% 65.53% --
r/ A ’ ’
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