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Abstract

Glycoprotein changes occur in not only protein abundance but also the occupancy of each
glycosylation site by different glycoforms during biological or pathological processes. Recent
advances in mass spectrometry instrumentation and techniques have facilitated analysis of intact
glycopeptides in complex biological samples by allowing the users to generate spectra of intact
glycopeptides with glycans attached to each specific glycosylation site. However, assigning these
spectra, leading to identification of the glycopeptides, is challenging. Here, we report an
algorithm, named GPQuest, for site-specific identification of intact glycopeptides using higher-
energy collisional dissociation (HCD) fragmentation of complex samples. In this algorithm, a
spectral library of glycosite-containing peptides in the sample was built by analyzing the isolated
glycosite-containing peptides using HCD LC-MS/MS. Spectra of intact glycopeptides were
selected by using glycan oxonium ions as signature ions for glycopeptide spectra. These oxonium-
ion-containing spectra were then compared with the spectral library generated from glycosite-
containing peptides, resulting in assignment of each intact glycopeptide MS/MS spectrum to a
specific glycosite-containing peptide. The glycan occupying each glycosite was determined by
matching the mass difference between the precursor ion of intact glycopeptide and the glycosite-
containing peptide to a glycan database. Using GPQuest, we analyzed LC-MS/MS spectra of
protein extracts from prostate tumor LNCaP cells. Without enrichment of glycopeptides from
global tryptic peptides and at a false discovery rate of 1%, 1008 glycan-containing MS/MS spectra
were assigned to 769 unique intact N-linked glycopeptides, representing 344 N-linked glycosites
with 57 different N-glycans. Spectral library matching using GPQuest assigns the HCD LC-
MS/MS generated spectra of intact glycopeptides in an automated and high-throughput manner.
Additionally, spectral library matching gives the user the possibility of identifying novel or
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modified glycans on specific glycosites that might be missing from the predetermined glycan
databases.
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Glycosylation is one of the most common protein modifications spanning more that 50% of
the proteome. Glycosylation mediates many of the cell functions including interaction of the
cells with the extra cellular matrix and other cells, growth and proliferation, cell division,
and bacterial and viral infection. Therefore, its role in diseases such as cancer,
cardiovascular diseases, and infectious diseases has been observed and confirmed in
numerous studies.1~7 Glycosylation can happen in two different forms: N-glycosylation
which is the attachment of glycan chains to N-X-T or N-X-S motifs on proteins, where X
can be any amino acid except proline, and O-glycosylation which is the attachment of O-
glycan core structures to S or T residues on the polypeptides.12

Unlike proteins, structures of glycans are not explicitly coded by the genome. In fact, protein
glycosylation is determined by proteins involved in glycan biosynthesis pathways whose
activities are affected by protein abundance and cell type-specific events. In addition,
glycosylation at a specific glycosylation site of a glycoprotein is also regulated by other
factors such as substrate glycoprotein abundance, protein folding, cell type, and its
development and metabolic state. These factors result in what is called the
microheterogeneity of glycosylation, where the occupancy of identical protein glycosylation
sites (glycosites) by different glycan structures varies.#8:2 The microheterogeneity of
glycosylation mediates the function and properties of the glycoproteins. For example,
increased sialylation of glycans on 1gG affects its antiinflammatory properties.? In addition,
numerous studies have shown that during the progression of diseases, both glycans and
glycoproteins can go through changes in their structures and abundance, suggesting that in
fact changes in glycans or glycoproteins are not independent of each other,410.6.11
Therefore, various pathological conditions induce changes in the microheterogeneity of
glycoproteins, structures of glycans, and occupancy of each glycosite by different glycans.
Since these glycan attachments mediate the function of the glycoprotein, knowing the
changes in microheterogeneity of glycosylation at each glycosite of a glycoprotein is
essential to understanding their roles. In addition, this topic is of particular interest in
developing antibodies against glycoproteins and in the field of vaccine development.12

Mass spectrometry analysis is routinely used for characterization of glycans and peptides in
recombinant proteins and complex biological samples.13-1% Various fragmentation
techniques have been investigated for analysis of glycopeptides. These techniques, mainly
operated on the basis of vibrational or electronic excitation energies, yield unique
fragmentation patterns.1® For example, collision-induced dissociation (CID) results in
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fragmentation of the attached glycan leaving the peptide backbone intact, while electron
transfer dissociation (ETD) breaks the peptide backbone leaving the intact glycans attached
to the amino acids, thus revealing the glycosylation site.1”~19 Therefore, multiple tandem
approaches are usually required to fully characterize the structure of intact glycopeptides.18
Higher-energy collisional dissociation (HCD) is another fragmentation method that results
in fractionation of both glycans and peptides of glycopeptides.2? Eliminating the need for
multiple tandem fragmentation approaches, HCD fragmentation provides extensive
information regarding the peptide backbone of each intact glycopeptide, including b and y
ions of peptide as well as the mass of glycan attached to the glycopeptide.1621 However,
assignments of tandem mass spectra to intact glycopeptides, including characterization of
specific glycosites and their occupying glycans, is a challenging but critical step to
determine the microheterogeneity of the glycosylation at each glycosite,16:22:21,23-28

In this study, we present a novel algorithm named GPQuest for automatic identification of
intact glycopeptides from HCD spectra of complex biological samples based on spectral
library matching. This algorithm uses the spectral library built from proteomics analysis of
glycosite-containing peptides from the complex biological sample using HCD. GPQuest
takes advantage of the fact that tandem mass spectra of intact glycopeptides contain
oxonium ions and the fragment ions generated through HCD fragmentation of intact
glycopeptides resemble the pattern of the same ions in the MS/MS spectra of their
deglycosylated counterparts. Therefore, the MS/MS spectra of HCD-fragmented intact
glycopeptides are selected using oxonium ions and matched against the generated spectral
library to identify the glycosite-containing peptides and the glycosites. After identification
of the peptide portion of the intact glycopeptide, the exact precursor mass is used to identify
the glycan portion by matching with a glycan database. In this study, we analyzed protein
lysates from LNCaP cells and identified 769 unique intact glycopeptides. Besides the
glycopeptide-matching MS/MS spectra, we identified other MS/MS spectra that matched to
glycosites in the spectral library, while their corresponding glycan masses were not included
in the glycan database. Further investigation of the unknown glycans led to assignment of
glycans that were modified by an additional moiety with a mass of 17.018 Da. This
modification was particularly shown for high-mannose structures. Identifying the peptide
portion of the intact glycopeptide first, the GPQuest algorithm allows for identification of
possibly novel glycans as well as modified glycans attached to the peptides, which could be
of great value particularly in recognizing the pathologically induced changes of
glycosylation.

METHODS

Materials and Reagents

LNCaP cell line was obtained from ATCC. Hydrazide beads were purchased from Bio-Rad
laboratories (Hercules, CA). Peptide-N-glycosidase F (PNGase F) was from New England
Biolabs (Ipswich, MA). Sequencing-grade trypsin was purchased from Promega (Madison,
WI). C18 desalting cartridges were purchased from Waters (Milford, MA). All other
reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified.
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LNCaP Sample Preparation and Mass Spectrometry Analysis

LNCaP cells were lysed, and the extracted proteins were alkylated by treating with
iodoacetamide. The sample was digested using trypsin at 37 °C overnight. Tryptic peptides
were labeled with iTRAQ reagents according to the manufacturer instructions and then
desalted and purified using C18 columns. Ninety percent of the sample was enriched for
glycosite-containing peptides using the SPEG method. Briefly, the samples were treated
with a 10 mM sodium periodate solution and conjugated to hydrazide beads at room
temperature in the dark on a shaker. Nonspecific binding was removed by washing the
hydrazide beads. The glycosite-containing peptides were detached from the immobilized
Nglycans with PNGase F treatment and collected for mass spectral analysis. The remaining
10% of the tryptic peptide mixture was dried in a speedVac, resuspended in 0.4% acetic
acid, and fractionated for mass spectral analysis. The global tryptic peptides were
fractionated using basic reverse phase liquid chromatography (bRPLC). The collected 96
fractions were combined into 24 fractions. The glycosite-containing peptides that were
isolated from the cells using the SPEG technique were directly analyzed by LC-MS/MS
without fractionation. A 1 pg aliquot of each sample was separated through a C18 column
on a Dionex Ultimate 3000 RSLC nano system (Thermo Scientific) and analyzed on a Q
Exactive mass spectrometer (Thermo Scientific). Data-dependent HCD fragmentation was
performed on the 15 most abundant ions using an isolation window of 4 m/z. Using charge
state screening, unassigned, singly, eight, and more than eight protonated ions were rejected.
In addition, an exclusion 25 s window was applied to avoid multiple selections of the same
ions.

Building the Experimental Spectral Library (ESL) for Glycosite-Containing Peptides

The mass spectrometry results of the SPEG-enriched glycosite-containing peptides were
analyzed using SEQUEST in the Proteome Discoverer software with the following
parameters: fixed Cys modification, dynamic PNGase-F facilitated conversion of Asn to
Asp, and dynamic oxidation of Met in addition to a maximum of two miscleavages. The top
peptide match for each spectrum was selected. For each peptide, list of singly, doubly. and
triply charged b and y fragment ions were generated. The MS/MS spectra matched to each
peptide were searched for the presence of these ions. The experimental spectral library,
which contained the list of target glycosite-containing peptides and their present fragment
ions, was built based on the results of this search. Any peptide with less than four observed
fragment ions was removed from the target database and the experimental spectral library.

Preprocessing

The generated raw files containing the acquired mass spectra were converted to mzXML
files using the msconvert utility in the Trans-Proteomic Pipeline software. The “centroid all
scans” option was selected. The mzXML file corresponding to each of the tryptic global
peptide runs was opened in MATLAB. The MS/MS spectra of the glycopeptides were
distinguished from peptide MS/MS based on the presence of oxonium ions. These ions
belong to glycan free monosaccharides or disaccharides that were fragmented during the
tandem mass spectrometry analysis. In this step, the MS/MS spectra including at least two of
the oxonium ions with the masses of 138 (internal fragment of HexNAc), 145 (Hex—H50),
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163 (Hex), 168 (HexNAc-2H,0), 186 (HexNAc-H»0), 204 (HexNAc), 325 (Hexy), 366
(HexHexNAc), 274 (NeubAc—H,0), or 292 (Neu5Ac) were isolated as oxoniumion-
containing spectra. For the spectra with more than 100 peaks, oxonium ions were searched
in the top 10% of the mass spectral peaks within a 10 ppm window.

Matching the Spectra of HCD-Fragmented Glycopeptides with the ESL

Each oxonium-ion-containing MS/MS spectrum was compared with the compiled
experimental spectral library (ESL). For each target peptide in the ESL, the percentage of
the b and y ions that were observed in the MS/MS spectrum was calculated. In addition, a
list of candidate intact peptide ions was generated for each ESL peptide, and the MS/MS
spectrum was searched for the presence of these ions. A total of nine intact peptide ions was
considered including singly, doubly, and triply charged intact peptide and intact peptide +
HexNAc and singly charged intact peptide + HexNAcY2 cross-ring cleavage ion, intact
peptide + FucHex- NAc, and intact peptide + HexNAc,. The peptide matches were first
filtered based on the number of their observed intact peptide ions. The number of required
ions for each peptide depends on the length of the peptide and is shown in Table 1. The
results were further refined by applying an FDR of 1%. A 50 ppm window was used for
matching the b, y, and intact peptide ions.

Assignment of Glycans Attached to Glycosite-Containing Peptides at Each Glycosite

RESULTS

To identify the monoisotopic peak for each dissociated ion and correct the mass shift, the
MS spectra were averaged over a window of 15 spectra centered at the precursor MS. The
first peak in the averaged isotopic cluster corresponding to the precursor mass was picked as
the monoisotopic peak. The glycan composition was then deduced by first calculating its
mass from the monoisotopic mass and the peptide mass and then running an exact match
search against the glycan database with a mass tolerance of 10 ppm.

Building the Spectral Library for Glycosite-Containing Peptides

The application of the GPQuest algorithm requires an experimental spectral library (ESL) of
glycosite-containing peptides as a basis to identify the peptide portion of the intact
glycopeptide in each MS/MS spectrum. The ESL can be generated from the glycosite-
containing peptides isolated from the sample. The ESL contains the experimentally observed
b and y ions for each of these peptides, which are the most dominant ions in the HCD
spectra compared to other ion types. To generate the ESL, the glycosite-containing peptides
were first isolated from the sample using the solid-phase extraction of N-linked glycosite-
containing peptides (SPEG) technique.1®2% The mass spectral results of the SPEG-enriched
glycosite-containing peptides were searched using SEQUEST in the Proteome Discoverer
(PD) software to identify 2213 N-linked glycosite-containing peptides in the sample, and the
PD output was used to compile the list of peptides in the ESL (Supplementary Information
Table 1). The list of b and y fragment ions, including doubly and triply charged ions, was
generated for the ESL peptides. The spectral library was built by identifying all the
experimentally observed b and y ions for each identified peptide in the sample.
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Matching the Spectra of HCD-Fragmented Glycopeptides with the ESL

Understanding the pattern of HCD fragmentations of glycopeptides is crucial in identifying
optimal algorithms for matching of the spectra to glycopeptides. Based on observation of
HCD fragmented glycopeptide MS/MS spectra, the most abundant ions are classified into
four main groups of (1) oxonium ions, (2) peptide b and y ions, (3) intact peptide attached to
partial glycan ions, and (4) peptide b and y ions attached to partial glycan ions. In the
majority of the MS/MS spectra corresponding to glycopeptides, a minimum of two oxonium
ions are observed among the highest mass spectral peaks. We used this characteristic to
select glycopeptide MS/MS spectra based on the presence of at least two signature oxonium
ions in the highest 10% of the peaks. The second group of ions generated by HCD
fragmentation of glycopeptides is the peptide b and y ions. These ions, which lie in the mass
range between the first and the third group, are not as abundant as oxonium ions. However,
they have a similar pattern to the fragmentation pattern of their deglycosylated glycosite-
containing peptide counterparts. Figure 1A shows the MS/MS spectra of the deglycosylated
“YHYN#GTFEDGK?” peptide, while the MS/MS spectrum corresponding to the
glycosylated “YHYN#GTFEDGK” is depicted in Figure 1B. Comparing the two spectra
showed that although the overall signal intensity of b and y ions was lower in the
fragmented glycopeptide, the patterns of these fragment ions were similar between the
spectra of fragmented intact glycopeptide and the deglycosylated glycosite-containing
peptide that had been released from glycans using the SPEG technique. In the second step of
the algorithm, we took advantage of this repeated pattern to identify the peptide portion of
the intact glycopeptide for each MS/MS spectrum by evaluating its matching with the ESL.
The overlap between each MS/MS spectrum of intact glycopeptide and each peptide entry in
the ESL was estimated by calculating the percentage of the experimental b and y ions that
the two share. The results were later refined by removing the matches whose overlap with
the ESL did not reach a certain threshold. This threshold was determined by the desired false
discovery rate (FDR). The third group of glycopeptide MS/MS ions of interest, i.e., the
intact peptides with partial glycan structures, were again among the highest peaks in the
mass spectra. The ions of intact peptides and intact peptides attached to one or two HexNAc
residues repeatedly were reported among the highest peaks.2918 Therefore, the presence of
peptide ions with or without partial glycan attachments was used as an additional criterion to
identify the peptide portion of the glycopeptides. The fourth group of ion, i.e., peptide b and
y ions attached to partial glycans, can be used to further assign the remaining peaks to the
glycopeptide ions. It should be noted that the presence of peptide b and y fragment ions as
well as intact peptides with partial glycan ions depends on the length of the peptide,
meaning that for longer peptides b and y ions of peptide backbone are more dominantly
observed, whereas for shorter peptides intact peptide ions are more prevalent. Therefore, a
combination of all these ions is necessary to ensure the accuracy of the matching process. To
account for the difference in peptide length, a peptide length-dependent threshold on the
minimum number of present intact peptide ions was used to further refine the matches. The
threshold was prespecified for each peptide based on its length as shown in Table 1. At the
end, by subtracting the mass of the identified peptide portion from the corrected precursor
mass, we calculated the mass of the glycan portion of the glycopeptides. Figure 2 depicts the
schematic workflow of the spectral library matching approach used in the GPQuest
algorithm.
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Estimation of the False Discovery Rate Using Decoy Strategy

False discovery rate (FDR) is a crucial parameter in defining the specificity of the
identification. The FDR can be calculated through either diversifying the spectra against the
database of interest or diversifying the peptide database by adding decoy peptides to it.
Creating a reverse database is the most common method to generate a decoy database
because the reverse database resembles the target peptides in terms of number of peptides,
peptide length, and precursor molecular weight. However, the theoretical MS/MS spectra of
the reverse database do not match the target database. Hence, matches to the reverse
database resemble the random matches in the target database.39 The GPQuest, matching the
ESL to the observed tandem spectra, uses not only the b and y ions but also the intact
peptide ions with or without attached partial monosaccharides to narrow down the peptide-
spectral matches (PSM). The theoretical MS/MS of the reverse database contains identical
intact peptide ions to those of the target database, thus elevating the number of random and
false matches. In this study, to generate the decoy database, we combined the amino acids
from all SPEG-identified glycosite-containing peptides, shuffled them, and broke them into
decoy peptide sequences with the same length as the target database. Figure 3 shows the
mass distribution of the target database and an average of 10 randomly generated decoy
databases created by this strategy and depicts the similarity between these databases.

Assignment of Glycans Attached to Glycosite-Containing Peptides at Each Glycosite

Correct assessment of the precursor mass is of great significance while assigning the glycan
portion of the glycopeptide structure corresponding to each MS/MS spectrum. The
abundance of glycopeptides is considerably lower than that of the peptides in a complex
sample, and the isotopic distribution of glycopeptides is different from that of peptides
without glycans attached. This results in deviations in the isotopic pattern of glycopeptides
such as obscuring the monoisotopic peak and subsequently increasing the possibility of
inaccurate or wrong assignment of monoisotopic peaks of glycopeptides. Therefore, the
precursor ion mass provided in the mzXML file might be as much as a few daltons off.
Using a shifted precursor mass will result in either match failure or matching to a wrong
glycopeptide structure. For example, the mass difference between two fucose residues and
one N-acetylneuraminic acid (Neu5Ac) residue is equal to 1.02 Da. Therefore, an error in
the detection of the right mass of monoisotopic peak in the glycopeptide ion cluster could
result in assigning the wrong glycan structure to the MS/MS spectrum.

To determine the accurate mass of the monoisotopic peak of a glycopeptide, we calculated
the average spectrum of consecutive MS spectra in the vicinity of the glycopeptide of
interest over the elution time. The averaging improved the cluster isotopic pattern and the
identification of the monoisotopic peak mass, which consequently improved the assignment
of the glycopeptide spectrum. Figure 4A shows a glycopeptide isotopic cluster observed in a
single MS1 spectrum and the precursor mass reported by the instrument software in the
mzXML file. GPQuest identified the correct monoisotopic peak after averaging the spectra
over a ~1 min elution time window (Figure 4B).

After assignment of precursor mass and the peptide portion of the intact glycopeptide and
glycosite, the exact mass of the glycan portion was determined by subtracting the peptide
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mass from the glycopeptide mass. To determine the glycan structure on each glycosite, the
calculated glycan mass was compared with a glycan database and the glycan composition
was determined at a mass tolerance of 10 ppm. The glycan database was composed by
compiling several human serum or plasma Nglycan libraries31:32 with N-glycans identified
from various human samples analyzed in our lab.33:34 All glycans with equal number of
Hex, HexNAc, Fuc, and NeuAc monosaccharide residues in their compositions were
grouped together and represented as a single entry, leading to 208 unique N-glycan
compositions in the database (Supporting Information Table 2).

Glycoproteomics Analysis of the LNCaP Cells Using GPQuest

To identify glycopeptides from a complex sample, 24 fractions of LNCaP tryptic peptides
and SPEG-enriched glycosite-containing peptides were analyzed, and glycopeptides were
identified using the GPQuest spectral library matching algorithm. The generated ESL for the
LNCaP samples, which was built based on the mass spectrometric analysis of SPEG-
enriched glycosite-containing peptides, contained 2213 target peptides (Supporting
Information Table 1). Of the total number of 985 509 spectra in all 24 fractions, 7243
contained at least two oxonium ions and were isolated as tandem spectra corresponding to
glycopeptides.

With no filtering on the percentage of observed b and y ions, a total of 137 227 PSMs were
attained, where each matched MS/MS scan was matched to an average of 23.9 PSMs.
Refining the results based on a threshold on the minimum percentage of overlap between the
ESL and the spectra to achieve a reasonable FDR, as expected, decreased the number of
PSMs.

For estimation of the FDR, the decoy database was built as described and merged with the
target database resulting in a total of 4426 peptides in the peptide database. The FDR was
calculated based on the percentage of PSMs matched to the decoy database. A curve was
calculated by changing the threshold on the percentage of b and y ion overlap with ESL and
calculating and plotting the FDR as a function of this threshold. The optimal threshold for
refining the results was determined by the desired FDR on this curve. Figure 5 shows the
FDR as a function of this threshold in red and black, where the red curve corresponds to the
GPQuest algorithm and the black curve corresponds to similar analysis, with the only
difference that the match refinement step based on the number of observed intact peptide
ions was omitted. From this figure, we estimated that a threshold of 40% results in an FDR
of approximately 1%. In addition, this figure demonstrated how the use of intact peptide
ions for filtering the results improved the FDR. Using a 1% FDR cut down the number of
PSMs to 4213 and the average number of PSMs per matched MS/MS scan to 1.6.

Applying the aforementioned filters in this study, 344 unique glycosite-containing peptides
were matched to 57 N-glycan compositions, and 769 unique intact N-glycopeptides were
identified from LNCaP cells using the GPQuest algorithm (Supporting Information Table 3).

In addition to performing global analysis, using this tool, we can look at the heterogeneity of
any glycosite of interest or the glycosylation heterogeneity profile of a sample. Figure 6
shows the distribution of different N-glycan compositions in the LNCaP sample, where each
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bar shows the number of PSMs that matched to a specific N-linked glycan in the sample.
According to the glycan profile of LNCaP cells, they contained high-mannose, fucosylated
only, sialylated only, fucosylated and sialylated, and other glycans without fucose and sialic
acid in hybrid or complex structures; however, the high-mannose structures were more
prevalent. The lower abundance of sialylated glycans could be attributed to instability of
sialic acid residues and their loss during sample preparation.35:36.34

Analysis of Unmatched Glycan Masses in LNCaP Samples

Spectral library matching assigns the peptide portion of the intact glycopeptide to the
oxonium-ion-containing MS/ MS spectra, while the decoy strategy ensures the accuracy of
the peptide match. The glycan portion is determined by calculating the glycan mass and
matching it to the glycan database. Therefore, if the corresponding glycan structure is
missing from the glycan database (Supporting Information Table 2), the glycan portion of
the glycopeptide remains unspecified. This attribute could potentially lead into discovery of
novel glycans or glycan modification. In this analysis, we observed examples of LNCaP
glycopeptide MS/MS spectra where the peptide portion of the glycopeptides was assigned to
glycosite-containing peptides in the ESL, while the calculated glycan masses were missing
from the glycan database. As an example, a minimum of 20 spectra in the glycoproteomics
analysis of LNCaP cells resulted in a glycan [M + H]* mass in a 10 ppm window around
1414.512 Da matching to 15 different glycosites; however, the glycan database match did
not result in identification of the glycan portion of the intact glycopeptide. In addition,
searching the UniCarbKB37 database for this glycan using the Glycomod tool3® retrieved no
matches. To further analyze the unassigned glycan structure, we reinvestigated the MS/MS
spectra of LNCaP glycans that had been isolated from the sample and analyzed by HCD LC-
MS/MS. Figure 7 depicts the MS/MS spectrum of the glycan corresponding to [M + 2H]2*
mass of 707.76 Da, equivalent to [M + H]* mass of 1414.512 Da generated through ESI LC-
MS/MS analysis of isolated LNCaP glycans on a Q Exactive instrument. The assignment of
fragment ions, generated by the Glycoworkbench software,3° to numerous fragmented high-
mannose ions suggested that the corresponding unknown glycan was a modified high-
mannose structure. In fact, the mass of this glycan is within 10 ppm of a Man6 glycan
modified by a moiety with molecular weight of 17.018. This observation, i.e., addition of
moiety with a mass of 17.018 Da to a glycan, was observed for Man5, Man7, Man8, and
Man9 as well. While an estimated of 700 PSMs matched unmodified high-mannose
structures collectively, about 50 PSMs appeared to match modified high-mannose glycans
suggesting that around 7% of these structures were modified by an additional 17.018 Da
moiety.

DISCUSSION AND CONCLUSION

Assignment of intact glycopeptides to MS/MS spectra of simple and complex biological
samples is a challenging task, and several studies have attempted to tackle this challenge.
Segu et al. showed that HCD fragmentation of intact glycopeptides resulted in distinct
peptide + GIcNAc ions.16 Based on this observation, Mayampurath et al. developed GlyplD
2.0, a tool for assignment of glycopeptide to fragmented glycopeptides.22 Nwosu et al. used
a combination of accurate precursor mass and the CID-generated fragment ions in MS/MS
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spectra for assignment of the intact glycopeptides.?® Singh et al. took the HCD product ion-
triggered ETD of glycopeptide ions and analyzed the ETD fragmented MS/MS spectra using
common proteomics tools by introducing the known glycans in the sample as variable
modifications.?3 Parker et al. used proteomics and glycomics techniques to first build
databases of possible glycans and glycopeptides in the sample and identified the intact
glycopeptides by matching their accurate precursor mass to their concatenated glycopeptide
database.?* He et al. developed a software tool called GlycoMaster DB for assignment of
glycopeptides to HCD/ETD or HCD spectra.2® These algorithms for glycopeptide
assignments assign the tandem spectra based on accurate mass of the precursor ion to
potential glycopeptides, which rely on the prior identification of both peptides and glycans
in the databases.

Spectral matching of HCD fragmented intact glycopeptides to a tandem mass spectral
library of glycosite-containing peptides in a complex sample can be used to reliably identify
the peptide portion of these glycopeptides, yielding a false discovery rate on the order of
1%. Knowing the peptide portion, the mass of the glycan portion can be calculated by
subtracting the peptide mass from the mass of the precursor ion. Therefore, the glycan
structure can be characterized by comparing the glycan mass with the glycan database. Due
to various factors, the search for glycan structure might not result in a match. Examples
include novelty of the glycan, uncharacterized or sample preparation-induced glycan
modifications, or errors associated with calculation of the glycan mass. By highlighting
these spectra, spectral library matching provides the user with a chance to further investigate
those spectra, where despite reliable peptide identification, the glycan structure remains
ambiguous. Using this strategy, our data showed the possibility of a novel modification on
glycans with a mass of 17.018 Da. Consideration of this modification could lead to
identification of more glycans and intact glycopeptides in biological samples. Similar
approaches can be used to identify more uncharacterized glycan modifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the MS/MS spectra of HCD-fragmented glycosylated peptides with and

without PNGase F treatment. (A) MS/ MS spectrum of the deglycosylated glycosite-
containing peptide “YHYN#GTFEDGK” is dominated by b and y fragment ions. (B)
MS/MS spectrum of a sample glycosylated peptide can be distinguished from the
nonglycosylated peptides based on the presence of numerous oxonium ions marked by a
cross. The intact peptide ions “YHYN#GTFEDGK” with partial glycan attachments are
usually, and particularly for shorter peptides, the second most dominant set of ions in the
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MS/MS spectrum of a glycosylated peptide. The b and y fragment ions lie between the two
aforementioned sets of ions and follow the pattern of the PNGase F-treated peptide.
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PD-SEQUEST Spectral Library Builder

N-glycopeptide

N-glycosite-containing Peptides’

Experimental Spectral Library

Observed lons

NCSFN#ISTSIR

b1, b2, b4, b6, y4

Glycopeptide Identification with GPQuest

Collecting the oxonium ion-containing spectra

r%b*

Matching with the glycosite-containing peptide spectral library

O O-glycans []N-glycans

Identifying the peptide by filtering the results
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1 O-glycosylation site

Identifying the glycan by matching with glycan database

Figure 2.

Schematic workflow of the spectral library matching approach in the GPQuest algorithm.

The glycosite-containing peptides were isolated using the SPEG technique and analyzed

with HCD LC-MS/MS analysis. The MS/MS spectra were assigned to glycosite-containing
peptides by proteomics tools, such as PD-SEQUEST, and were used to build the

corresponding sample-specific ESL by searching the spectra for b and y ions of each

identified peptide. The ESL was then compared with the mass spectra of intact

glycopeptides in the sample to identify the peptide portion of the intact glycopeptide

corresponding to each oxonium-ion-containing MS/MS spectrum. The glycan portion was
identified by matching its corresponding mass to the glycan database.
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Figure 3.
Comparison of the distribution of mass/charge (n/z) ratio between the target and decoy

databases. The decoy database was generated by shuffling the amino acids of the peptides in
the target database and dividing them into peptides with the same lengths as the target
database. The mass/charge ratio distribution of the decoy database resembles that of the
target database, which is important for evaluating the FDR of the algorithm according to the
number of false matches to the decoy database.
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Figure4.
Detection of the glycopeptide monoisotopic peak. (A) Isotopic pattern of a glycopeptide

peak (TN#ITLVCKPGDLESAPVLR, Man9). The reported precursor mass is 2 Da off the
monoisotopic peak. (B) Precursor mass correction by averaging a window of MS spectra
over the glycopeptide elution time greatly improves the isotopic distribution of the cluster by
comparison with the theoretical pattern, thus improving the detection of monoisotopic mass.
The precursor peak and the monoisotopic peak are marked by a red arrow.
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Figureb5.
Estimation of FDR for glycoproteomics analysis of the LNCaP samples. The FDR was

calculated as a function of the percentage of b and y ions in the MS/MS spectra matching the
ESL library in the LNCaP cell analysis. The red curve, showing the FDR analysis for the
GPQuest algorithm, shows that an FDR of 1% is achieved by setting this threshold at 40%.
The FDR curve in black shows the results of FDR calculation omitting the use of intact
peptide ions for refining the results. Comparing the two curves shows that taking the intact
peptide ions into account improves the FDR and, subsequently, the specificity of the
algorithm.
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Figure®6.
Glycan profile of the LNCaP cells. The number of PSMs pertaining to each glycan is

accumulated over all the glycosites. The LNCaP cells contain high-mannose, fucosylated,
and sialylated glycans among other N-glycan structures. The high-mannose structures are
the most abundant ones identified in the sample, followed by fucosylated glycans. Sialylated
glycans are the least abundant structures. Additionally, nonfucosylated, nonsialylated
hybrid, and complex N-glycans, marked as others on this figure, were observed in LNCaP
cells.
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Figure7.
Assignment of modified glycans. MS/MS spectrum of an uncharacterized glycan peak at [M

+ H]* of 1414.512 is assigned to glycan fragment ions. Presence of several oxonium ions in
the spectrum of the unknown structure ensures that it belongs to a glycan. Also, assignment
of numerous peaks to fragments of Man5 and Man6 glycans suggests that the unknown
glycan might be a modified high-mannose structure. Even though the MS/MS spectrum of
this glycan is not sufficient to accurately determine the structure, the mass of this structure
equals that of Man6 modified by a moiety with a mass of 17.018 Da.
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Table 1

Minimum Number of Required Intact Peptide lons and Intact Peptide lons with Partial Glycans for Each
Glycosite-Containing Peptide Based on Its Length?

peptide length minimum number of required intact peptideions

5 < peptide length < 11 3
10 < peptide length < 16 2
15 < peptide length < 21 1

20 < peptide length 0

aThe number of observed intact peptide ions decreases for longer peptides. Therefore, a length-dependent threshold on the number of required
intact peptide ions is used to refine the match results.
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