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In Brief
Glycoproteomics has seen rapid
advances in methods for
identifying glycopeptides, but
challenges remain confidently
determining the composition and
structure of the attached glycan.
We have developed a method
using multiple sources of
information from the mass
spectrum to assign the
composition of N-linked
glycopeptides and an associated
method for false discovery rate
control. We show that this
method is able to identify more
glycopeptide spectra while also
providing more accurate
composition assignments than
existing tools.
Highlights
• Identifying the glycan on intact glycopeptides remains difficult in glycoproteomics.• We developed a method to assign glycan compositions in N-glycoproteomics searches.• We demonstrate well-controlled glycan FDR in multiple sample types.• The method annotates more glycopeptide spectra than competing tools.• The method is included PTM-Shepherd for a full glycoproteomics workflow in FragPipe.
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RESEARCH
Multiattribute Glycan Identification and FDR
Control for Glycoproteomics
Daniel A. Polasky1 , Daniel J. Geiszler2 , Fengchao Yu1 , and Alexey I. Nesvizhskii1,2,*
Rapidly improving methods for glycoproteomics have
enabled increasingly large-scale analyses of complex
glycopeptide samples, but annotating the resulting mass
spectrometry data with high confidence remains a major
bottleneck. We recently introduced a fast and sensitive
glycoproteomics search method in our MSFragger search
engine, which reports glycopeptides as a combination of a
peptide sequence and the mass of the attached glycan. In
samples with complex glycosylation patterns, converting
this mass to a specific glycan composition is not
straightforward; however, as many glycans have similar or
identical masses. Here, we have developed a new method
for determining the glycan composition of N-linked gly-
copeptides fragmented by collisional or hybrid activation
that uses multiple sources of information from the spec-
trum, including observed glycan B-type (oxonium) and
Y-type ions and mass and precursor monoisotopic se-
lection errors to discriminate between possible glycan
candidates. Combined with false discovery rate estimation
for the glycan assignment, we show that this method is
capable of specifically and sensitively identifying glycans
in complex glycopeptide analyses and effectively controls
the rate of false glycan assignments. The new method has
been incorporated into the PTM-Shepherd modification
analysis tool to work directly with the MSFragger glyco
search in the FragPipe graphical user interface, providing
a complete computational pipeline for annotation of
N-glycopeptide spectra with false discovery rate control
of both peptide and glycan components that is both sen-
sitive and robust against false identifications.

Glycosylation is one of the most common post-translational
modifications (PTMs) of proteins, involved in a vast array of
biological processes and implicated in numerous diseases (1–
4). Because of the analytical challenges resulting from the
heterogeneity of glycosylation, both in sites occupied and
glycans present at a given site, analysis of the glycoproteome
has generally lagged behind other omics fields (5). Improve-
ments to methods for enriching, separating, and analyzing
glycopeptides by mass spectrometry have been accelerating
in recent years (5–7), however, resulting in increasingly large
From the 1Department of Pathology, and 2Department of Computation
Michigan, USA

*For correspondence: Alexey I. Nesvizhskii, nesvi@med.umich.edu.

© 2022 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Bio
This is an open access article under the CC BY license (http://creativecommons.org/lice
and complex glycoproteomics data being generated. Analysis
of these data has represented a significant bottleneck in gly-
coproteomics (8), particularly for proteome-scale analysis of
intact glycopeptides. A rapid expansion of software tools is
underway in this area, with many new methods capable of this
type of analysis being reported recently (9–18).
Statistical control of the results reported by these new tools

has fallen behind, however, in large part to the extra chal-
lenges of correctly identifying intact glycopeptide spectra (19).
As a result, despite the accelerating development of these
tools, it remains common practice to manually validate and/or
empirically filter search results to remove incorrect glycan
composition assignments (20), presenting a major bottleneck
for large-scale glycoproteomics studies. Many tools for gly-
coproteomics data analysis adapt methods from proteomics
for glycoproteomics by treating glycans similarly to other
PTMs or chemical modifications of peptides. Some search
tools provide additional capabilities that can assist in con-
trolling the false discovery rate (FDR) of modified peptides,
such as the use of the extended mass model of PeptidePro-
phet (21) to model distinct probabilities for modifications with
different masses used with MSFragger (17), or distinguishing
between rare and common modifications in Byonic (12). These
tools and many others have increasingly been applied to
large-scale glycoproteomics analyses (14, 18, 22–25) utilizing
peptide-focused FDR methods, often in conjunction with a
second empirical filtering or manual validation step.
Several studies have pointed out, however, that peptide-

focused FDR approaches can fall short for glycoproteomics
analyses because of the complexity and heterogeneity of
glycans (8, 19, 26, 27). There can be hundreds of different
glycans present in an individual glycoproteomics analysis with
frequencies that vary over multiple orders of magnitude.
Furthermore, N-glycans are comprised of a common core and
various extensions, often containing repeating carbohydrate
units. There are some residue combinations that are isomeric
(e.g., N-glycolyl neuraminic acid [NeuGc] plus fucose has the
same atomic composition and exact mass as N-acetyl neu-
raminic acid [NeuAc] plus hexose) and several more that are
al Medicine and Bioinformatics, University of Michigan, Ann Arbor,
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Multiattribute Glycan Identification and FDR Control
very similar in mass to other combinations or to peptide
modifications (28–30). Errors in assigning the monoisotopic
mass of the precursor, also called “off-by-X” or peakpicking
errors, result in a glycan mass that is off by 1 (or several) Da,
and there are several additional combinations of common
carbohydrate residues or peptide modifications that are very
similar in mass to another combination plus such an isotope
error (20). Treating glycopeptides as modified peptides and
using adapted proteomics methods may thus be sufficient for
analyses in which the glycan population is relatively simple
and well characterized, and any overlapping glycan masses
can be watched for and resolved manually if needed. This
manual verification remains a major bottleneck of glyco-
proteomics analyses, however, and often precludes
large-scale analysis of more complex or uncharacterized
glycan populations where such overlaps are common.
Several recent methods have been proposed in which a

target-decoy analysis is performed specifically on the glycan-
matching portion of glycopeptide-spectrum matching to
generate a glycan-specific FDR or “glycan FDR” (10, 13, 31).
In more recent examples, this has been combined with a
“peptide FDR” typical to modern proteomics methods to
evaluate the quality of match between the spectrum and both
the proposed peptide sequence and glycan composition
(9, 11, 32, 33). This approach has the potential to enable
automated analysis of glycoproteomics data with complex
and uncharacterized glycan populations and remove the
manual validation bottleneck. The proposed methods thus far
have generally used a “glycan-first” approach, in which
possible glycan candidates are first identified by matching the
Y-ion series from the spectrum, then the determined glycan
mass is subtracted from the observed precursor to determine
the peptide mass, and finally the spectrum is searched for
matching peptide fragment ions from precursors matching the
determined peptide mass. While this method has been shown
to be effective at controlling glycan FDR, it is limited to data in
which abundant Y-ions are produced, making it challenging to
adapt for O-glycoproteomics and potentially its reducing
sensitivity when fragmentation conditions are not optimal for
producing Y-ions.
Here, we propose a new approach for identifying the glycan

component of an N-linked glycopeptide and an associated
glycan FDR estimation method with two major differences
from the existing methods. We first identify the peptide
sequence, using a mass offset-style glyco search from
MSFragger (17, 34), then match the mass difference between
the peptide sequence mass and the observed precursor mass
to candidate glycans to determine the composition. This
“peptide-first” approach leverages the well-developed capa-
bilities of modern proteomics methods to solve the peptide
portion of glycopeptide identification first, reducing the glycan
identification portion to distinguishing between a few glycans
that match the mass difference from the determined peptide
sequence, rather than distinguishing between the complete
2 Mol Cell Proteomics (2022) 21(3) 100205
search list of up to hundreds of possible glycan compositions.
Second, we generate a composite glycan score from a variety
of spectral evidence, including Y-ions, oxonium ions, and the
observed mass and precursor isotope errors, rather than just
Y-ions alone. We demonstrate that by simplifying the problem
by matching the peptide first using our MSFragger search tool
and then maximizing the glycan-specific information gleaned
from spectra, we are able to annotate many more glycopep-
tide spectra at the same FDR as existing glycan-first methods.
Unlike our previous peptide-only FDR approach, we show that
this method controls glycan FDR across many search sce-
narios, including when searching for entrapment glycans
known not to be present in the sample, while maintaining the
high sensitivity of the MSFragger glyco search. The method
has been implemented in the open-source tool PTM-
Shepherd (35), version1.2 and has been incorporated into
the FragPipe graphical interface and pipeline to provide a
complete solution for glycoproteomics analyses.
EXPERIMENTAL PROCEDURES

Dataset Details

Raw data were downloaded from ProteomeXchange (36) re-
positories and converted to mzML with MSConvert (version
3.0.19296-ebe17a86f) (37). The “yeast” dataset from PXD005565
contains glycopeptides enriched by ZIC-hydrophilic interaction chro-
matography from fission yeast (Schizosaccharomyces pombe)
analyzed by stepped-energy higher energy collisional dissociation
(HCD) on an Orbitrap Fusion mass spectrometer (9). The “Riley”
dataset from PXD011533 contains glycopeptides enriched by lectin
affinity chromatography from mouse brain tissue analyzed by HCD
and activated ion–electron transfer dissociation (AI–ETD) fragmenta-
tion on an Orbitrap Fusion Lumos mass spectrometer (38). The
“mouse” 5-tissue dataset contains glycopeptides enriched from
mouse brain (PXD005411), kidney (PXD005412), heart (PXD005413),
liver (PXD005553), and lung (PXD005555) analyzed by stepped-energy
HCD on an Orbitrap Fusion mass spectrometer (9).

Glycoproteomics Searches and Peptide FDR

Analysis of the data was performed in two parts: first, glycopeptide
search using MSFragger’s glyco mode with peptide validation and
FDR filtering in Philosopher, and second, glycan assignment and
glycan FDR filtering in PTM-Shepherd. MSFragger glyco search,
described previously (17), produces a list of peptide-spectrum
matches (PSMs) for both nonglyco and glycopeptides found, in
which glycopeptides are matched as a peptide and a delta mass
corresponding to the mass of the glycan (Fig. 1A).

“Yeast” data from PXD005565 were converted to mzML format
using MSConvert (37, 39) using default (vendor) peakpicking and
searched against a combined yeast and mouse proteome database
with common contaminant proteins and decoys appended in Philos-
opher (downloaded February 8, 2021; 22,307 nondecoy entries).
Searches were performed against two glycan lists: a “yeast” list
containing only glycans with two HexNAc residues and 4 to 20 Hex
residues (17 total compositions) and a combined yeast and mouse
glycan list, equivalent to the “pGlyco-N-mouse-large” list (containing
1670 unique compositions). This combined yeast plus mouse list was
the same as used in the analysis of the yeast dataset in the articles
describing the pGlyco2 (9) and pGlyco3 (11) software packages. One
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Multiattribute Glycan Identification and FDR Control
ammonium adduct was allowed, increasing the total number of unique
mass offsets searched in MSFragger to 34 for the yeast-only search or
2325 for the yeast–mouse combined search (redundant masses
[rounded to two decimal places] were removed). The glycans repre-
sented in each glycan list can be found in supplemental Data 1.
MSFragger (version 3.4) searches were performed against the com-
bined yeast–mouse database, allowing two missed cleavages by
trypsin, fixed carbamidomethylation of Cys, and variable Met oxida-
tion and protein N-terminal acetylation, in n-glycan mode with pre-
cursor and fragment mass tolerances of 20 and 10 ppm, respectively,
precursor isotope error correction enabled using the built-in correction
algorithm, b, y, b + HexNAc, y + HexNAc, and Y-ions considered, and
oxonium ion filtering enabled (minimum 10% summed oxonium ion
intensity relative to the base peak of the spectrum to search for gly-
copeptides) with default oxonium ion masses. Following MSFragger
search, Philosopher (version 4.0.0) (40) was used to perform peptide
FDR filtering. PeptideProphet (21) with extended mass model (mass
width of 4000) was used to model PSM probabilities in semiparametric
mode with n-glycan motif modeling enabled and cLevel set to 0.
ProteinProphet (41) protein inference was performed with default pa-
rameters except maxppmdiff set to 20000000 to prevent exclusion of
glycopeptides with large delta masses. The final PSMs, peptides, and
proteins were filtered to 1% PSM and protein FDR, using a sequential
filtering step to remove PSMs and peptides from proteins that did not
pass FDR. Raw entrapment rates were calculated as the number of
glycoPSMs assigned to any glycan other than the 17 yeast glycan
compositions out of the total number of glycoPSMs. Adjusted
entrapment rates were calculated by multiplying the raw entrapment
rate by the ratio of the relative size of the true glycan list (17) to the
total glycan list (1670).

Results from a pGlyco3 primary search (without ammonium ad-
ducts) of the yeast dataset shown in Figure 2 performed as part of
(11) were downloaded from the Massive repository MSV000086771.
pGlyco3 (build 20210615) was used to perform an equivalent search
with one ammonium adduct. The same combined yeast–mouse
proteome database as the MSFragger/PTM-Shepherd search
(aforementioned) was used and the “p-Glyco-N-mouse-Large”
glycan database. Raw files were parsed with pParse using default
parameters and peakpicking. Parameters for protein digestion,
peptide modifications, and mass tolerances were set to the same
values as in the MSFragger search. One “aH” variable modification
was allowed on glycans (ammonium adduct). Default FDR options
were employed (1% peptide and glycan) using the built-in peptide
FDR method.
Mol Cell Proteomics (2022) 21(3) 100205 3
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Multiattribute Glycan Identification and FDR Control
The “Riley” dataset from PXD011533 was searched and FDR filtered
with the same method and parameters except for the following differ-
ences. HCD and AI–ETD scans were extracted to separate mzML files
4 Mol Cell Proteomics (2022) 21(3) 100205
with default (vendor) peakpicking in MSConvert and searched sepa-
rately before results were combined for validation and FDR filtering.
Spectra were searched against mouse glycoprotein-focused database
from Riley et al. (38) with decoys appended in Philosopher (3574 non-
decoy entries), allowing up to three missed cleavages, and the mouse
glycan list (182uniquemasses). AI–ETDsearchconsideredb, y,c, z, and
Y-ions and reduced required oxonium ion intensity to 2.5%.

“Mouse” data from PXD005411, PXD005412, PXD005413,
PXD005553, and PXD005555 were converted to mzML with
MSConvert using default (vendor) peakpicking and searched against a
full reviewed mouse proteome with common contaminant proteins
and decoys appended in Philosopher (downloaded September 24,
2019; 17,019 nondecoy entries). The same list of glycans was used as
in the yeast analysis, equivalent to the “pGlyco-N-Mouse-Large”
glycan list with one ammonium adduct allowed. All other MSFragger
parameters were the same as in the yeast searches. An entrapment
search of the mouse data was also performed, with 248 entrapment
glycan compositions added to the MSFragger search and PTM-
Shepherd glycan list (see supplemental Data 1 for the list of entrap-
ment glycans). About 110 additional mouse glycans were added to
correct missing compositions in the original 1670 list. Raw and
adjusted entrapment glycan rates were calculated as in the yeast data,
using 1780 versus 2028 (1780 + 248) glycans as the true and total
glycan list sizes.

Comparative searches of the mouse data were performed with
pGlyco3 (build 20210615) using the same mouse protein database
and glycan list with one “aH” variable glycan modification (ammonium
adduct) allowed. Raw data were read with pParse using default pa-
rameters and peakpicking. Variable peptide modifications were set to
the same as MSFragger search (protein N-terminal acetylation and
Met oxidation), and precursor and fragment mass tolerances were set
to 20 and 10 ppm, respectively, as in the MSFragger search. Default
FDR options were used (1% peptide and glycan FDR) using the built-
in peptide FDR method.

Converting Delta Mass to Glycan Composition in PTM-Shepherd

PTM-Shepherd (35) reads PSM results, including the identified
peptide and delta mass, from the output of MSFragger and Philoso-
pher. Determining the identity of the glycan from the delta mass be-
gins by determining possible glycans with intact masses near the
observed delta mass from a provided list of glycan compositions or
PTM-Shepherd’s internal glycan list (Fig. 1B). This internal list is
constructed from reported N-glycans from several glycoproteomics
analyses and databases with the intent of including most known
mammalian glycan compositions so that it can be used without
modification for a range of glycoproteomics analyses (the list can be
found in supplemental Data 1). Custom lists of glycan compositions
can also be supplied by the user and should be used when analyzing
samples with glycosylation that differs markedly from mammalian
N-glycosylation. If specified by the user, adducted forms of glycans
can be considered, for example, the replacement of a proton by an
ammonium adduct, which does not change the expected fragment
ions as the noncovalent adduct is not expected to be retained. The
current version of the method supports only peptides with a single
glycosylation event, though glycopeptides with multiple potential
glycosylation sites are not explicitly excluded from analysis and can
thus be matched if only one site is in fact glycosylated.

To allow for FDR control, a decoy glycan is appended to the list for
each target (and each target adduct, if specified). A decoy glycan
candidate is generated by shifting the intactmass of a target glycan by a
random value within the provided glycan mass error tolerance and
assigning a randomly chosen isotope error from the set of such errors
being considered in the analysis. This allows us to distinguish decoy
glycans from targets on the basis of their different mass and isotope
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error distributions in addition to Y and oxonium ions, while ensuring that
decoys are not being shifted to masses that would exclude them from
consideration alongside their target glycans. A decoy glycan candidate
has the same nominal composition as the target glycan from which it
was generated, but its fragment (Y and oxonium) ions are also each
randomly shifted by a unique value between1 and20Da. As a result, the
decoy has the same number of fragment ions of each type as its cor-
responding target, but with randomly shiftedmasses. Target and decoy
glycans within a user-specified tolerance of the observed delta mass
(50 ppm used for all analyses here) and with allowed precursor isotope
errors (−1, 0, +1, +2, or +3 for all analyses here) are considered as
possible candidates (Fig. 1B). The observed isotope error for a candi-
date is determined by subtracting the candidate mass from the
observed mass and rounding to the nearest integer. The resulting
isotope error mass, which is the determined isotope integer error times
an average peptide isotope spacing of 1.00235 Da, is removed from the
candidate mass prior to computing the mass error score.

For each spectrum with a mass shift potentially corresponding to a
glycan, pairwise comparisons are then performed to determine the
best candidate glycan from the list of possible candidates within
tolerance of the observed delta mass from the available evidence
(Fig. 1C). Starting from two arbitrary candidates, the current best
candidate is compared with other candidates until all candidates have
been considered, with current best candidate being updated any time
a compared candidate generates a higher score. Candidates are
compared using four components that are ultimately combined into a
single score: Y-ions, oxonium ions, mass error, and isotope error. For
Y-ions and oxonium ions, scoring is based on ions that are unique to
one candidate or the other; ions that can be generated by both can-
didates or neither candidate have no impact on the score. The pair-
wise scoring function is based on summed log likelihood estimation of
the impact of each piece of evidence (each Y-ion or oxonium ion and
the observed mass and isotope errors) on the likelihood of the spec-
trum representing one of the candidates rather than the other (Equa-
tions 1–3). For Y-ions and oxonium ions unique to one of the
candidates, an empirically determined probability ratio is used to ex-
press the effect of observing the ion on the likelihood of the spectrum
representing that candidate rather than the other, determined from
manual inspection of spectra (42) and results. Currently, Y-ions are
divided into two categories based on whether they contain fucose,
and all ions within each category are given the same score. The Y-ion
score can thus be expressed as a constant alpha, representing the log
of the hit or miss probability ratio, times the number of unique Y-ions
found or not found for each candidate for each of nonfucose and
fucose-containing Y-ion sets (Equation 2). Because the number of
Y-ions observed tends to be less than the number of possible Y-ions,
particularly for larger glycans, Y-ion counts are square root normalized
to avoid overpenalizing large glycans with more possible Y-ions than
are typically observed. Probability ratios for oxonium ions are encoded
separately for several composition categories (currently NeuAc/
NeuGc (43–45), fucose (46, 47), phosphate (48), and sulfate (49, 50)
are supported based on our empirical observations and oxonium ions
reported elsewhere (51, 52), resulting in the ratios shown in
supplemental Table S1. The oxonium ion score is thus computed
similarly to the Y-ion score, except with potentially different probability
ratios for each ion type and without square-root normalization of ion
counts (Equation 3). Following the observation that oxonium ions
resulting from cofragmentation of glycopeptides had a negative
impact on assignment quality, an intensity weighting factor was added
to the oxonium fragment score. The hit probability ratio is multiplied by
the ratio of observed divided by expected intensity, such that low-
intensity oxonium ions will result in a smaller increase in score than
more intense ones. The adjustment is capped so that finding a hit with
extremely low intensity cannot negatively impact the score: in these
cases, the low-intensity hit results in no change to the score. The
mass error score is the log of the ratio of observed mass errors for
candidates 1 and 2, such that a lower mass error for candidate 1 than
candidate 2 results in a positive score, with a weight factor β (set to 1
by default). The isotope error score is the log of the probability ratios
(alpha) for the observed isotope errors of each candidate (see
supplemental Table S2 for the values used). The equation for the
pairwise score of glycan candidate 1 versus candidate 2 is thus:

Spairwise =SY + Soxo + βmass log
⃒⃒⃒
⃒Δm2

Δm1

⃒⃒⃒
⃒ + αisotope (1)

where scores for Y-ions and oxonium ions (SY and Soxo) are
defined below.
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U1 is the number of unique fragment ions (Y-ions in Equation 2 or
oxonium ions in Equation 3) to glycan candidate 1 found in the
spectrum (unique hits), and V1 is the number of unique fragment ions
from glycan 1 not found in the spectrum (unique misses), and U2 and
V2 are analogous for glycan candidate 2. I is the intensity of a fragment
ion observed in the spectrum or “expected” (provided as a parameter).
The ratio of observed to expected intensity has a minimum set such
that α cannot be negative for very low observed intensities; in these
cases, α is set to 0. For Y-ions and oxonium ions, probability ratios for
hits are always greater than 1 (leading to α > 0) and always less than 1
for misses (α < 0), so that hits for candidate 1 increase the score and
misses decrease it, whereas hits for candidate 2 decrease the score
and misses increase it. Probability ratios and expected intensities
used for each ion type and isotope error can be found in supplemental
Tables S1 and S2.

After the best candidate glycan is determined by pairwise com-
parison for each PSM, FDR estimation is performed. Because the
candidate's score in pairwise comparison depends both on the
candidate and the identity of the next-best candidate, it is not optimal
for distinguishing between targets and decoys. Instead, an “absolute”
score is computed for the top-ranked glycan from pairwise compari-
son for each PSM (Equation 4). This absolute score is similar to the
pairwise comparison score but treats all fragment ions from the best
candidate glycan as unique and compares against typical mass and
isotope errors rather than those of another candidate. Intuitively, the
absolute score can be viewed as the total weight of evidence for and
against the best candidate.

Sabsolute =Sabs. Y + Sabs. oxo + βmass log
⃒⃒⃒
⃒ Δm
σunmodified

⃒⃒⃒
⃒ + αisotope (4)

Because there is no second candidate to compare against, prob-
ability ratios for the mass and isotope errors of the candidate are
Mol Cell Proteomics (2022) 21(3) 100205 5
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compared with typical values. The average mass error of all unmodi-
fied peptides in the analysis (σunmodified ) is used as a typical value for
mass error, and no isotope error is used as the typical value for
isotope error. Y-ion and oxonium ion scores are computed in the same
fashion as in the pairwise score but without a second candidate,
treating all possible fragment ions from the chosen candidate as
unique (and thus contributing to the score):

Sabs. Y = ∑2
type t

(αYthit

̅̅̅̅
U

√
+ αYtmiss

̅̅̅̅
V

√ ), t ε {HexNAc, Hex only
Fucose containing

(5)

Soxo = ∑5
type t

(αoxothit (IobservedIexpected
)(U) + αoxotmiss

(V)), t ε
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

NeuAc
NeuGc
Fucose
Phosphate
Sulfate

(6)

Where U is the number of theoretical fragment ions from the
candidate found in the spectrum, analogous to the unique hits
from the pairwise score, and V is the number of theoretical frag-
ment ions not found, analogous to the unique misses from the
pairwise score. I is the intensity of the fragment (expected and
observed) as in the pairwise scoring and has the same minimum
value to prevent α from turning negative for very low observed
intensities.

FDR is computed by collecting absolute scores of all target and
decoy best candidates and determining the score threshold necessary
to achieve the desired decoy-target ratio (Fig. 1D). FDR is computed
as the ratio of decoys to targets at a given score value. Results are
reported in the PSM results table with the q value and identity of the
matched candidate. By default, PSMs that do not pass glycan FDR
are still reported but can be removed by filtering by the appropriate q-
value cutoff (e.g., less than 0.01 for 1% glycan FDR). PSMs in which a
decoy glycan was assigned instead have the best target glycan re-
ported but with a q value of 1. An option is available to instead print
decoy glycan assignments directly for diagnostics.

All datasets tested used the default probability ratios for fragment
ions and mass and isotope errors displayed in supplemental Tables S1
and S2. Glycans with noncovalent ammonium (NH4

+) adduct(s) were
appended to the internal PTM-Shepherd database in the “yeast” and
“mouse” analyses as well after testing revealed high prevalence of
these adducts. The “Riley” dataset was searched with no adducts.

Experimental Design and Statistical Rationale

The yeast dataset from PXD005565 contains a single sample
analyzed in technical triplicate. The Riley dataset from PXD011533
also contains a single sample analyzed in technical triplicate (and
fractionated into 12 fractions per replicate). The mouse dataset con-
tains a single sample from each tissue type analyzed in five technical
replicates. All data analyzed are being used for method development,
and no biological conclusions are drawn. The output of MSFragger
search is deterministic, as such, each MSFragger search was per-
formed only once. PTM-Shepherd glycan assignment scoring is
deterministic, but the method of generating decoys by randomly
shifting the masses of decoy glycans and their fragments would result
in different decoy scoring and thus different FDR thresholds, in repli-
cate runs. As generating different results for repeated analyses of the
same input data and parameters is not desirable, we have opted to fix
the random seed used to generate decoys, as is done in other soft-
ware tools employing this decoy generation strategy. Thus, the same
decoys will always be generated for the same input raw data and
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parameters but will be different (randomly) if the input raw data, glycan
database, or search parameters are changed.

RESULTS AND DISCUSSION

The method presented here identifies the glycan composi-
tion represented by the mass shift reported by MSFragger
glyco search and uses the target-decoy approach to enable
FDR filtering of the identified glycans to a defined confidence
level. Unlike many PTMs, the heterogeneity of glycosylation
and abundance of monosaccharide combinations with very
similar or identical masses can make it challenging to deter-
mine the glycan composition represented by a given mass
shift, particularly in the analysis of complex glycosylation
profiles. Glycan compositions can also correspond to multiple
structures resulting from various connection points between
monosaccharides and different branching; however, directly
determining glycan structure from glycopeptide fragmentation
data is extremely challenging and typically requires special-
ized MS methods. All results reported here aim to confidently
identify a glycan composition, that is, the identity and count of
all monosaccharide classes (e.g., hexose rather than specific
monosaccharides like glucose) present, from typical glyco-
proteomics MS data without implying specific connectivity or
branching information. To assess the performance of the
glycan assignment method in PTM-Shepherd, we first turned
to a well-characterized fission yeast dataset (PXD005565) (9).
The fission yeast analyzed therein has a relatively simple
glycosylation profile, with the vast majority of glycans con-
sisting of HexNAc(2)Hex(n) structures, with n ranging from 4 to
approximately 20. Following the example set by several other
studies that use these data for benchmarking (9, 11, 32, 53),
we performed an entrapment analysis by searching the yeast
data against both yeast and mouse proteomes and glycomes
to evaluate the accuracy of both peptide and glycan assign-
ment in the presence of peptides and glycans not expected to
be present in the sample. MSFragger searches were per-
formed with one of two glycan mass lists: a “yeast-only” list
and a yeast–mouse combined list equivalent to the large
mouse glycan list used to perform an entrapment search in
these data by pGlyco3 (11) (Fig. 2A and supplemental Data 1).
In all cases, the number of mouse peptides matched was well
controlled by the MSFragger pipeline (supplemental Table S4).
The output of the MSFragger search, a peptide and mass shift
for each spectrum, was then analyzed using PTM-Shepherd to
assign the glycan corresponding to the mass shift for each
PSM using the combined glycan list containing both yeast and
entrapment (mouse) glycans for both MSFragger searches.
The search results from the different glycan lists illustrate

several important factors in glycan assignment and the per-
formance of our method in a variety of situations. When
searching the yeast–mouse combined protein database with
yeast-specific glycans, MSFragger matches 7855 potential
glycoPSMs, and because the list of glycans searched closely
matches the actual glycan population, glycan FDR filtering in
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PTM-Shepherd removes only a small fraction of the matched
spectra, yielding 7689 total glycoPSMs at 1% peptide and 1%
glycan FDR (Fig. 2B). Because the PTM-Shepherd glycan
analysis is considering the combined yeast–mouse glycan list,
there are multiple possible compositions for each glycan mass
found by MSFragger. The rate of matching nonyeast glycans
is very well controlled in this analysis, with one PSM con-
taining NeuAc, seven containing fucose, and 38 with other
nonyeast glycans (mostly glycans with more than two Hex-
NAcs but no sialic acid or fucose) passing the glycan FDR in
PTM-Shepherd, accounting for 0.6% of all glycoPSMs
(Table 1). Given the difference in the number of true (yeast) and
entrapment (mouse) glycans in the search list, we also
compute an adjusted entrapment rate using the ratio of true
yeast (17) to total (1670) glycans in the search list (Table 1). We
provide both the raw and adjusted entrapment rates in Table 1
as high and low estimates of the actual glycan FDR, but note
that these are approximations intended to provide a com-
parison metric between searches and software methods
rather than an absolute measure of the glycan FDR.
Expanding the MSFragger search to the combined yeast–

mouse glycan list, with 1670 glycan masses, results in a
moderate increase in potential glycoPSMs from MSFragger,
most of which do not pass glycan FDR filtering in PTM-
Shepherd, ultimately yielding 8234 glycoPSMs at 1% pep-
tide and glycan FDR (Fig. 2B). Crucially, despite the nearly
100-fold increase in glycan search space, the number of
PSMs matched to entrapment glycans remains controlled,
with 311 total entrapment PSMs matched for an adjusted
entrapment rate of 0.038% (Table 1). Notably, only two
entrapment PSMs are reported for any glycan containing a
sialic acid or fucose, indicating excellent control of glycan
matching when comparing across categories of glycans that
generate distinct fragment ion types (Table 1). Distinguishing
TABLE

Results from entrapment searc

Search engine
Glycans
searched

GlycoPSMs

NeuAc
PSMs

N1%
peptide
FDR

1% peptide &
glycan FDR

MSFragger +
PTM-Shepherd

Yeasta 7855 7689 1
Yeast +
mousea

9493 8234 1

pGlyco3 Yeast +
mouse

N/A 3405 0

Yeast +
mousea

N/A 5684 0

GlycoPSMs annotated at 1% peptide and combined 1% peptide and
mouse glycan lists.

Abbreviation: N/A, not available.
aIndicates search was performed allowing ammonium adduction (all s

entrapment glycan and raw and adjusted entrapment rates are shown at r
HexNAc and Hex residues that are not in the 17-yeast glycan list. Top tw
two rows contain results from pGlyco3 (11).
between glycans in the same category (in this case, containing
only HexNAc and Hex in varying amounts) presents a much
greater challenge; however, our method is still able to maintain
a reasonable entrapment rate for these glycans given the
disparity between the sizes of the true and entrapment glycan
lists.
Overall, both the yeast-specific and combined glycan list

searches had a moderate number of spectra removed by
glycan FDR filtering, lower in the yeast-specific search. The
majority of these removals are due to low-quality fragmenta-
tion failing to provide sufficient fragment-ion evidence for the
correct composition. There were a few cases where an
incorrect peptide assignment or missing peptide modification
resulted in a low-quality glycan match that was removed by
filtering. Some peptides with two potential N-glycosylation
sites were assigned glycan compositions that appeared to be
the combination of two glycans, which generated very low
glycan assignment scores and were also removed. Unlike the
peptide-only FDR control of the original MSFragger glyco
search, which provided reasonable assignments only when
the searched glycans are well matched to the actual glycans
present in the data, the method presented here was able to
control the rate of entrapment matches regardless of the
glycan list being searched.
Another state-of-the-art software package, pGlyco3,

recently analyzed the same data (11), allowing for a direct
comparison. At the same nominal FDR (1% peptide and 1%
glycan), pGlyco3 reported 3405 glycoPSMs when not
considering ammonium adducts or 5684 glycoPSMs when
allowing an ammonium adduct, compared with the 8234 gly-
coPSMs from MSFragger/PTM-Shepherd when searching the
same peptide database and glycan list and allowing an
ammonium adduct. pGlyco3 reported no PSMs containing
NeuAc or NeuGc, compared with one PSM with NeuAc or
1
hes of yeast data at 1% FDR

euGc
PSMs

Fucose
PSMs

Other
nonyeast
PSMs

Raw
entrapment
rate (%)

Adjusted
entrapment rate

(%)

0 7 38 0.6 0.006
0 1 309 3.8 0.038

0 114 135 7.3 0.074

0 259 169 7.5 0.077

glycan FDR are shown for searches of yeast-only or combined yeast–

earches except first row of pGlyco3). PSMs matched to each type of
ight. Other nonyeast PSMs refer to entrapment glycans containing only
o rows of results are from MSFragger and PTM-Shepherd; the bottom
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NeuGc reported by MSFragger/PTM-Shepherd, indicating
good FDR control for sialylated glycans by both tools. How-
ever, pGlyco3 also reported 259 PSMs containing fucose
(compared with one such PSM from PTM-Shepherd) and 169
other nonyeast glycans containing only HexNAc and Hex (3%
of all glycoPSMs), for an overall entrapment rate that is twice
as high as that of our method (Table 1). Our method is thus
able to annotate roughly 45% more glycoPSMs while also
providing improved FDR control relative to pGlyco3, particu-
larly with regard to fucosylated glycans. Ultimately, this en-
ables confident annotation of 30 to 40% more glycopeptides
and glycoproteins from the same data (Fig. 2C). We attribute
the improved performance of our method compared with
pGlyco3 primarily to two factors, namely, the peptide-first
search approach resulting in many more possible gly-
coPSMs being considered in glycan assignment and incor-
poration of multiple types of information to glycan scoring in
PTM-Shepherd. In particular, we found that inclusion of a
weak oxonium ion filter for fucosylated glycans (in addition to
the Y-ions considered by both our method and pGlyco3)
provided greatly improved control of erroneous matches.
Additional tests confirm the robustness and sensitivity of

the glycan FDR estimation in PTM-Shepherd. Results from
searches with various glycan FDRs (1%, 0.5%, and 0.1%) are
shown in Table 2. At 0.1% glycan FDR, no entrapment gly-
coPSMs containing monosaccharides other than HexNAc and
Hex are reported with only 33 total entrapment PSMs, but over
6700 glycoPSMs are still obtained, more than pGlyco3 at 1%
glycan FDR. Finally, we tested our method without prior
peptide FDR filtering, providing over 33,000 potential glyco-
peptide spectra from the MSFragger search to PTM-Shepherd
instead of only the 9493 glycopeptide spectra that passed
peptide FDR. These additional ~23,000 spectra with low-
confidence peptide assignments represent an increased
challenge for glycan FDR filtering, as any incorrectly assigned
peptide sequences may have an incorrect delta mass used to
determine possible glycan candidates. The number of spectra
matched to nonyeast glycans tracks neatly with the provided
FDR, and adjusted entrapment rates remained within the given
FDR in all cases (Table 3). As in the peptide FDR-controlled
data, very few matches were made to entrapment glycans
containing monosaccharides that generate distinct fragment
ions (NeuAc, NeuGc, and fucose), but distinguishing between
TABLE

Comparison of search results of yeast

Glycan FDR
(%)

Peptide & glycan 1% FDR
glycoPSMs

NeuAc
PSMs

NeuGc
PSMs

Fu
PS

1 8234 1 0
0.5 8022 1 0
0.1 6741 0 0

The combined yeast and mouse (1670) glycan list was used for the M
peptide FDR. Entrapment glycans matched are shown at right for each
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real and entrapment glycans containing only HexNAc and Hex
was more challenging.
Compared with existing glycan FDR estimation approaches

that rely only or primarily on the Y-ion series, our method uses
several additional components to evaluate potential glycan
candidates. To evaluate the individual contribution of each of
these components, we performed the assignment and FDR
procedure sequentially with a single score component
removed and assessed the number of PSMs passing glycan
FDR and any changes in the entrapment rates of different
glycan types (Fig. 3). Of the four components, isotope error
provided the least valuable contribution, indicated by its
removal not substantially changing the number of glycoPSMs
passing FDR and only slightly increasing the number of
entrapment glycans matched (Fig. 3). This is perhaps unsur-
prising given that MSFragger was set to attempt to correct any
errors in monoisotopic peak selection prior to PTM-Shepherd
analysis. In cases where such correction is not performed,
the isotope error component may provide greater benefit.
Removal of the oxonium ion score also resulted in only a small
change in the number of PSMs reported but caused uncon-
trolled matching to compositions containing sialic acids and, to
a lesser extent, fucose. Since the sialic acids are typically
dissociated from the glycan in the HCD fragmentation
employed in this dataset, they generally do not affect the Y-ions
produced and are thus reliant on oxonium ion scores for
appropriate scoring and filtering. Removal of the mass error
score resulted in a moderate decrease in the number of gly-
coPSMs matched, indicating that it provides a valuable
contribution in distinguishing true matches but did not cause
an increase in entrapment glycans matched. Finally, removal of
Y-ions resulted in the largest decrease in glycoPSMs, indi-
cating the central role they play in obtaining confident matches.
These results illustrate the importance of including multiple
sources of information when evaluating glycans, as Y-ions,
oxonium ions, and mass error all substantially improved the
ability to distinguish between glycan compositions. The relative
contributions of the categories may vary in different analyses,
however, as a result of different fragmentation methods or
settings changing the likelihood of observing different types of
fragment ions, or different instruments or instrument settings
changing the distribution of mass and isotope errors compared
with the data analyzed here, for example.
2
data with various glycan FDR levels

cose
Ms

Other nonyeast
PSMs

Raw entrapment
rate (%)

Adjusted entrapment
rate (%)

1 309 3.8 0.04
1 232 2.9 0.03
0 35 0.5 0.005

SFragger search, resulting in 9493 potential glycoPSMs passing 1%
search, along with raw and adjusted entrapment rates.



TABLE 3
Summary of yeast search results without prior peptide FDR filtering at various glycan FDR levels

Glycan FDR
(%)

Glycan FDR only
glycoPSMs

NeuAc
PSMs

NeuGc
PSMs

Fucose
PSMs

Other non-east
PSMs

Raw entrapment
rate (%)

Adjusted entrapment
rate (%)

1 14,052 1 0 50 1178 8.7 0.09
0.5 11,291 1 0 13 424 3.9 0.04
0.1 5171 0 0 0 41 0.8 0.008

The combined yeast and mouse (1670) glycan list was used for the MSFragger search. In total, 33,450 potential glycoPSMs were supplied to
PTM-Shepherd with no peptide FDR filter. PSMs matched to entrapment glycans are shown for each FDR level along with raw and adjusted
entrapment rates.

Multiattribute Glycan Identification and FDR Control
Having validated our glycan assignment and FDR methods
with entrapment searches, we set out to characterize the
performance of our method in more typical, nonentrapment,
glycoproteomics data. We reanalyzed data from Riley et al.
(38) to compare with our previous analysis by MSFragger-
Glyco (17). The original analysis, performed with Byonic (12),
identified 24,099 glycoPSMs after applying Byonic's peptide
FDR filtering and additional empirically determined score fil-
ters. Applying the same mouse glycoprotein database and
glycan list, MSFragger identified 45,318 glycoPSMs at 1%
peptide FDR, of which 44,781 glycoPSMs passed 1% glycan
FDR in PTM-Shepherd (Fig. 4A). Unlike the entrapment
searches of fission yeast, the glycan FDR filtering removed
relatively few PSMs, indicating the high quality of the initial
matches from MSFragger when searching only for glycopep-
tides that are likely to be present in the data. However, the
glycan assignment method is still critical to distinguish the
correct glycan out of multiple possibilities, even when only
expected glycans are included in the search. The additional
glycoPSMs annotated result in identification of additional
Analysis
1% FDR Filtered 

glycoPSMs

NeuAc-
containing 

PSMs

NeuGc-
containing 

PSMs

Fucose-
containing 
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Full 8234 1 0 1
No Isotope Error 8233 2 0 3
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No Mass Error 7558 0 0 0
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FIG. 3. Impact of individual score components on glycan
assignment performance. A, glycoPSMs passing 1% glycan (and
peptide) FDR with full score (all components) or one component
removed. B, table of total glycoPSMs and entrapment glycoPSMs of
various types for each analysis presented in A. FDR, false discovery
rate; PSM, peptide-spectrum match.
glycopeptides and glycoproteins, as we have previously
noted, and additional high confidence pairings of peptide
sequences with specific glycan compositions (Fig. 4B). We
find similarly small proportions of glycan compositions con-
taining fucose and sialic acids as in the original analysis of
Riley et al. Mouse brain tissue has been observed to have a
high proportion of glycans lacking fucose or sialic acids
(9, 54), and the concanavalin A lectin enrichment performed
specifically enriches for oligomannose-type glycans over
others, both of which lend support to our assignment of the
majority of glycoPSMs to compositions containing only Hex-
NAc and Hex-type residues. While our method assigned
different glycans than Byonic to several hundred glycoPSMs,
the differences were largely between similar compositions that
differ by isotope errors. For example, our method frequently
assigned the composition HexNAc(2)Hex(8) to spectra that
Byonic assigned as HexNAc(6)Hex(3), often when the pre-
cursor was misassigned as the +2 isotope peak, as the two
compositions differ in mass by 2.05 Da (supplemental
Table S5). Comparisons of assigned glycans are necessarily
limited, however, as Byonic does not perform a glycan-
specific FDR calculation, controlling peptide FDR only. While
we did not perform a deliberate entrapment search on these
data, two alternative methods for confirming our glycan as-
signments are available since mouse brain tissue is expected
to contain only trace amounts of NeuGc or sulfated glycans,
and the dataset contains paired HCD and AI–ETD scans of the
same precursor. The MSFragger search performed included
only 182 glycan compositions, but for the PTM-Shepherd
analysis, we used a large mammalian N-glycan and O-
glycan list that included NeuGc and sulfate-containing gly-
cans (supplemental Data 1), many of which have similar or
identical masses to the glycans included in the MSFragger
search. Less than 0.1% of all glycoPSMs were matched to
NeuGc or sulfated glycans(Fig. 4C), providing evidence that
our FDR control is functioning well for these data. In addition,
the paired HCD and AI–ETD scans should have same peptide
and glycan assigned, since they are of the same glycopeptide
precursor fragmented using different activation methods. Of
the 28,970 glycoPSMs that had a paired scan that passed
both peptide and glycan FDR, 99.4% were independently
assigned to the same peptide and glycan by our method
(Fig. 4D), as would be expected given a 1% peptide and
Mol Cell Proteomics (2022) 21(3) 100205 9
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1% Peptide & Glycan FDR

Total
glycoPSMs
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FIG. 4. Comparison of glycoPSMs annotated from mouse brain
tissue from Riley et al. A, glycoPSMs annotated by the original
analysis in Byonic and our reanalysis with MSFragger and PTM-
Shepherd. The improvement in annotated spectra from MSFragger
search is maintained after applying 1% glycan FDR filtering. B, unique
glycoproteins, glycopeptide sequences, and glycan–peptide
sequence combinations reported by MSFragger/PTM-Shepherd or
Riley et al. C, glycan composition categories observed sorted by
residue type(s) contained, showing few unexpected (NeuGc or sulfate-
containing) glycans. D, analysis of paired HCD and AI-ETD scans of
the same precursor from MSFragger/PTM-Shepherd search,
assessed for whether the same peptide and glycan were matched in
both of the paired scans. AI–ETD, activated ion–electron transfer
dissociation; FDR, false discovery rate; HCD, higher energy collisional
dissociation; PSM, peptide-spectrum match.

Multiattribute Glycan Identification and FDR Control
glycan FDR. Notably, while our empirical fragment ion prob-
ability ratios were developed using HCD data, performance in
glycan assignment was comparable in the hybrid AI–ETD data
included here.
Finally, while the entrapment glycan searches performed in

yeast establish a strong foundation for FDR control in N-gly-
coproteomics analyses, the yeast glycoproteome contains
few to no true glycan compositions that have very similar
masses. To establish the performance of our method in more
complex data, in which there are many examples of mass
shifts that could be assigned to multiple possible glycan
compositions expected to be present in the data, we rean-
alyzed N-glycopeptide data from five mouse tissue types
originally presented in the description of the pGlyco2 software
(9). In the MSFragger and PTM-Shepherd searches, we used
the same glycan list as the combined yeast–mouse list from
10 Mol Cell Proteomics (2022) 21(3) 100205
the yeast analysis, equivalent to the “pGlyco-N-mouse-large”
glycan list from pGlyco3, allowing a single ammonium adduct.
In all five tissue types, we find 40 to 66% more glycoPSMs at
1% peptide and glycan FDR than pGlyco3 when searching the
same peptide and glycan lists, which in turn obtained a similar
advantage over pGlyco2 (Fig. 5A). The pGlyco2 search (results
as reported (9)) did not include ammonium adducts as this
feature was not supported in pGlyco2. As in the yeast data, we
attribute the similarly sized increase in glycoPSMs annotated
by MSFragger/PTM-Shepherd over pGlyco3 to the peptide-
first search strategy and incorporation of additional informa-
tion in glycan scoring as compared with pGlyco3. As in the
other datasets, the increase in glycoPSMs translated to an
increase in unique glycopeptide sequences in all tissue types
and of glycoproteins in all tissues except liver and lung, in
which glycoprotein counts were similar (Fig. 5B). We observed
broadly similar trends in glycan compositions across tissue
types, including the lack of NeuGc in brain tissue and pre-
dominance of high-mannose glycans in liver (Fig. 5C). How-
ever, when we directly compare the frequency at which
compositions containing various glycan residues were
assigned, a clear pattern emerges of much higher rates of
fucose-containing glycans assigned by pGlyco3 (orange bars)
with roughly opposite increases in sialic acid–containing gly-
cans assigned by PTM-Shepherd (green and yellow bars)
(Fig. 5D). Given the high frequency of entrapment matches to
fucosylated glycans by pGlyco3 in yeast, we suspect a similar
bias toward fucose may be occurring in these mouse data,
and many of the fucosylated glycans assigned by pGlyco3
may in fact be sialylated, particularly since the substitution of
two fucoses for one NeuAc is a common glycan assignment
mistake (30). An example spectrum with such a substitution is
shown in supplemental Fig. S1, in which a series of abundant
NeuAc-containing oxonium ions provides strong evidence for
our composition assignment (HexNAc-4_Hex-5_NeuAc-1)
over pGlyco3's (HexNAc-4_Hex-5_Fuc-2). However, without a
ground truth of known glycopeptides to compare against, we
cannot say for certain which tool's assignments are more
frequently correct.
Evaluating the accuracy of our method in these data is more

challenging than in yeast, as there is not as straightforward a
filter for entrapment compositions since glycans containing
fucose, NeuAc, and NeuGc are all expected to be present in
various tissues. However, we were able to generate a list of
248 entrapment glycans that have very similar masses (within
0.05 Da) of true mouse glycans using several substitutions of
glycan residues (see supplemental Data 1, “mouse entrap-
ment” for the list of compositions). We generated NeuAc (27),
NeuGc (17), Fuc (24), and phosphate (180)-containing
entrapment glycans with similar masses to many of the most
commonly observed mouse glycans (supplemental Table S5).
Unlike in the yeast entrapment search, these had to be
manually checked against the mouse glycan list to ensure that
true mouse glycans were not included as potential
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entrapments, resulting in smaller numbers of these entrap-
ment glycans overall and an imbalance between the
phosphate-containing and other types. Nevertheless, by tar-
geting these entrapment glycans to have similar masses to,
and contain the same types of residues as, the most
commonly observed real glycans, we provide an intensive test
of whether our method can distinguish between real and
entrapment glycans in a complex analysis with many over-
lapping masses.
The results of entrapment glycan searches in each mouse

tissue type are shown in Table 4. In each tissue, the adjusted
rate of entrapment glycoPSMs matched remains at or below
1%, indicating good FDR control in a much more strenuous
test than in the yeast data. Notably, almost no entrapment
matches are made to phosphoglycans despite the presence of
far more potential entrapment phosphoglycans than the other
categories. The majority of entrapment glycoPSMs are to
NeuAc in brain and kidney tissues and to NeuGc in heart, lung,
and liver, in each case corresponding to the most common
category of glycan observed in the respective tissue. These
observations, together with the lack of similar entrapment
matches in the yeast data, suggest that the primary reason for
the matches to entrapment glycans may be cofragmentation
of glycopeptides that results in oxonium ions from a glycan
other than that of the precursor glycopeptide being including
in scoring a given glycoPSM, increasing the rate of erroneous
glycan assignments. This hypothesis is strongly supported by
the brain tissue data, in which over 90% of all scans contain
NeuAc oxonium ion(s) (despite only 40% of glycoPSMs being
matched to NeuAc-containing compositions), whereas only
~2% of scans have detectable NeuGc oxonium ion(s).
Matches to NeuAc entrapment compositions were the vast
majority of entrapment matches observed (89%), and no
matches were made to NeuGc entrapment compositions
(Table 4), despite being relatively common in the other tissue
types where NeuGc oxonium ions occur with some frequency.
Distinguishing the correct glycan from spectra in which oxo-
nium ions seem to indicate an alternative composition is
indeed a challenging problem, even for expert manual curation
of glycan assignments. Maintaining a 1% entrapment glycan
rate despite this extensive cofragmentation is thus an
impressive achievement for our method. Care should still be
exercised in complex analyses, however, particularly when it is
clear that oxonium ions for certain compositions are present in
a majority of spectra. Narrower isolation windows, ion mobility
filtering, and other measures to reduce cofragmentation of
Mol Cell Proteomics (2022) 21(3) 100205 11



TABLE 4
Results of entrapment glycan search in the mouse dataset

Sample Total glycoPSMs
Entrapment
glycoPSMs

Entrapment glycoPSMs by type
Raw entrapment

rate (%)

Adjusted
entrapment
rate (%)NeuAc NeuGc Phospho Fucose only

Brain 44,931 491 436 0 0 55 1.1 1.0
Heart 20,410 128 43 72 0 13 0.6 0.5
Kidney 65,412 586 358 92 0 136 0.9 0.8
Liver 44,476 24 3 13 2 6 0.05 0.05
Lung 47,292 183 55 114 0 14 0.4 0.3

PSMs matched to entrapment glycans are shown as a count and raw and adjusted rates (%), remaining at or below the FDR used in the
searches (1%). Details of the entrapment glycans used can be found in the supplemental Data 1.

Multiattribute Glycan Identification and FDR Control
glycopeptides would be likely to greatly reduce the incidence
of this issue. It is reassuring to note that in all cases without
such widespread oxonium presence, entrapment matches
were rare to nonexistent.

CONCLUSIONS

We have developed a sensitive and robust method for
determining the composition of the glycan component of N-
glycopeptides from tandem MS data by combining informa-
tion from multiple types of fragment ions with mass and
isotope errors to distinguish between candidate compositions.
We demonstrate that FDR control of the resulting glycan
matches performs as expected even in analyses of complex
glycan lists and in the presence of entrapment peptide se-
quences and glycan compositions. As glycoproteomics
moves to larger and more complex samples, confident
assignment of glycan compositions is critical to move beyond
manual validation of glycopeptide spectra. We believe this
work represents a promising step in this direction, enabling
automated analysis of complex N-glycopeptide samples.
Determining FDR for glycan assignment is a challenging
problem with many complexities, and there remain several
limitations in the method presented here, particularly with re-
gard to distinguishing between highly similar glycans and in
extending the method to O-glycopeptides, that we aim to
address in future work. The probability ratios used to deter-
mine the likelihood of one glycan composition relative to
another given the presence (or absence) of a particular frag-
ment ion were determined empirically and are optimized for N-
glycan fragmentation by HCD or stepped-energy HCD. While
we have confirmed that these parameters still provide valid
results for AI–ETD activation of N-glycans, probability pa-
rameters will likely need to be optimized specifically for other
fragmentation methods to provide similarly high-quality re-
sults. Currently, all fragment ions of a given type are given the
same probability ratios, despite the actual probabilities to
observe various fragments varying greatly, and probabilities of
observing the same fragment also depending on the precursor
glycan. Using glycan and fragment-specific probabilities
would likely improve the performance of glycan assignment,
12 Mol Cell Proteomics (2022) 21(3) 100205
particularly when considering a wider range of fragmentation
methods and settings. Recent reports have indicated that
structure-specific fragmentation patterns could be used to
infer glycan structure in addition to composition (33), a po-
tential further application of fragment-specific probabilities.
Finally, while the separation of glycan assignment from pep-
tide sequencing greatly simplifies the problem and enables the
high performance of our method, cases in which multiple
glycans are present on a single peptide, or a combination of a
glycan and other modification(s) found from open searching,
are not currently supported and will require development of
methods to localize multiple modification sites from these
searches prior to glycan assignment. Methods for localizing
multiple glycans on a peptide will also be required for the
analysis of most O-glycopeptide data, as many O-glycopep-
tides contain multiple potential glycosites. While the method
provided here is readily applicable to O-glycosylation in the-
ory, handling multiply glycosylated peptides and tuning the
fragment probabilities for O-glycans is needed to enable ac-
curate O-glycan assignments.
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