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ABSTRACT: We present a mass spectral library-based method for analyzing site-specific
N-linked protein glycosylation. Its operation and utility are illustrated by applying it to
both newly measured and available proteomics data of human milk glycoproteins. It
generates two varieties of mass spectral libraries. One contains glycopeptide abundance
distribution spectra (GADS). The other contains tandem mass spectra of the underlying
glycopeptides. Both originate from identified glycopeptides in proteolytic digests of
human milk and purified glycoproteins, which include tenascin, lactoferrin, and several N836

antibodies. Analysis was also applied to digests of a NIST human milk standard reference

material (SRM), leading to a GADS library of N-glycopeptides, enabling the direct

comparison of glycopeptide distributions for individual proteins. Tandem spectra L asters3
underlying each glycopeptide GADS peak are combined to create a second type of e Geersz TP mrsd
library that contains spectra of the underlying glycopeptide spectra. These were acquired |

by higher-energy (stepped) collision dissociation fragmentation followed by ion-trap
fragmentation. Spectra are annotated using MS_Piano, recently reported annotation software. This data, with extensions of a widely
used spectral library search and display software, provides accessible mass spectral libraries.

G2H8
GZINS

HiMan=0.250,Hybrid=0.000,Complex=0.750,Fucose=0.625,Sialyl=0.750 Sequon:1093

KEYWORDS: human milk, glycan distribution, glycopeptides, mass spectrometry, site-specific glycosylation

B INTRODUCTION

Identities and abundances of individual glycans attached to
specific sites within a protein can show considerable, often
unpredictable variability. Not only can these distributions be
highly complex, but they can depend on synthesis conditions
and their precise location at the exterior of the protein. For
proteins with multiple possible glycosylation sites, this
determination requires glycan identification while still con-
nected to their original sites on the protein. This is generally
done by identifying individual glycopeptides released through
proteolysis using the well-developed methods of bottom-up
proteomics.””> However, since glycan fragmentation is generally
far faster than cleavage of bonds in peptides and many different
glycan compositions are possible, unique analysis methods are
required for reliable glycopeptide identification, generally
requiring human judgment. For example, retention values are
not used in current software used for identification, even though
it is well known that glycopeptides with a given sequence and
number of sialyl groups elute at very similar times. This work
shows that using this and other aspects of glycopeptide analysis
along with results of available glycopeptide search software, one
may significantly reduce subjectivity and enhance reporting of
results, leading to more efficient and reliable analysis as is now
available in general proteomics analysis. In this process, libraries
are generated for viewing and comparing glycopeptide
abundance distributions as described in a previous paper’ as
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well as libraries of annotated tandem spectra of the underlying
glycopeptides.

The present work focuses on N-linked glycans, located at
“sequons” on a protein, which are asparagine residues where
threonine or serine, or cysteine’ residues are located two
residues distant in the C-terminal direction. Glycopeptides
containing these sequons are first generated proteolytically, then
separated by liquid chromatography, and finally identified from
their mass spectral fragmentation patterns. Since it is presently
not possible to fully characterize glycopeptides containing more
than a single N-glycosylated site, various proteases other than
trypsin may be required to isolate each sequon on a single
peptide.

Identification requires the determination of both the peptide
sequence and glycan. The first relies on a predefined set of
possible sequences and the latter on a set of potential glycans.
Examination of specific glycan fragment ions can aid in
determining glycan connectivity.” Since peptide sequence
information is derived from relatively high energy fragmentation
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and glycan fragmentation occurs at lower energies, reliable
identification requires fragmentation over a range of collision
energies.

The objective of this paper is to extend and illustrate methods
described in a previous paper for representing distributions of
glycans on a sequon in the form of mass spectral-like
glycopeptide abundance distribution spectra (GADS). These
serve to aid in identifying, displaying, and comparing site-
specific glycopeptide results. In the present work, we create
GADS libraries from in-house spectral measurements of a
variety of different milk-related proteins as well as milk itself. We
also describe the creation of a searchable mass spectral library
created from the tandem spectra that serve to make the
glycopeptide identification that underlies each GADS peak.
GADS libraries provide distributions that depend on protein
expression and analysis details, although they do not directly
depend on fragmentation details. Spectra in the tandem library
do depend on fragmentation conditions, which are described
below. These spectra serve to confirm the identification of each
peak in a GADS as well as to enable the reidentification of
glycopeptides using similar fragmentation conditions. Peaks in
this librargr are annotated using the recently reported
MS_Piano” program, which allows the labeling of assigned
peaks as well as the determination of various details of glycan
connectivity.

In this work, fragmentation uses the higher-energy collision
dissociation (HCD) “stepped” energy options of 15, 25, and
35% normalized collision energy (NCE). When a characteristic
oxonium ion is generated, that fragmentation is followed by
relatively low-energy ion-trap fragmentation, which preserves
initially formed glycopeptide product ions. The specific milk
proteins examined are native lactoferrin (hLf) and tenascin
(TNC),”® immunoglobulins Al (IgA1), A2 (I§A2),] (1g)), and
polymeric immunoglobulin receptor (pIgR).”"” These proteins
contain between 1 and 23 N-glycosylation sites, many of which
have significant N-glycan heterogeneity. They were selected not
only for their inherent interest as predominant milk proteins but
also to represent a wide range of glycoproteins to develop and
test current methods. Applications of these methods were
applied to a NIST SRM 1953 Organic Contaminants in Non-
Fortified Human Milk, as well as to results reported in the
literature for whole milk samples.

B MATERIALS AND METHODS

Materials

Proteolytically digested glycoproteins included human tenascin
(Sigma CCO06S, UniProt Accession P24821), human lactoferrin
(Abcam 90354, UniProt Accession P02788), human immuno-
globulins A1, A2 (Abcam ab91021, UniProt Accessions P01876,
P01877), polymeric immunoglobulin receptor (Abcam
ab174011, UniProt Accession P01833), and thyroglobulin
(Sigma 609312, UniProt Accession P01266). Also, digested
glycoproteins of NIST SRM 1953 Organic Contaminants in
Non-Fortified Human Milk'' were analyzed. Proteases used
include sequencing grade (Promega) trypsin, GluC, LysC,
AspN, chymotrypsin, and a-lytic (Sigma).

Digestion and Hydrophilic Interaction Liquid
Chromatography (HILIC) Enrichment of Glycoproteins in
Human Milk

An aliquot of 200 uL of SRM 1953 was centrifu§ed (15,000, 1
h) at 4 °C as in a previously reported method.'” The upper-fat
layer was discarded. The remaining milk was further ultra-

centrifuged at 15,000¢ for 1 h at 4 °C to remove the insoluble
pellet. The proteins from supernatant milk were subsequently
concentrated using a 10 kDa filter (Amicon, Millipore). The
protein concentration was determined using the colorimetric
measurement (Pierce BCA Protein Assay Kit) at an absorbance
of 580 nm in a microplate reader (Infinite 200 Pro, Tecan). Milk
proteins (1 mg) were prepared for glycopeptide characterization
by first resuspending the proteins in 8 mol/L urea in 100 mmol/
L Tris—HCI (pH 8.5) and 10 mmol/L diothiothreitol (DTT).
The proteins were reduced for 1 h at room temperature with
agitation. Alkylation of cysteines was performed in the presence
of 55 mmol/L iodoacetamide (IAM) for 1 h at room
temperature in the dark. Excess IAM was quenched by bringing
the final concentration of DTT to 10 mmol/L. Next, the urea
concentration was reduced to 1 mol/L with the addition of 100
mmol/L Tris—HCl (pH 8.5). Various proteases, trypsin,
chymotrypsin, GluC, LysC, or a-lytic, were used for in-solution
digestion. The proteases were added at a ratio of 1:20 (w/w)
enzyme to a substrate and incubated at 37 °C for 18 h. A separate
chymotrypsin digestion condition (25 °C, 18 h), as suggested by
the manufacturer, was performed for milk proteins. Digestion
was terminated by heating the mixture for 10 min at 90 °C, then
cooling at room temperature, and drying in a rotary evaporator.

Glycopeptide enrichment was performed using 1 mL HILIC-
based solid phase extraction cartridges (iSPE-HILIC SPE
Cartridge, 100 mg, SO pm particle, Hilicon). The HILIC
columns were first washed with 1 mL of (v/v %) formic acid
(FA) and equilibrated with 1 mL of loading buffer (80 v/v %
acetonitrile (ACN)/0.5 v/v % trifluoroacetic acid (TFA)). The
peptide digests were reconstituted with 1 mL of loading buffer
and loaded onto the column. The cartridges were washed with 1
mL of loading buffer, and the glycopeptides were step-eluted
with 250 uL of 75 v/v % ACN/0.5 v/v % TFA, 250 uL of 70 v/v
% ACN/0.5 v/v % TFA, 250 uL of 65 v/v % ACN/ 0.5 v/v %
TFA, and 250 L of 0.5 v/v % FA as previously described.'” All
eluents were collected, dried down, and then resuspended in
0.1% FA in water prior to liquid chromatography—mass
spectrometry (LC-MS) analysis.

Digestion of Individual Proteins

Individual glycoproteins purified from human milk were
digested using multiple proteases. Detailed sample preparation
of these glycoproteins is documented in the Supporting Section
S1. Multiple proteases are generally needed for reliable
identification of glycoforms of all sequons since abundant
peptides that can be separated by LC are required. Differing and
sometimes unpredictable protease selectivity can make this
challenging. We find that a-lytic, for example, while very useful,
has an unpredictable selectivity. Agreement of GADS determi-
nation from different proteases is desirable due to the many
sources of false identifications in glycopeptide analysis.

LC-MS/MS Analysis

Nanoflow liquid chromatography was performed on an
UltiMate 3000 (Thermo Fisher Scientific) in line with an
Orbitrap Fusion Lumos (Thermo Fisher Scientific) mass
spectrometer. Chromatographic separation was performed on
an Acclaim PepMap RSLC 75 pm X 15 cm column (Thermo
Fisher Scientific). The composition of the two mobile phases
was 0.1 v/v % formic acid in water (A) and 0.1 v/v % FA in 99.9
v/v % ACN (B). The flow rate was 300 nL/min, with Solvent B
increasing from 0 to 35% over 85 min, followed by an increase
from 35 to 98% over S min and held at 98% for 15 min before
decreasing to 2% over S min. The gradient was then decreased to
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0% Solvent B over 10 min and held for an additional 30 min. Full
scan mass spectra acquisition was performed with a scan range of
m/z 380 to m/z 2000 and detection in the Orbitrap at a
resolution of 120,000. The maximum ion injection time was S0
ms with automatic gain control (AGC) target of 400,000 and an
RF lens value of 40%. Filters included charge states +2 to +8, a
minimum intensity threshold of 5.0 X 10%, a maximum intensity
threshold of 1.0 X 10%, a dynamic exclusion of 15 s, and a total
cycle time of S s. Precursor priority for the data-dependent
acquisition was filtered according to the highest charge state and
lowest m/z. Quadrupole isolation mode was used with an
isolation window of 2 ms for tandem mass spectra acquisition.
After a number of trials using thyroglobulin digests, optimal
stepped energy settings were found to be 15, 25, and 35%
normalized collision energy (NCE, Thermo Fisher Scientific)
(Supporting Section 3A). Beam-type collision-cell spectra
(HCD), followed by GIcNAc oxonium ion (m/z 204.087)-
triggered ion-trap fragmentation, were acquired with a starting
m/z of 120. Also, we used a maximum injection time of 60 ms
and an AGC target of 50,000. Fragment ions and intensities were
determined in the Orbitrap at a resolution of 30,000.

Data Processing

Glycopeptide identifications and abundances were derived from
Byonic and Byologic software (version 3.10 Protein Metrics,
Inc.) for both HCD/CID and EThcD spectra. Parameters were
set to fully specific with up to three missed cleavages, fixed
cysteine carbamidomethylation, and allowed possible methio-
nine oxidation and N-term glutamine deamination with a library
of 444 human N-glycans (Supporting Section 3B). Precursor
and product ion m/z tolerance settings were S pg/g (S ppm) and
20 pg/g (20 ppm), respectively. We note that with appropriate
adjustments in thresholds, all of the methods described here are
applicable to any glycopeptide identification methods that
generate XIC abundances and retention times. It has recently
been fully applied to MSfragger-glyco.'” We also note that any
localization of the glycan is done by the search software, and in
general, HCD cannot reliably localize glycans on peptides
containing multiple potentially occupied residues.

GADS Library

Since the construction of this library is described in a previous
paper, only an overview is provided here. Individual GADS were
derived from individual peptide ions and combined-charge state
sequences identified in a single digest.” The mass of each peak is
that of the glycan. The abundance is that of the identified
glycopeptide ion (derived from its extracted ion chromatogram,
XIC) and then normalized to the largest peak in the GADS. Each
peakin a spectrum contains various annotation details, including
glycan composition, using a compact representation described
later. This format enables direct comparison of two GADS in a
manner similar to the comparison of conventional mass spectra
since the same glycan in two GADS have identical masses.

Retention Time Tolerances

As described previously,’ retention times for a given
glycopeptide depend primarily on the number of sialyl groups
and provide necessary confirmation of the number of sialyl
groups in a glycopeptide. GADS peaks for glycopeptides whose
relative retention times are out of an expected range are labeled
as uncertain and shown in red."* Expected retention values and
deviations are derived for each peptide sequence. This is done by
computing retention time distributions for all glycopeptides
with a given number of sialyl groups (up to four residues). The

median is taken as the expected value and the interquartile
distance (time difference between the first and third quartile of
distribution sorted by retention time). Current software labels
glycans whose peaks are out of range of the expected retention
by more than twice the interquartile distance as out-of-range,
and their deviation in minutes is shown along with the glycan
identity. Peaks whose scores are not greater than a set threshold
(avalue of 100 is used for the present Byonic identifications) but
within retention tolerances are also labeled as uncertain and
displayed in blue. Peaks that fail both tests are discarded. Peaks
that satisfy score and retention criteria, the vast majority, are
shown as green. Glycopeptides containing multiple sequons
were excluded. Each glycopeptide peak in GADS is accom-
panied by a number of relevant values, as previously described.’
For each GADS, a set of three retention characteristics are
reported for each number of sialyl groups. This includes the
median time, number of glycans, and the measured interquartile
time. If inconsistencies such as lower retention time for a higher
number of sialyl groups or excessive interquartile distances are
found, an error is reported after the GADS name. Note that the
details of these methods are expected to be refined in the future
as more data is analyzed.

Search and User Interface Software

NISTMS.exe software,' widely distributed for use with mass
spectral reference collections from NIST and other sources, has
been adapted to import, view, search, and compare GADS as
well as glycopeptide spectra. The version provided with this
paper adds new display and search capabilities for the
glycopeptides, and the libraries underlie the present work. It
also displays glycopeptide fragment ion annotation from
MS_Piano.” All glycopeptide spectra used for validation in
this paper are provided in these libraries. Software and libraries
listed (Tables 1 and 2) may be freely downloaded.'® Note that
glycan “cartoons” shown in some figures were manually added to
the program output. This program can create libraries from

Table 1. HCD MS? Libraries of Annotated Glycopeptides for
Human Milk”

number of
MS* unique
library protein spectra  glycopeptides
hLf nist lactoferrin 6295 448
igal_nist immunoglobulin A1 22,551 594
iga2_nist immunoglobulin A2 6308 421
igj_nist immunoglobulin J, 596 91
NIST SRM1953
pigr_nist polymeric 29,498 2305
immunoglobulin
receptor
tenascin_ nist tenascin 44,837 2695
milk-srm1953_nist Human Milk Standard 3653 962
Reference Material
1953
milk_wuhan” Human Milk, Wuhan 257 155
Virology Laboratory
milk-donorl_utrecht ~ Human Milk, Utrecht 2671 200
University
milk-donor2_utrecht  Human Milk, Utrecht 4678 204
University

“#Public data repositories: ProteomeXchange Consortium (PXD),
mass spectrometry interactive virtual environment (MSV), integrated
proteome resources (IPX). Tryp, trypsin; Chymo, chymotrypsin; and
alP, a-lytic. “TMT-labeled (IPX0002443001);*” Utrecht University
(PXD01417).%°
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Table 2. GADS Libraries of Purified Glycoproteins and Milk Samples Used in the Study

GADS library no. of protein (s)
hLf-nist 1
igal-nist 1
igA2-nist 1
Igj-nist 1
pigr-nist 1
tenascin-nist 1
“milk-oregon 54
milk-nist_srm1953 111
milk-donorl-utrecht 30
®milk-donor2-utrecht 22
b milk-utrecht 150

nonredundant glycosylated peptides

56
51
50
22
109
344
93
288
48
44
346

number of N-glycans fragmentation technique

69 HCD, IT-FT
107 HCD, IT-FT
113 HCD, IT-FT

41 HCD, IT-FT
212 HCD, IT-FT
164 HCD, IT-FT

91 HCD, EThcD

71 HCD, IT-FT

61 HCD

56 HCD
381 EThcD

“Oregon State University.”” University of Utrecht, PXD01417,° MSV000083710;*° Public Data Repositories: ProteomeXchange Consortium
(PXD), Mass Spectrometry Interactive Virtual Environment (MSV), National Institute of Standards and Technology (NIST), Standard Reference
Material (SRM) 1953. Tryp, trypsin; Chymo, chymotrypsin; alP, a-lytic; and Byonic score filter > 100.

GADS that can be searched in various ways. The software
generates multiple scores comparing each library hit to a query
spectrum. These include: “Score,” an overall match employed
for tandem spectra; “Dot-Score,” a simple cosine comparison;
Rev-Dot, a cosine comparison that only considers peaks in
common; and a new partial spectrum score (PSS) that ignores
nonmatching peaks in library spectra. These scores are
normalized to a base peak of 999 (for historical reasons) and
are the same as those long used by this software for tandem
spectral comparison. The “Score” was derived from the Dot-
Score after correction for spectra where all or almost all of the
intensity arose from a few abundant peaks. For the GADS
spectra described here, “Score” and “Dot Product” agree with a
few percent. The “Names” tab enables browsing of different
varieties of GADS in various ways by name or “synonym,” and
the “Comparison” tab allows the mass (glycan) aligned
comparison of multiple GADS or tandem spectra. Further
details are described in the documentation provided with the
program and in the GADS paper."

Annotation of Glycopeptide Fragment lons

Raw LC-MS data and Byonic output files of human proteins
were processed automatically using multiple in-house programs
developed to extract the MS® spectra, followed by peak
annotation. Representations for the six common components
of mammalian glycans are represented as one or two-character
abbreviations as follows: HexNAc (G), hexose (H), sialic acid
(S), fucose (F), SO (So), and HPO; (Po). An example of a full
glycopeptide representation is TAGWNV-
PIGTLRPFLnWTGPPEPIEAAVAR/4 1(15,N,G:GSH6F4S).
This begins with the usual representation of a peptide, with the
asparagine point of glycan attachment (sequon) represented
with a lower-case letter (n). Here, /4 denotes a charge state of +4
(4 protons attached), with a single modification (_1) attached
to an asparagine (N) at position 15 (starting from the N
terminus at position 0). G: denotes a glycan modification, which
is GSH6F4S. This format is an extension of representations long
used in NIST peptide libraries.'” As shown in Figure 2, different
colors are used for three types of ions: oxonium ions (red),
peptide sequence ions (green), and glycopeptide ions (blue).
Some glycopeptide ions are represented as Yn, which have
glycan compositions consistent with the decomposition of high-
mannose glycans, including a possible fucose attachment. The
integer n denotes up to two GIcNAc units, with the remainder
being Hex units. Examples are Y1 (contains one G and is often
predominant at higher energies), Y2 (2 G’s), Y1F (GF), and Y3

(G2H). Other glycans are represented as losses from the
precursor glycopeptide, p, p-GHS, and p-GHFS. As for
conventional peptide fragmentation, amino acid sequences are
represented as y, and b,, where # is the number of amino acids
beginning at the C and N terminus, respectively. Sequences
containing the sequon are labeled with a tilde (~) superscript.

Criteria for Rejecting Tandem Spectra of Glycopeptides

We first annotated all tandem spectra using MS_Piano® to
remove erroneous glycopeptide identifications. Fragment ions
that did not match within 10 ppm were labeled unassigned. Any
of the following criteria led to the rejection of spectra: (1) >50%
of total abundance was unassigned, (2) >25% of total peaks were
unassigned, and (3) no Y1 ion was present. Also, when different
identifications were made for associated HCD and contingent
ion-trap spectra, the identifications were rejected.

Further, nonsialylated spectra were rejected when significant
(>5%) amounts of any of the followed sialylated oxonium ions
were found as fragment ions: m/z 274.092 (S-H20), m/z
292.103 (S), and m/z 657.234 (GHS). Likewise, sialylated
glycans were rejected when no such ions were present.
Fucosylation was confirmed by the presence of m/z 512.196
(GHF) or Y1F (peptide + GF). Any of the above inconsistencies
were reported by software and then verified by manual
inspection.

It is important to note that due to the very different energetics
of glycan and peptide fragmentation, tandem spectra of
glycopeptides depend greatly on fragmentation conditions. In
this work, we chose to use “stepped” fragmentation to generate
both low-energy glycopeptide ions as well as higher-energy
sequence ions. The lower-energy fragments enable confirmation
of glycan identity, and higher-energy ions enable sequence
identification. Conditions used here began at the low NCE value
of 15, which was found to yield the most complete glycopeptide
spectra while not having any measurable effect on the number of
glycopeptides identified. Moreover, contingent ion-trap frag-
mentation served as the softest possible fragmentation where
most product ions were generally created by a single bond-
breaking event for glycan identity confirmation. Both stepped
HCD and ion-trap spectra are included in tandem libraries
available with this work. These libraries are intended to enable
manual confirmation of any questionable glycopeptide identi-
fications. They can be searched against glycopeptide libraries
using fragmentation conditions similar to those in the library
using conventional (nonpeptide) scoring. Methods for com-
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Figure 1. (A) Glycosylation of human milk proteins and their corresponding sequons based on UniProt'® nomenclature. These proteins include
tenascin (TNC), lactoferrin, and immunoglobulin A1 (IgA1). Immunoglobulin A2 (IgA2) complex, which includes the immunoglobulin J (Ig]) chain
and polymeric immunoglobulin receptor (pIgR).">*° (B) Schematic representation of the present glycopeptide analysis.

puter validation using more detailed analysis are under
development.

B RESULTS

Tandem MS Spectra and Libraries of Selected Milk
Glycoproteins

For the individual glycoproteins examined in this study (Figure
1A), glycopeptide-based workflows involved proteolytic enzyme
digestion of glycoproteins, nanoLC-MS analysis, followed by
data processing (Figure 1B). The stepped NCE option of recent
Orbitrap mass spectrometers generates product ions at three
collision energies, covering the range needed to generate
significant ions from both glycan and peptide cleavage. Byonic
software then served to identify glycopeptides. Next, MS_Pia-
no® was employed to annotate N- hnked glycopeptldes in
tandem MS library format (.msp files).'®

Figures 2—4 show the glycosylation sites identified and
verified through annotation of the MS? spectra of glycopeptides
derived from lactoferrin, tenascin, IgAl, IgA2, Ig], and pIgR.

Lactoferrin. Glycosylation patterns of human lactoferrin in
colostrum and mature milk are diverse.'””'~** A total of 448
different N-linked lactoferrin glycopeptides (Table 1) have been
identified from three known glycosylation sites (Figure 1A) in
this work.'®

A series of oxonium ions, amino acid sequence, and
glycopeptide fragment jons are required for the confident
characterization of glycopeptides. An example of a stepped HCD
MS? spectrum of a complex glycopeptide derived from human
lactoferrin, as annotated by MS_Piano,’ is presented in Figure
2A. The most intense peaks are oxonium ions (G, S, GH, GHF,
GHF2, GHFS, G2H2F3). These provide information on the
glycan sequence containing multiple fucose residues. Identified y
and b ions confirm the peptide sequence. The glycopeptide ion
peaks, i.e., Y1, Y1F, p-G2H2F3S, p-GHS, are consistent with the
structure of the presumed attached glycan, GSH6F4S, and

oxonium ions. However, we note that all connectivity details
generally cannot be deduced from this information. Shown in
Figure 2B is the corresponding ion-trap collision-induced
dissociation (CID) (NCE = 30%) MS? spectrum, which yields
primarily glycopeptide ions produced by the loss of singly
charged oxonium ijons. Note that such cleavages result in a
reduction in ion charge, which inhibits further decomposition
since lower charge state ions are less prone to dissociation than
higher charge state ions.

Tenascin. Human tenascin is a significant constituent of
human milk.”® In the present work, 23 N-linked glycosites were
identified and yielded 2695 distinct glycopeptides with charge
states ranging from +2 to +6. Figure 3 shows the annotation of
ion fragments of two glycopeptide ions. One confirms the
connectivity of complex glycan containing multiple sialic acid
residues (Figure 3A), which is also consistent with its retention
time. Annotation of a glycopeptide containing a high-mannose
glycan (Figure 3B) is also illustrated.

As an example of a complex glycan, MS_Piano annotated a
triantennary-sialofucosylated glycan (GSH6FS3) on the peptide
sequence RLnWTAADQAYEHFIIQVQEANK.V (Figure 3A).
A series of y ions (y,, y, to y,), oxonium ions (G, S, GH, HS,
GHS), and Yn (Y1 to Y4, Y1F, Y4F), as well as peptide-bound
glycosidic cleavages (i.e., p-GHS2, p-S), were observed.

As an illustration of a high-mannose glycan, the MS? spectrum
(Figure 3B) revealed nearly complete coverage of glycopeptide
sequence of G2HS on RLnYSLPTGQWVGVQLPR.N. This
includes multiple glycan fragments (G, GH, GH2, GH3),
peptide-bound glycosidic Y-type ions (YO to Y6), and the
peptide sequence y ions (y,, 3, ¥5 to ¥10, Y12 t0 ¥15). Abundant y
ions are expected for these peptides, especially those with a basic
amino acid at the C-terminus that can carry a proton.”

Major glycosylated proteins in milk are immunoglobulins
IgAl and IgA2 and secretory components Ig] and pIgR. Site-
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Figure 2. HCD and CID MS? spectra of a sialofucosylated diantennary glycopeptide (m/z 1524.196, z = 4+) derived from human lactoferrin. Spectra
are shown for stepped HCD (2A) and ion-trap fragmentation (2B), both with Orbitrap detection. Annotation, Yn, and p (precursor, blue letter) denote
glycopeptide ions. Glycans are composed of galactose (H, yellow circle), mannose (H, green circle), fucose (F, red triangle), N-acetylglucosamine (G,
blue square), N-acetylneuraminic acid (S, pink diamond), peptide (p, black letter), and glycan “cartoons” represent glycan—peptide cleavage ions.
Note that the glycan “cartoons” have been manually added to the program output.

specific glycosylation analysis has been done for each, which has
also been the subject of study in various biological fluids.'****

Immunoglobulin A (IgA1 & IgA2). A total of 594 and 421
different nonredundant N-glycopeptides were identified from
the IgAl (two sequons) and IgA2 (five sequons) digests,
respectively. MS Piano was applied to annotate the intense
oxonium, b/y, and glycopeptide (expressed as Yn or p-glycan)
peaks of IgA1 and IgA2 glycopeptide ions (Figure 4A,B).

Together with the precursor mass and the G, S, GH, and GHS
ions, the yy, ys, ¥,/b,, y5/bs ions, glycosidic cleavage residues
were confirmed, thereby providing assignment of the glycopep-
tide RLAGKPTHVnVSVVMAE.V and G4HSS (Figure 4A).
Similarly, the 100% sequence coverage of glycan residues (G, S,
GHS) and the YO to Y6 ions plus additional p-HS and p-S
peptide-glycosidic cleavage sites confirmed a hybrid-type N-
linked glycopeptide (Figure 4B). The identified glycopeptide
contained a series of peptide cleavage type y (y;—y;) and b (b,—
b;) ions in the spectrum, confirming the sequence
E.DLLLGSEAnLTCTLTGLR.D.

Secretory Component Proteins (pIgR & IgJ). Immuno-
globulin A2 (Figure 1) is a polypeptide complex consisting of

two IgA monomers connecting the J chain and the polymeric
immunoglobulin receptor.'*'”** Protein IgJ has one and
protein pIgR has seven known glycosylation sites.

Since a source of human IgJ could not be found, the glycan
distribution of its single sequon was derived from an analysis of
the NIST human milk SRM 1953. From this data, 596 MS? high-
quality spectra for 120 unique Ig] glycopeptides were identified.
These were confirmed from three different peptides as reported
in the Supporting Section 3C. An example is shown in Figure
4C, which confirms the assignment of a disialo-diantennary N-
linked glycan on the tryptic peptide REnISDPTSPLR.T.

Digests of polymeric immunoglobulin receptor protein
yielded 2305 different MS? glycopeptides originated from its
seven identified glycosylation sites. To illustrate the importance
of annotation by MS_Piano, Figure 4D shows a case of the MS*
spectrum where positions of multiple fucose residues can be
deduced. The abundant peaks for Y1F, Y4F, and YSF indicate
that a fucose residue is attached to the core HexNAc of a
GSH6F2 glycan. In addition, an oxonium ion (GHF) and
peptide-bound glycosidic cleavage site type of ions were also
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Figure 3. MS? product ion annotation of glycopeptide spectra at glycosylation
digests of human tenascin.

sites (3A) N1093, m/z 1399.838 and (3B) N1018, m/z 1048.822 from

detected and served as diagnostic ions for the second fucose
residue located on the antenna of the GSH6F2S glycan.

Annotated Spectra of Human Milk Glycoproteins

Human Milk SRM 1953. The analysis of Standard
Reference Material illustrates the application of the present
method to N-glycosylation analysis of biological fluids. Digests
were enriched in glycopeptides by chromatography—hydro-
philic interaction liquid chromatography solid-phase extraction
(HILIC SPE). This was followed by glycopeptide identification
after LC-MS analysis using the three-energy stepped fragmenta-
tion method described earlier. Data were processed and
converted into a library of MS? spectra of glycopeptides with
annotation by MS_Piano. Glycopeptides from 111 identified
glycoproteins are listed in the Supporting Section 3D. The most
abundant glycoproteins identified in the human reference milk
were plgR, lactoferrin, IgAl, IgA2, (Ig]), (@-Sl-casein), and
(tenascin). Overall, 3653 MS?* spectra of intact glycopeptides
and 373 unique glycosylation sites were found (Tables 1 and 2).
A tandem MS library for all glycopeptides identified is included
with other libraries for downloading,16 with selected illustrations
shown in Figures 2—S5. Results show a high degree of spectral
similarity to the same peptides from other sources of proteins in

both recombinant and different milk samples (Supporting
Figures 1S—38S).

Figure 5 demonstrates the ability of the present method to
compare MS? spectra acquired from multiple sources. Figure
SA,B shows the annotation of MS® spectra of a pIgR
glycopeptide derived from a purified protein and the reference
milk. The combination of low and high energies in the stepped
method enhanced the signal of peaks confirming the glycan and
peptide identification in a given sequon. A diagnostic ion (GHF)
was observable among the fragment ions, confirming that the
fucose residue is attached to the antenna of G4HSFS for the
peptide. The completeness of the present fragmentation method
aids the confident identification of glycan identity regardless of
search engine scores.

Comparison to Results of Interlaboratory Studies. The
present approach applied to other milk samples is further
illustrated using LC-MS HCD datasets obtained from
Utrecht,'>*® and Wuhan®’ laboratories. MS_Piano annotated
a total of 2671 (Donor 1, Utrecht), 4678 (Donor 2, Utrecht),
and 257 (Wuhan) MS? spectra of intact N-linked glycopeptides.
Figure 5C,D shows HCD results for a selected glycopeptide
from Utrecht®® (27% NCE) and Wuhan®" (32% NCE),
respectively, using milk samples from individual donors. Since
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Figure 4. Tandem mass spectral of four immunoglobulin glycopeptides from digests of (A) IgA1, m/z 1291.895; (B) IgA2, m/z 1219.879; (C) IgJ, m/z
1145.132; and (D) plgR, m/z 1171.287. Here are representative spectra acquired at stepped HCD at NCE 15, 25, and 35%. Annotation by
MS_Piano.’
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Figure 5. MS” product ion annotation of glycopeptide spectra (m/z 1350.209) at glycosylation site N499 of pIgR digests from human milk datasets of
(A) NIST plgR, (B) NIST SRM 1953, (C) Utrecht,*® and (D) Wuhan.”” Glycopeptides derived from Wuhan were tagged with a single tandem mass
tag (TMT), so the precursor ion has an additional mass of m/z 229.163. Peak annotation marks the oxonium ions (red), peptide product ions (green),
and glycopeptide N-glycan ions (blue). Galactose (H, yellow circle), mannose (H, green circle), fucose (F, red triangle), N-acetylglucosamine (G, blue
square), and N-acetylneuraminic acid (S, pink diamond). Note that the lower yield of glycopeptide ions in (C) and (D) is due to the use of only higher-

energy fragmentation settings.

these studies were done at higher energies, only Y0 and Y1 ions
were identified, which, while helpful for confirming glycan
masses, do not permit linkage confirmation.

Glycopeptide Abundance Distribution Spectra

‘We now consider site-specific distributions of glycans, expressed
as glycopeptide abundance distribution spectra (GADS)” for
major glycoproteins in human milk. GADS contain the N-linked
glycan distribution, glycan compositions, peptide backbone,
sequon, charge state(s), and relative MS' abundances. N-glycans
are grouped into the three classes””® high-mannose, complex,
and hybrid. GADS for selected tenascin peptides are illustrated
in Figure 6. Examples for other proteins are presented in the
Supporting Figures 4S—7S, and complete documentation is
provided with the downloadable software.'®

GADS of Tenascin. Identification of 23 N-glycosylation sites
with 45 K glycopeptide ions and 2695 different glycopeptides
(Tables 1 and 2) was made. Figure 6 illustrates the abundance of
various glycoforms in tenascin sequons consisting of mannosy-
lated, fucosylated, and sialofucosylated N-glycans.

Figure 6A displays the GADS at site N1093, which holds a
wide range of di-, tri, and tetra-antennary N-linked glycans, most
of which were sialylated and fucosylated. For sequon N1034,
Figure 6B shows a GADS-containing mixture of intermediate-
size glycans, almost all of which were fucosylated and the
majority sialylated. Abundant high-mannose glycans (G2HS,
G2H6) were found at N1018 (Figure 6C). A GADS library for
tenascin derived from various proteases for multiple sequences,
23 glycosylation sites, glycoforms, and different charge states is

https://doi.org/10.1021/acs.jproteome.2c00286
J. Proteome Res. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.2c00286/suppl_file/pr2c00286_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00286?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00286?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00286?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00286?fig=fig5&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.2c00286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Proteome Research pubs.acs.org/jpr
9
® o
100 A GA4H5FS2
G4HSFS
G5H6FS3
50 G5H6FS  Gsers2
G4H5F |
G4H5S2 G6H7FS G6H7F32 GEH7FS3  GEH7FS4
. o aams B (W el [ i
900 1080 1260 1440 1620 1800 1980 2160 2340 2520 2700 2880 3060 3240 3420 3600

(tenascin_nist) LnWTAADQAYEHFIIQVQEANK/+3+4 Class:HiMan=0.000,Hybrid=0.000,Complex=0.987,Fucose=0.993,Sialyl=0.919 Sequon: 1093 File:TNC_17_urea

100 GSHAFS
B GOH3F
O Gshar
50/ !i GA4H5FS2
G4HS5
G5H6F
G2HS  GAH3F G4HaF | | 1.. G5HGFS2  GSHBFS3
900 1080 1260 1440 1620 1800 1980 2160 2340 2520 2700 2880 3060 3240 3420 3600

(tenascin_nist) VGVQLPRnTTSY/+2+3 Class:HiMan=0.015,Hybrid=0.001,Complex=0.394,Fucose=0.977,Sialyl=0.609 Sequon:1034 File:TNC_16_urea_L1

100 c G2H5
oo
50 ﬂi' ?' ?’
G2H3 G2H4 G3H5G2H7 G2H8  G3HeS GA4H5S2
900 1080 1260 1440 1620 1800 1980 2160 2340 2520 2700 2880 3060 3240 3420 3600

(tenascin_nist) LnYSLPTGQWVGVQLPR/+2+3 Class:HiMan=0.877,Hybrid=0.043,Complex=0.018,Fucose=0.000,Sialyl=0.070 Sequon:1018 File:TNC_18_urea

Figure 6. Glycosylation of selected tenascin glycopeptides. (A) GADS sequon N1093 is a highly complex, sialofucosylated glycan; (B) sequon N1034
is a mixture of high-mannose and complex glycans; and (C) sequon N1018 contains primarily high-mannose glycans. Nomenclature: GSH4FS

contains five HexNAc (blue square), four hexoses (green or yellow circle)

, one fucose (red triangle), and one sialic acid (pink diamond) glycans. The

“cartoon” illustrations represent presumed N-glycan structures. Green peaks have scores and retention times within thresholds. The x-axis represents
the N-glycan mass. Each peak is the identified N-glycopeptide based on its MS? fragmentation.

in the Supporting Section 2.'° Major peptides identified in
tenascin digests originated from the cleavages of trypsin,
chymotrypsin, a-lytic, Glu-C, and Asp-N is shown in the
Supporting Table 1S, along with a number of glycans found for
each. This paper is the first that we know of to report the full site-
specific glycan distribution for this protein.

GADS of Human Milk SRM 1953 and Interlaboratory
Studies. This section describes applications of GADS to two
glycoproteins in human milk samples, immunoglobulin Al
(Figure 7) and polymeric immunoglobulin receptor (Figure 8).

As an illustration of interlab comparisons, GADS for these
proteins were also derived from Utrecht University’s milk
datasets.” Figure 7 shows a high degree of similarity between
the IgAl glycosylation site N144 of the reference milk (SRM
1953) and milk from healthy donor two. The most abundant
glycopeptide at N144 for the milk SRM and donor two
(Utrecht)'**® was GSH3. Verification of the spectrum of this
glycopeptide is illustrated in Supporting Figure 8S.

This interlaboratory comparison shows the utility of the
GADS format for detailed comparisons of datasets acquired for
different samples and fragmentation methods such as HCD and

EThcD (Figure 8). Human milk samples from other labs
prepared and analyzed by LC-MS at Utrecht'” and Oregon®”
laboratories were compared with the NIST reference milk.
Using the same data processing parameters, GADS libraries
were generated for the milk datasets listed in Table 2 and shown
in Figure 8. GADS of polymeric immunoglobulin receptor
glycopeptides at sequon N499 derived from human milk
datasets were used for comparison. The comparison DotProd
scores of the reference GADS (SRM 1953), from the bottom,
are 890 and 851, both from Utrecht University,12 indicating a
high degree of similarity in the profiles of high-mannose, hybrid,
and complex N-linked glycopeptides.

B DISCUSSION

The individual steps described above provide a general path for
acquiring and confirming site-specific glycosylation distributions
as well as for generating libraries of their underlying
glycopeptide spectra. This involves multiple validation steps to
deal with inherent uncertainties confronting the reliable
determination of the individual glycopeptides involved. As
noted by others,"””” spectrum search score alone is insufficient
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1 milk-donor2-utrecht 906 947 983 933 R.LSLHRPALEDLLLGSEANLTCTLTGLR.D/+3+4+5 Week 3
2 milk-donor2-utrecht 900 949 973 947 R.LSLHRPALEDLLLGSEANLTCTLTGLR.D/+3+4+5 Week 2
3 milk-donor2-utrecht 898 934 961 924 R.LSLHRPALEDLLLGSEANLTCTLTGLR.D/+3+4+5 Week 1
4 milk-donor2-utrecht 870 929 939 923 R.LSLHRPALEDLLLGSEANLTCTLTGLR.D/+3+4+5 Week 6
5] milk-donor2-utrecht 863 906 943 913 R.LSLHRPALEDLLLGSEANLTCTLTGLR.D/+3+4+5 Week 3
6 milk-donor2-utrecht 860 920 942 912 R.LSLHRPALEDLLLGSEANLTCTLTGLR.D/+3+4+5 Week 4
7 milk-donor2-utrecht 839 914 981 914 R.LSLHRPALEDLLLGSEANLTCTLTGLR.D/+4+5 Week 10

Figure 7. GADS comparison of IgA1 glycopeptides at sequon N144 obtained from human milk tryptic digests (A) NIST SRM 1953 and (B) Utrecht
dataset at different lactation periods. The top spectrum is an IgA1 glycopeptide derived from the reference material, while the bottom GADS is from
human milk in the Utrecht laboratory study.”® The table shows the hitlist of glycopeptide identifications with corresponding match factor scores for the
same peptide from different samples. Score, Dot-Prod, Rev-Dot, and PSS-Dot are comparison scores described in Supporting Figure 9S. A score >800
is a good match, and 900 is an excellent match, as previously reported.”" The small letter “n” is the asparagine connected to the glycan. GADS peaks
shown in red are for glycopeptides whose relative retention times are out of an expected range and labeled as uncertain. Annotation <—2 indicates that

these peptides eluted earlier than expected by 2 min.

for reliable identification due to the relatively small number of
individual monosaccharides involved, the possibility of hun-
dreds of glycans derived from them, and often low signal
intensities. The essential components of this process are: (1)
tandem spectrum measurement by fragmentation involving high
and low collisional energies; (2) identification of glycopeptides
by a search engine; (3) annotation of all fragment ions in each
identified spectrum, (4) derivation of quality measures for each
spectrum; (S) marking or excluding of glycopeptides whose
retention times are inconsistent with known sialylation-depend-
ent relative retention behavior; and (6) reproducibility of the
data and its independence of specific peptides and proteases.
Moreover, tandem spectral libraries may also be used for the
general identification of glycopeptides and as a resource for
examining fragmentation patterns of glycans as a function of
sequence and charge.

Annotation and Comparison of the MS? Spectra of
Glycopeptides

Available software tools such as Sweet-Net,”> GP-Quest,”* and
other search enginesl’B’35 for glycopeptides deal mainly with

identifying N- or O-linked glycosylation. Unlike MS_Piano,’
such identification programs do not fully annotate experimental
spectra or compare them or provide specific measures of
spectrum quality. Such annotation using the present methods is
illustrated for 11 N-linked glycopeptides from 7 different
glycoproteins in Figures 2—S5. For example, to our knowledge,
this is the first report of an annotated glycopeptide spectrum in
lactoferrin digests that contain four fucose residues in
sialofucosylated glycans (Figure 2), MS fragmentation, and
high-mannose occupancy at Asp 1018 of tenascin glycoprotein
(Figures 3 and 6). Varied positions of fucose residues on the
same glycosylation site in the MS® spectrum of pIgR
glycopeptide ion (Figure 4D) were also observed. While none
of these findings could have been obtained manually, the present
methods provided a facile means of deriving and preserving this
information.

As expected for library analysis and its utility, multiple spectra
are readily compared to each other or a query spectrum. For
example, the Supporting Figures 1S—3S illustrate the compar-
ison of tandem mass spectra between the glycopeptides obtained
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Figure 8. GADS comparison of sequon N499 from polymeric immunoglobulin receptor glycopeptides derived from human milk. Dot product and
partial spectrum scores (PSS-Dot) of the (A) reference GADS (SRM 1953 ), from the bottom, are (B) 890 (Milk-Donor2 Utrecht University)'* and

(C) 851 (Utrecht University).*°

from the digests of recombinant proteins and human milk
reference material. Comparison of site occupancy and relative
abundance of various glycans in each sequon of milk
glycoprotein can be found in Figures 4S—7S. The current
method can be used to compare spectra acquired in different
labs or under different conditions to confirm the common origin
of an identified glycopeptide (Supporting Figures 8S, 10S—
11S). In addition, sulfonated and phosphorylated glycopeptides
have not been identified in any milk proteins studied.

The established approach was further illustrated by analyzing
LC-MS HCD datasets using single energy from human milk
digests at Utrecht'>*® and Wuhan®” laboratories.

Comparison of Glycopeptide Distributions

GADS directly displays and compares the relative ion
abundances of each glycan on a sequon (Figures 6—8) even
for different sequences and charge states. For example, we found
that two sequons for lactoferrin are fully occupied and showed a
reliable number of identified N-glycans. However, based on
peptide abundance, N642 is only 4% occupied. GADS of
lactoferrin’s three glycosylation sites, N157, N497, and N642, is
shown in Supporting Figure 7S. These results agree with
revziglzlés%?uman milk datasets reported by other laborato-
es.”

Furthermore, some of the identified N-glycans unique for
milk glycoproteins are confirmed present in previous released
glycans studies.””*® However, glycan release methods do not
provide the distributions at each sequon for multiple sequon
proteins. Comparisons are illustrated for peptides from multiple
protein digests (Figure 6). Presently, distributions are often
compared for groups of glycans using bar graphs. Each bar
represents groups of glycans, often combining sialylated and

nonsialylated glycans and combining glycans containing four or
more GlcNAc into a single class. Since GADS intensities are
based on MS! signal intensities, details of the fragmentation
method have no effect on these representations, enabling, for
example, a comparison of results from HCD with EThcD
fragmentation. Moreover, the present approach enables an
automated means of analyzing large datasets with digital storage
for reuse in the form of mass spectral libraries.

We note that these methods work equally well with any
available glycopeptide identification method that provides ion
abundances and retention times after translation to our “.msp”
format.'© We have successfully applied other glycopeptide
search methods, namely pGlyco® and MSfragger-glyco,'” and
found that the results are in good agreement with the present
method (Supporting Figure 125).

B CONCLUSIONS

This paper illustrates a new approach for determining and
representing site-specific distributions of N-linked glycopeptides
by extending previous methods that generated glycopeptide
abundance distribution spectra (GADS). The principal
glycoproteins in human milk serve to demonstrate this
approach. Validation of the results uses annotation methods,
optimized variable energy fragmentation, and confirms all
identifications using low-energy ion-trap fragmentation. Further
confirmation is done by comparing GADS acquired for different
peptides using different proteases. The different underlying
peptide sequences and the acquisition of replicate runs are
conveniently stored and examined in output libraries. In
addition to GADS libraries, annotated tandem libraries are
generated to further validate identifications.
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The capabilities of these methods are illustrated with human
milk glycoproteins. This examined a variety of individual
proteins carrying a wide range of glycans and site-specific
distributions. Uses of annotation for confirming details of highly
complex glycans are shown. Such annotation is essential for
validating glycopeptide identities and qualifying spectra for
inclusion in glycopeptide libraries. Applications to milk with its
large number of glycoproteins are also shown, with tandem
identified glycopeptide spectra included in libraries using data
from our laboratories and others. In studies in our laboratory, a
dual fragmentation approach, starting with beam-type collision
cell fragmentation followed by contingent ion-trap fragmenta-
tion, enables a high degree of confirmation.

All libraries, both GADS and tandem MS of glycopeptides,
discussed in this paper may be freely downloaded along with
adapted NIST user interface software.'® Spectra in the.msp
ASCII format as described in the documentation may be
imported or exported. This requires the creation of these files by
users. MS_ Piano peak annotation software is described
elsewhere.® Different fragmentation and glycopeptide identi-
fication methods may be used.

The methods described here provide the basis for developing
a fully automated data analysis method for creating validated
GADS and their underlying glycopeptide libraries. Development
of libraries for other common glycoproteins, such as those found
in blood, is underway along with fully automated library-based
validation tools.
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