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Abstract
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The glycopeptide analysis field is tightly constrained by a lack of effective tools that translate
mass spectrometry data into meaningful chemical information, and perhaps the most challenging
aspect of building effective glycopeptide analysis software is designing an accurate scoring
algorithm for MS/MS data. Herein, we provide the glycoproteomics community with two tools to
address this challenge. The first tool, a curated set of 100 expert-assigned CID spectra of
glycopeptides, contains a diverse set of spectra from a variety of glycan types; the second tool,
Glycopeptide Decoy Generator, is a new software application that generates glycopeptide decoys
de novo. We developed these tools so that emerging methods of assigning glycopeptides’ CID
spectra could be rigorously tested. Software developers or those interested in developing skills in
expert (manual) analysis can use these tools to facilitate their work. We demonstrate the tools’
utility in assessing the quality of one particular glycopeptide software package, GlycoPep Grader,
which assigns glycopeptides to CID spectra. We first acquired the set of 100 expert assigned CID
spectra; then we used the Decoy Generator (described herein) to generate 20 decoys per target
glycopeptide. The assigned spectra and decoys were used to test the accuracy of GlycoPep
Grader’s scoring algorithm; new strengths and weaknesses were identified in the algorithm using
this approach. Both newly-developed tools are freely available to interested parties. The software
can be downloaded at http://glycopro.chem.ku.edu/GPJ.jar
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contains 13 assigned CID spectra of glycopeptides and 12 tables showing scoring results for fucosylated glycopeptides and their
decoys. 2) Supplementary Information File 2. This Excel file contains peaklists for 100 CID spectra of the 100 assigned glycopeptides
used for this study.
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INTRODUCTION
Glycosylation is a common but complex post-translational modification that occurs on
proteins during their biosynthesis, and it is known to regulate several biological processes
such as cell signaling,1,2 protein folding,3,4 transportation,3,5 and degradation.5 Changes in
the glycosylation profiles of endogenous glycoproteins can serve as biomarkers for diseases
diagnosis and progression.6,7 In addition, glycosylation can impact the biological activity,8,9
immunogenicity,9,10 and stability11 of glycoprotein-based drugs. Hence, extensive
characterization of glycosylation on glycoproteins is vital in understanding important
biological events and diseases, as well as the pharmacodynamics and pharmacokinetics of
glycoprotein-based drugs.
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Mass spectrometry (MS) has become an invaluable analytical tool for glycosylation
characterization due to its high sensitivity, high resolution, and complementary
fragmentation techniques.12 Two main methods for mass spectrometric glycosylation
analysis of glycoproteins are the glycan-based approach13,14 and the glycopeptide-based
approach.15,16 While the former approach gives information about the total glycan pool on a
glycoprotein, the latter approach provides glycosylation site-specific information. Because
glycopeptide analysis is the method of choice for glycosylation profiling of proteins
containing more than one glycosylation site, we focus on it herein. Although advances in
mass spectrometry instrumentation, sample preparation,17,18 and data acquisition
methods19,20 have contributed to advances in glycopeptide analyses, interpretation of the
resulting mass spectrometry data from tandem MS experiments remains an additional
ongoing field of development.
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An area of increasing interest in glycopeptide analysis is, therefore, the development of
bioinformatics tools for rapid and automated assignment of glycopeptides to MS/MS data.
Glycopeptides are typically analyzed by tandem mass spectrometry using fragmentation
methods such as collision induced dissociation (CID), electron transfer dissociation (ETD),
and higher energy collision dissociation (HCD). Manual analysis of glycopeptide data
generated by these fragmentation methods provides the most confident glycopeptide
assignments, but it is extremely time-consuming and requires extensive experience in data
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analysis. Hence, several bioinformatics tools have been developed for the interpretation of
glycopeptide MS/MS data. Examples include GlycoPep Grader,21 GlycoPeptideSearch,22
and MAGIC23 that assign glycopeptides to CID spectra; GPQuest24 and pGlyco25 for
assignment of glycopeptides to HCD spectra; and GlycoPep Detector26 and GlycoPep
Evaluator27 for assignment of glycopeptides to ETD spectra. Other tools such as
GlycoFragwork28 and GlycoMaster DB29 assign glycopeptide spectra based on a
combination of two or more fragmentation techniques. A number of reviews that describe
these tools, and others, in detail have been reported.30–32 In general, bioinformatics tools
match glycopeptides to MS/MS data by scoring potential glycopeptide candidates against a
particular MS/MS spectrum, and the candidate with the highest score is assigned to the
spectrum.21,26,27 However, automated glycopeptide assignments can be problematic, as the
best match for a spectrum can sometimes be an incorrect match. Therefore, it is vital for
researchers to assess the accuracy of algorithms that assign glycopeptides to MS/MS data in
order to ensure confidence of the results; this rigorous testing also affords developers
valuable information that can be used to improve the algorithms.
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Herein, we release two new bioinformatics tools to the community; they support
glycopeptide analysis software developers and those assigning CID spectra of glycopeptides,
either manually, or by an automated tool. The first product, Glycopeptide Decoy Generator
(GDG), rapidly generates abundant decoy glycopeptides de novo, and enables determination
of the accuracy of tools that assign glycopeptides to CID data. Large numbers of decoys can
be easily generated for glycopeptides using our tool. GDG generates abundant decoys for
any target glycopeptide, and all the decoys have biologically relevant glycan components.
The second product we provide herein is a dataset of 100 expert-assigned CID spectra of a
diverse set of glycosylated peptides. The dataset contains all major N-glycosylation types,
including sialylated and fucosylated glycoforms. We demonstrate the tools’ utility in
assessing Glycopep Grader’s scoring algorithm; this tool assigns glycopeptides to CID
spectra. Both newly-developed tools described herein are freely available to interested
parties.

EXPERIMENTAL SECTION
Materials and Reagents
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Avidin, IgG1, bovine ribonuclease B (RNAse B), bovine fetuin, human apo-transferrin,
Tris(hydroxylmethyl)aminomethane (Trizma) base, urea, dithiotreitol (DTT), iodoacetamide
(IAM), and formic acid were purchased from Sigma-Aldrich (St. Louis, MO). IgG2 and
IgG3 were from Fitzgerald (Acton, MA), and sequencing grade trypsin was from Promega
(Madison, WI). HIV-1 envelope glycoprotein samples, C.97ZA012 gp140 and A244-V1V2,
were from the Duke Human Vaccine Institute (Durham, NC). Ultrapure water was obtained
via a Direct-Q water purification system (MilliporeSigma, Darmstadt, Germany).
Sample Preparation
For the HIV-1 Env proteins, the samples were prepared as reported in Reference 36. Briefly,
about 100 μg of each of the proteins were dissolved in 100 mM Tris buffer (pH 8.0), and
urea was added to a final concentration of 6 M to denature the proteins. Subsequently, DTT
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was added to reduce the disulfide bonds, and the reaction was allowed to proceed for 1 h at
room temperature. After disulfide bond reduction, IAM was added to a final concentration of
10 mM and incubated for 1 h in the dark to cap free cysteine residues; followed by addition
of excess DTT to react with excess IAM. The excess salt (urea and DTT) were either diluted
to less than 1M (for gp140) or removed by centrifugal filtration of the samples using 10 kDa
molecular weight cut-off filters (for A244-V1V2), and the samples were reconstituted in Tris
buffer (pH 8.0) to a final concentration of 2 μg/μL. Finally, trypsin was added at an enzymeto-protein ratio of 1:30 (w/w) and incubated for 18 h at 37 ◦C, followed by a second trypsin
addition at an enzyme-to-protein ratio of 1:30 (w/w) under the same conditions.
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For all other glycoproteins, the sample preparation was the same as described above, but
with a slight modification during the digestion step. Trypsin digestion was done at 1:30
(w/w) enzyme-to-protein ratio for 18 h at 37 ◦C, followed by a second trypsin addition at an
enzyme-to-protein ratio of 1:100 (w/w) for additional 3 h. After digestion, all samples were
quenched by addition of 1 μL formic acid for every 100 μL of sample. The samples were
analyzed immediately after digestion and/or aliquoted and stored at −20 C until analysis.
LC Separation and MS Data Acquisition
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LC-MS analysis was conducted on a Waters Acquity Ultra Performance Liquid
Chromatography instrument (Waters Acquity, Milford, MA) coupled to either a LTQ Velos
Linear Ion Trap or a LTQ Orbitrap Velos Pro hybrid Mass Spectrometer (Thermo Scientific,
San Jose, CA). For avidin and the HIV-1 Env protein, C.97ZA012 gp140, data was acquired
on the LTQ Velos Linear Ion Trap, and the column dimensions, gradient, and CID data
acquisition settings are the same as those reported in Reference 27. For the remaining
proteins, data was acquired on the LTQ Orbitrap Velos Pro. The Mobile Phase A was 99.9%
LC/MS-grade water containing 0.1% formic acid and Mobile Phase B was 99.9%
acetonitrile with 0.1% formic acid. A C18 Aquasil Gold column (100 × 1 mm i.d, 175 Å,
Thermos Scientific, San Jose, CA) was used for reversed phase separation. Sample solutions
of 5 μL were injected onto the column and separated at a flow rate of 50 μL/min as follows:
The mobile phase B was initially maintained at 2% for 5 min followed by an increase to
35% in 60 min, and then ramped to 60% in 15 min. Mobile phase B was held at 95% for 10
min prior to re-equilibration of the column at 2% B for 10 min.
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For both the LTQ Velos and the Orbitrap Velos Pro mass spectrometers, data-dependent
acquisition was performed in the positive ion mode, and the acquisition parameters were
optimized for each protein. The ESI source spray voltage was maintained at 3.0 kV and the
capillary temperature was 200 ◦C for HIV-1 C.97ZA012 gp140, 260 ◦C for RNAse B, 275
◦C for IgG2, and 250 ◦C for all other proteins. In all experiments, a survey MS scan was
obtained from m/z 400 or 500 to 2000 prior to CID fragmentation in the linear ion trap. For
MS scans obtained in the Orbitrap mass analyzer, the resolution was set at 30,000 (at m/z
400). CID spectra were obtained by selecting the top 5 ions (top 8 for RNAse B) for CID
fragmentation in the linear ion trap. The CID normalization collision energy was 35% (30%
for HIV-1 C.97ZA012 gp140) with an activation time of 10 ms and a 3 Da isolation window.
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A library of glycopeptides’ CID spectra was generated using the following proteins: IgG1,
IgG2, IgG3, bovine fetuin, RNAse B, avidin, transferrin, and two HIV-1 Env proteins (C.
97ZA012 gp140 and A244-V1V2). These glycoproteins, with the exception of A244-V1V2,
have been well-characterized and reported in literature.33–37 For the glycopeptides that have
been reported in literature, the dataset of manually characterized CID spectra was generated
as follows: For each glycoprotein, a list of previously assigned glycopeptide compositions
was compiled, and the theoretical monoisotopic m/z values at different charge states were
computed and searched for in the MS data file of the glycopeptide digest of the protein.
When a match was found, we determined if the peak was selected for CID fragmentation. If
a corresponding CID spectrum was found within 1 minute of the retention time of the peak
in the full-MS scan, and if characteristic glycan oxonium ions (e.g ions at m/z 366, 528, and
690) were identified, the spectrum was manually assigned based on knowledge of
glycopeptide fragmentation under CID conditions. For A244-V1V2, which has not been
reported in the literature, the glycopeptides were assigned using a previously described
workflow for characterizing glycosylation on complex glycoproteins.36,38 Briefly,
compositional analysis of glycopeptides was carried out by first doing an in silico digestion
of the protein to find peptides with the N-X-S/T glycosylation site motif; then CID spectra
were identified that contained an abundant ion consistent with the Y1 ions39,40 (ions which
are typically used to identify the peptide portions of glycopeptide compositions) that would
be generated from these glycopeptides. Once candidate CID spectra were identified in this
way, plausible glycopeptide compositions were obtained using high-resolution MS data and
GlycoPep DB.41 Potential glycopeptide candidates with experimental monoisotopic m/z
values within 10 ppm from the theoretical m/z of the glycopeptide reported by GlycoPep DB
were confirmed manually by annotating the glycosidic cleavages observed in the CID data.
Overall, for all the proteins, each confirmed glycopeptide assignment in the dataset met the
following criteria: (1) the experimental monoisotopic mass of the precursor ion closely
matched the theoretical monoisotopic mass of the assigned glycopeptide (within 10 ppm for
Orbitrap data and 30 ppm for LTQ Velos data); (2) the CID spectrum contained an intense
Y1 ion of the glycopeptide; (3) the CID spectrum contained all or some of the following
characteristic oxonium ion peaks: m/z 366, 528, 690, and 657 (for sialylated glycopeptides);
and (4) glycosidic cleavages consistent with neutral losses of the monosaccharides present in
the glycopeptide were observed. The Supplemental Data includes 13 example annotated
spectra. Furthermore, the peaklists for all one hundred CID spectra are supplied in the
Supplemental Data, along with their assigned glycopeptide compositions. These spectral
data can be used by other software developers who wish to test CID algorithms against
expert-verified, pre-assigned data.
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RESULTS AND DISCUSSION
Tool 1: The Glycopeptide Decoy Generator
Glycopeptide Decoy Generator (GDG) is a free tool designed to generate abundant
glycopeptide decoys for accurate assessment of glycopeptide scoring algorithms that match
CID spectra to glycopeptide compositions. Figure 1A shows the graphical user interface of
the decoy generator. GDG contains two main menus, the “Input Data” menu and the
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“Result” menu. To generate decoys, the user enters the monoisotopic m/z value and charge
state of the target glycopeptide composition (target), the number of decoys to generate, as
well as the desired mass tolerance (in ppm) of the decoys from the target. In addition, the
peptide and glycan portions of the target glycopeptide are entered in two adjacent windows
with each peptide portion aligned with its glycan portion. The decoys generated by GDG can
be divided into three categories based on their glycan compositions, and the user may enter
the number of decoys required for each category (“Num from Each Category”). The three
decoy categories are: (I) decoys containing [HexNAc]2[Hex]1-n[Fuc]0–2, where n is any
integer greater than 1; (II) decoys containing [NeuNAc], and (III) decoy glycopeptides not
belonging to categories (I) or (II). If the sum of the numbers entered for each decoy category
is lower than the total number of decoys entered by the user, the software randomly adds
decoys from all three categories to make up the total number of decoys required. Finally, if
the peptide portion contains a cysteine (Cys) residue, the user must specify whether or not
the cysteine residue is modified. The current version of GDG has options for cysteine
modification using iodoacetamide, iodoacetic acid, and vinyl pyridine, which are the
commonly used Cys alkylating agents. For any other modification, including cysteine
modification with other alkylating agents like N-ethylmaleimide, the mass of the
modification can be entered in brackets after the amino acid residue that is modified. For
example, if the peptide DETMFNASQR has Met oxidation, it would be entered as
DETM(+15.99)FNASQR. The “Input tips” field at the bottom of the software provides
guides with regards to the aforementioned parameters that have to be entered in the “input
data” menu. In this study, decoys were generated at a target-to-decoy ratio of 1:20, the
“mass/charge tolerance” was set at 20 ppm, the number of decoys from each category was 3,
and iodoacetamide was selected for Cys modification of all Cys-containing target
glycopeptides.

Author Manuscript

Once all the “Input Data” parameters have been entered, and the user clicks the “Generate
Decoy Glycopeptides” button, the software generates the decoys. The decoy list is displayed
in the “Result” page of the software, and an example output file is shown in Figure 1B. The
figure shows 20 glycopeptide decoys generated for the target glycopeptide and input
parameters displayed in Figure 1A. The decoys have varying glycan compositions, and their
monoisotopic m/z’s are close (within 20 ppm) to that of the target glycopeptide.
How GDG Generates Glycopeptide Decoys
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Figure 2 shows a schematic representation of the approach used by GDG to generate decoys.
To create a decoy for any target glycopeptide, GDG uses two main steps. First, a glycan is
randomly selected from a library of over 300 biologically relevant N-linked glycans, and
secondly, a peptide mass is generated. To choose a glycan for the decoy, the software queries
a library of glycans that has been parsed into three categories (described in the preceding
section), so that decoys of diverse glycan compositions could be easily generated. After a
random glycan is selected, the algorithm determines if the selected glycan had been
previously picked to generate a decoy for the same target. If so, the software discards the
glycan and selects a new glycan. After selecting a non-redundant glycan from the library, the
second step of decoy generation is to identify an appropriate peptide mass. The mass that
represents the peptide portion of the decoy is computed such that the m/z of the entire decoy
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(peptide + glycan portions) is within the user-specified mass tolerance from the m/z of the
precursor ion. The randomly selected glycan plus its arbitrary “peptide” mass represents the
decoy. One final restriction is placed on the decoy: The mass appended to the glycan must
not be smaller than the sum of the monoisotopic masses of asparagine and lysine amino acid
residues. Once a decoy is generated, it is added to a restriction list to avoid duplication, and
more decoys are subsequently generated until the user-specified number of decoys has been
created. GDG can generate up to 45 decoys per target. The decoys are generated irrespective
of the glycan type on the target or the enzyme used for digestion of the glycoprotein.
Tool 2: The Glycopeptide spectral library.
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We collected a significant dataset of 100 CID spectra of known glycopeptide compositions;
these spectra can be used for testing any glycopeptide scoring algorithm that accepts CID
spectra. Figure 3 shows one example CID spectrum in the dataset. This CID spectrum is
from IgG1 monoclonal antibody, and the data was assigned to the glycopeptide composition
EEQYNSTYR+[Hex]3[HexNAc]5[Fuc]1. This glycopeptide had been previously assigned
as being present in this particular protein.33 Along with all spectra in the dataset, the
monoisotopic m/z of this glycopeptide matches the theoretical mass quite closely. The
doubly charged precursor ion, m/z 1419.0697, is within 2 ppm from the theoretical value,
m/z 1419.0663. In addition to matching the high-resolution mass, inspection of the CID data
indicates that oxonium ions at m/z 528.2 and 690.1 are present, further confirming that the
precursor ion is indeed a glycopeptide. By also identifying the Y1 ion, and confirming
neutral loses of monosaccharide residues from the potential glycopeptide, the spectrum was
assigned as EEQYNSTYR+[Hex]3[HexNAc]5[Fuc]1. In a similar manner, the 100 CID
spectra in the MS/MS dataset were unambiguously assigned to their known glycopeptide
compositions. The dataset consists of spectra from 33 high-mannose glycopeptides, 34
fucosylated glycopeptides and 33 non-fucosylated complex/hybrid glycopeptides. The
glycopeptide compositions assigned to these spectra are henceforth referred to as target
glycopeptides (or targets). The peaklists for all CID spectra, and their assigned glycopeptide
compositions, are available in the Supplemental Data. In addition, 13 of the spectra are
annotated. See Supplemental Figures S1 to S13.
Application of these tools for evaluating the accuracy of CID scoring algorithms for
glycopeptides
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The dataset of 100 CID spectra and known targets was used in conjunction with the Decoy
Generator to demonstrate how these tools are helpful in testing and refining glycopeptide
analysis software. Specifically, the scoring algorithm of GlycoPep Grader21 was evaluated
herein. GlycoPep Grader uses monosaccharide neutral loses from glycopeptide compositions
to score target and decoy glycopeptides against a CID spectrum, and the candidate with the
highest score is assigned to the spectrum in question.21 For each of the 100 target
glycopeptide compositions, and the 100 assigned spectra, 20 decoys were generated using
the Decoy Generator, and GlycoPep Grader was used to score each target and its 20 decoys
against the known CID spectrum of the target. The scores were interrogated to determine
whether GlycoPep Grader consistently matched the CID spectra to their correct glycopeptide
compositions or to decoy glycopeptides. A summary of the results is shown in Figure 4A.
As shown, all the 33 spectra originating from high-mannose glycopeptides were matched to
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their correct targets; one out of the 33 spectra (3%) from non-fucosylated glycopeptides was
matched to a decoy glycopeptide (32 spectra matched the correct targets), while 12 out of
the 34 spectra (35%) from fucosylated glycopeptides were matched to decoys (22 spectra
matched to the correct targets). The results clearly indicate that GlycoPep Grader accurately
scores spectra of high-mannose and non-fucosylated complex/hybrid glycopeptide
compositions, but it has some weaknesses in scoring spectra of fucosylated glycopeptides.
Hence, GlycoPep Grader’s scoring algorithm can be modified to improve its accuracy in
scoring spectra of fucosylated glycopeptide compositions. The annotated CID spectra of the
13 glycopeptides that were incorrectly assigned to decoys are shown in Supplementary
Figures S1 to S13.
Are abundant decoys needed for accurate evaluation of glycopeptide scoring algorithms?
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After using abundant decoys, generated by the Decoy Generator, to identify the weakness in
GlycoPep Grader’s scoring algorithm, we wanted to determine why the limitation was not
identified during the development of the software. In the original publication describing
GlycoPep Grader,21 a total of 79 glycopeptides were scored using the software, and all 79
glycopeptides, including 17 fucosylated glycopeptides, were correctly assigned to the known
glycopeptide spectra, even when scoring each spectrum against decoys. In that work,
typically 3–5 decoys were used. Hence, for this case study, we replicated the procedure used
to generate decoys during the initial development of GlycoPep Grader, and we scored those
decoys and targets against our new dataset of 100 CID spectra. We used the same number of
decoys per target glycopeptide (three to five decoys), and we generated the decoys in the
same manner as described previously: For each of the 100 target glycopeptide compositions,
either three, four, or five decoys were generated from Titin, a glycoprotein containing about
50,000 amino acid residues, and a database of about 200 glycans that were multiplexed to
the protein in silico, as described by Woodin et al.21 Each target and its decoys were scored
against the known CID spectrum of the target using GlycoPep Grader. The results are shown
in Figure 4B. The 33 spectra of high-mannose glycopeptides and the 33 spectra of nonfucosylated glycopeptides were all matched to their correct glycopeptide compositions, and
only one out of the 34 spectra of fucosylated glycopeptides was matched to a decoy. Hence,
of the 100 target glycopeptides scored with limited numbers of decoys, 99 were matched to
the correct target glycopeptides and only one spectrum was matched to a decoy. This result
is contrary to the aforementioned case when the target-to-decoy ratio was 1:20, and up to 13
spectra (12 of which were of fucosylated glycopeptides) were assigned to decoys. A
comparison of the scores of the 12 spectra from fucosylated glycopeptides that were
assigned to decoys when scored at a target-to-decoy ratio of 1:20 and the scores of the same
spectra when scored against fewer decoys are provided in Supplemental Tables 1 to 12.
Overall, the results indicate that GlycoPep Grader’s limitation in scoring spectra from
fucosylated glycopeptides could not be determined by scoring target glycopeptide spectra
against a limited number of decoys, which explains why GlycoPep Grader’s weakness was
not identified during the development of the tool, when between three to five decoys per
target were used. Hence, abundant decoys are indeed needed for accurate assessment of tools
that assign glycopeptides to MS/MS spectra.
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Given the above results, it is imperative for software developers to use large numbers of
decoys to test their scoring algorithms during the development of software designed to
match glycopeptides to MS/MS data. By so doing, the probability of decoy matches
increases, and when decoys outscore glycopeptide candidates that are known to be correct,
software developers can easily make changes to improve the scoring algorithm. Similarly,
end-users of glycopeptide software can assess the quality of the output from various tools by
testing them against large spectral libraries of known glycopeptide compositions and large
numbers of decoys per target glycopeptide. However, generating a large spectral library is
time consuming. Hence, the peak lists of all 100 spectra used in this study have been
provided in the supplementary information.

CONCLUSION
Author Manuscript

To simplify the task of building effective glycopeptide software, we developed two new
tools, Glycopeptide Decoy Generator (GDG) and an expert-assigned dataset of 100 CID
spectra. GDG rapidly generates glycopeptide decoys de novo, and these decoys can be used
to assess the quality of tools that assign glycopeptides to CID data. As a secondary
contribution, we provide herein peak lists for 100 validated CID spectra that can be used to
test any existing software tool or any new tool under development. Using large numbers of
decoys generated by our newly developed tool, and our set of 100 validated CID spectra, we
evaluated the accuracy of existing software that assigns glycopeptides to CID data. We
demonstrate that limitations in the scoring algorithm of the software can be identified when
testing it against large sets of decoys, and these limitations could not be identified when only
a few decoys were scored.
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Our tool is the first software that automatically generates abundant decoys on demand for
the assessment of algorithms that assign glycopeptides to CID spectra. The approach for
decoy generation is simple; it can be used as-is, or the software can be easily incorporated
into other bioinformatics tools designed to match glycopeptides to CID data. The software
can be downloaded at http://glycopro.chem.ku.edu/GPJ.jar

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Graphical user interface of Glycopeptide Decoy Generator showing (A) the “Input Data”
menu and parameters to generate 20 decoys for a target glycopeptide; and (B) the “Result”
menu showing 20 decoys generated for the target glycopeptide in A.
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Figure 2.

Schematic representation of the decoy generation approach used by GDG. Decoys are
generated via two main steps: First, a glycan is randomly selected from a pool of about 300
biologically relevant N-linked glycans separated in three categories (see text); and second,
an arbitrary mass, representing the decoy’s peptide portion, is added to the glycan so that the
total mass of the decoy is within a user-specified mass tolerance from the target
glycopeptide mass.
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Figure 3.

Representative CID spectrum showing the assignment of an IgG1glycopeptide (shown in
figure). Glycosidic cleavages of the glycan portion and glycan oxonium ions are observed.
The Y1 product ion and neutral monosaccharide losses from the potential glycopeptide
candidate (at m/z 1419.1) were used to confirm the assignment. The 100 spectra in the
“Glycopeptide Spectral Library” were assigned to their correct glycopeptide compositions in
the same way. The blue squares, green circles and red triangles denote Nacetylhexoseamine, hexose, and fucose monosaccharide residues, respectively.
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Figure 4.

Bar graphs showing results of scoring 33 high mannose, 33 non-fucosylated hybrid/complex
(H/C), and 34 fucosylated hybrid/complex glycopeptide spectra scored against the known
target glycopeptide compositions along with (A.) abundant decoys (20 decoys) per target
glycopeptide and (B.) few decoys (three to five) decoys per target glycopeptide. More
spectra of fucosylated glycopeptides were matched to decoys when abundant decoys were
used (box).
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