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ABSTRACT: Glycosylation is one of the most common post-
translational modifications (PTM) occurring in a large variety of
proteins with important biological functions in human and other
higher organisms. Liquid chromatography tandem mass spectrom-
etry (LC-MS/MS) has been routinely used to characterize site-
specific protein glycosylation at high throughput in complex
glycoproteomic samples. Recently, electron transfer/high-energy
collision dissociation (EThcD) was introduced for glycopeptide identification, which offers rich structural information on
glycopepides with the fragment ions from the cleavages of both the glycan and the peptide backbone. Herein, we present the
software GlycoHybridSeq for automated interpretation of EThcD-MS/MS spectra from glycoproteomic data using a customized
scoring function, which enables the functionalities of identifying glycopeptides, characterizing glycosylation sites, and distinguishing
some isomeric glycans. We evaluate GlycoHybridSeq on glycoproteomic data collected for cancer biomarker discovery. The results
showed that it achieved comparable or better performance than that of Byonic and MSFragger. GlycoHybridSeq is released as an
open source software and is ready to be used in large-scale glycoproteomic data analyses.
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■ INTRODUCTION

Glycosylation is a post-translational modification (PTM)
occurring in a large variety of proteins involved in important
biological functions, such as immune response, host−pathogen
interactions, cellular differentiation and adhesion, and signal
transductions, in higher animals like humans.1 The aberrant
alteration of glycan structure is implicit with the malfunction of
cells and possesses potential significance for the early medical
diagnosis of complex human diseases including cancer.2−4

Liquid chromatography tandem mass spectrometry (LC-MS/
MS) has been commonly applied to the analyses of glycomic
and glycoproteomic samples, aiming to identify glycopeptide
biomarkers from human bodily fluids (e.g., blood samples) that
are associated with cancers, in particular the cancer of different
organs or different types.5−8

Various fragmentation modes have been used for glycopep-
tide identification using tandem mass spectrometry (MS/MS).
Collision-induced dissociation (CID) leads to the cleavages of
glycosidic bonds in the glycans without breaking the peptide
backbone, resulting in the series of Y-ions that provides the
structural information on the glycans in glycopeptides. On the
other hand, electron transfer dissociation (ETD) allows the
fragmentation of the peptide backbones of glycopeptides while
retaining the intact glycan, and thus enables the sequencing of
the peptide. Finally, higher energy collision induced dissoci-
ation (HCD) generates oxonium ions with high mass accuracy
from glycopeptides in addition to the Y-ions, which are

indicative the monosaccharide composition of the glycans.
Because these methods provide complementary information
about glycopeptides,9 they are often combined for glycopep-
tide identification, in particular for the characterization of the
site-specific protein glycosylations in complex glycoproteomic
samples (e.g., from human blood samples).10−12 However, the
employment of multiple fragmentation modes requires multi-
ple scans of the same ions (sometimes even multiple analyses
of the same sample due to the instrument constraints), and the
sensitivity of the analyses may be sacrificed as a trade-off.
Recently, electron transfer/high-energy collision dissociation

(EThcD) was offered as an alternative option to generate rich
structural information on glycopepides, featuring the fragment
ions from the cleavages of both the glycan and the peptide
backbone.13,14 Because it requires only a single scan for a
putative glycopeptide ion, EThcD became increasingly popular
in glycoproteomics, especially for biomarker discovery.15,16

However, unlike for the other conventional fragmentation
methods, the software support for glycopeptide identification

Received: March 26, 2021
Published: May 19, 2021

Articlepubs.acs.org/jpr

© 2021 The Authors. Published by
American Chemical Society

3345
https://doi.org/10.1021/acs.jproteome.1c00245

J. Proteome Res. 2021, 20, 3345−3352

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianhui+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+M.+Lubman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yehia+Mechref"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haixu+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jproteome.1c00245&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00245?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00245?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00245?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00245?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00245?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jprobs/20/6?ref=pdf
https://pubs.acs.org/toc/jprobs/20/6?ref=pdf
https://pubs.acs.org/toc/jprobs/20/6?ref=pdf
https://pubs.acs.org/toc/jprobs/20/6?ref=pdf
pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00245?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org/jpr?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


from EThcD-MS/MS spectra is still limited. To the best of our
knowledge, the commercial software Byonic17 provides an
option specifically designed for EThcD spectra, while
MSFragger-glyco allows for glycopeptide identification using
EThcD18 even though its scoring scheme was not optimized
for EThcD spectra.
In this paper, we present the software tool GlycoHybridSeq,

which extended the glycopeptide identification algorithm
previously implemented in GlycoSeq,19 for analyzing glyco-
proteomic data acquired using EThcD. GlycoHybridSeq
incorporates a scoring function designed for EThcD-MS/MS
spectra, and enables the identification of glycopeptides, the
characterization of the glycosylation sites, and the ability to
distinguish many isomeric glycans all automatically. We
evaluate GlycoHybridSeq on glycoproteomic data collected
for cancer biomarker discovery. The results showed it achieved
comparable or better performance than Byonic and MSFrag-
ger. GlycoHybridSeq is released as an open source software
and is ready to be used in large-scale glycoproteomic data
analyses.

■ METHODS

Using electron transfer/high-energy collision dissociation
(EThcD), glycopeptides may be cleaved within their peptide
backbones, generating c/z and b/y fragment ions containing
intact glycans, or at the glycosidic bonds in the glycans,
generating b/y fragment ions containing the intact peptide
backbone. Therefore, we devised a scoring scheme for
assessing if a putative glycopeptide-spectrum matches
(GSMs; with the matched precursor mass) that takes into
consideration these fragment ions.
In this paper, we focused on the identification of N-linked

glycopeptides from their EThcD-MS/MS spectra. To speed up
the process of scoring and ranking GSMs, we precompute the
fragment ions for all potential N-glycans with up to a certain
maximum number of monosaccharide residues (by default,
#HexNAc ≤ 12, #Hex ≤ 12, #Fuc ≤ 5, and #NeuAc ≤ 4)
according to the rule of biosynthetic pathways. We note that in
GlycoHybridSeq, we did not consider the unlikely N-glycans,
e.g., those missing part of pentamer core. During the
precomputation, the N-glycans are represented as an array,
in which each bit represents the number of a specific
monosaccharide in the core or each branch. For example, a
quaternary complex-type N-glycan is represented as a 20
dimensional array (e.g., [2, 3, 1, 0, 1, 1, 1, 1, 0, 0, 0, 0, 0, 0, 0,
0]), the first three dimensions representing two N-
acetylglucosamines (GlcNAc), three mannoses (Man), and
one fucose (Fuc) in the pentamer core, respectively, the next
dimension representing zero bisected GlcNAc, the next 12

dimensions representing one GlcNAc, zero galactose (Gal) and
zero sialic acid (e.g., NeuAc) in each of the four branches of
the N-glycan. Using this representation of N-glycans,
GlycoHybridSeq employs a dynamic programming algorithm
to find the N-glycopeptide (i.e., an N-glycan attached to a
peptide backbone derived from the in silico digestion of a
target protein) that receives the maximum score of matched
fragment ions with a given input spectrum.
In contrast to O-glycans, the human N-glycans have a well-

defined structure, which are formed with GlcNAc3Man2 core
and (one of) three different types of branches (i.e., complex,
hybrid, and high mannose). On the basis of this kind of defined
structure, the software GlycoHybridSeq automatically gen-
erates the complete list of N-glycans following rules of
glycosidic linkage as defined by glycan synthetic pathways20

to eliminate improbable glycan structures and build reasonable
glycan trees. An example of the growth of glycans can be found
in the Supporting Information.
The workflow of GlycoHybridSeq is shown as Figure 1.

Each experimental EThcD-MS/MS spectrum is first searched
against all putative N-glycans and peptides through the
precursor ion match to identify candidate glycopeptide-
spectrum matches (GSMs). Each candidate GSM is then
subject to the algorithms for peptide sequence match and
glycan sequencing to obtain the peptide and glycan matching
score, respectively. The GSMs are evaluated by using a scoring
scheme that integrates these scores, and the top scored GSMs
for each EThcD-MS/MS spectrum is reported along with the
matching scores. Finally, a procedure to estimate the false
discovery rate (FDR) is implemented GlycoHybridSeq, which
will determine a score threshold corresponding to a desirable
FDR cutoff (e.g., 0.01). In the next sections, we describe the
details of these components implemented in GlycoHybridSeq.

Precursor Ion Match

The precursor ion match is the first step to identify putative
GSMs in GlycoHybridSeq, which matches the mass of a
precursor ion with that of a putative glycopeptide. GlycoHy-
bridSeq enumerates all putative N-glycans, and for each of
them, searches for the candidate peptide backbones with the
corresponding mass (i.e., within the mass tolerance from the
precursor ion mass subtracting the glycan mass). The
candidate peptides are obtained from the in silico digestion
(e.g., by trypsin) of the proteins of interest (e.g., the human
haptoglobin in the study used here for evaluation; see below).
We used the bucket search algorithm for the fast precursor ion
match, in which the running time is O(NG), where NG is the
total number of putative N-glycans (by default GlycoHy-
bridSeq considers five types of N-glycans with up to 12
HexNAc, 12 Hex, 5 Fuc, and 4 NeuAc monosaccharides). Each

Figure 1. Workflow of the GlycoHybridSeq algorithm.
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experimental EThcD-MS/MS spectrum will form candidate
GSMs with multiple glycopeptides that match its precursor
mass, which will be used for peptide and glycan sequencing as
well as the GSM scoring in the subsequent steps.
Bucket Search

To search a particular mass within a given mass tolerance from
the mass values in a target set, we employed a bucket search
algorithm. The list of buckets is first created, in which each
value in the target set is put into one of the buckets based on
an indexing function. For a given mass tolerance in Dalton, the
indexing function is defined by

= −Å
Ç
ÅÅÅÅÅÅÅ

Ñ
Ö
ÑÑÑÑÑÑÑi

val low
tol (1)

where i is the index of the bucket, tol is the mass tolerance, val
is a mass value of interest, and low is the smallest value in the
target set. Here, the size of the bucket is proportional to the
mass tolerance so that any two mass values within the
tolerance is assigned into the same bucket or the adjacent ones.
As a result, to find the mass values within a tolerance from an
input mass value, it is sufficient to look up mass values in the
same bucket and its two adjacent buckets.
Similarly, for the tolerance given in the units of parts per

million (PPM), the indexing function is defined by

= ⌊ ⌋−i log d1/1 /10
val/low

6 (2)

Note that the boundaries of the buckets define by the

indexing function form a geometric sequence: =
−

a ai d

i1
1 / 10 06 ,

where a0 = low is the minimum mass value in the target set.
Therefore, for any value of interest a*, if ai−1 < a* < ai, the
difference of |a* − a0|/a0 is always smaller than d ppm,
indicating the mass tolerance is smaller than the bucket size.
Peptide Sequence Match

GlycoHybridSearch considers the c/z and b/y fragment ions
resulting from peptide backbone fragmentation13 for matching
peptide sequences. For each candidate of GSMs obtained in
the glycan search (including the N-glycan and the correspond-
ing peptide backbone), the algorithm first computes the
theoretical mass values of all putative fragment ions, and
searches each of them in the list of peaks in the input EThcD-
MS/MS spectrum using the bucket search algorithm. The
matched peaks are stored in a table for each GSM, which will
be used for glycan sequencing and GSM scoring as described
below.
Glycan Sequencing

The glycan sequencing aims to characterize the branching
structure of the N-glycans attached to the peptide backbone.
GlycoHybridSeq implemented a dynamic programming (DP)
algorithm similar to the one used in GlycoSeq19 but with
various modifications to improve its performance. The
algorithm considers a group of GSMs corresponding to the
same experimental EThcD-MS/MS spectrum, and employs a
priority queue to store all theoretical fragment ions resulting
from in silico glycosidic cleavages of these glycopeptides. Here,
each theoretical fragment ion is associated with its mass value
(used as the key in the priority queue) and a list of different
f ragmented glycopeptides (containing the intact peptide
backbone and the attached glycan fragment after the cleavage)
of the same mass as well as the corresponding ion matching
information that is updated during the glycan sequencing

algorithm (see below). The theoretical Y1 ions (i.e., the
peptide backbones each attached with a single GlcNAc) are
first pushed into the priority queue, followed by the fragment
ions with greater attached glycan fragments created through
the dynamic programming algorithm (see below), using the
mass value as the key. The property of priority queue ensures
that the algorithm always processes the fragment ions with the
smallest mass value at each time.
To match the theoretical fragment ions from the group of

GSMs to those in the EThcD-MS/MS spectrum, a fragment
ion is retrieved from the top of the priority queue, and
searched against the list of experimental peaks using the bucket
search based on its mass value and the expected mass tolerance
(the resolution of the MS/MS scans). Here, the masses of
experimental peaks are obtained after the deconvolution of the
MS/MS spectrum using

= − ×m z cmass ( / mass )peak ion (3)

where c is a charge (less than or equal to the precursor ion
charge), m/z is the observed mass-to-charge-ration of the peak,
masspeak is the mass value of theoretical fragment ion, and
massion is the mass of a proton. If the theoretical fragment ion
is matched with an experimental peak, the theoretical fragment
ion and its matched peak are recorded. The unmatched
fragment ions are experimental peaks and are marked as
missing. To speed up the algorithm, if five or more fragment
ions are marked as missing, the corresponding glycopeptide
will be discarded for further processing.
When an experimental peak is matched with a theoretical

fragment ion, the ion matching information on the fragment
ion (corresponding to a list of fragmented glycopeptides) is
updated. The ion matching score of the fragment ion is then
computed based on the ion matching information,

∑= Iscore log( )
i

i
(4)

where Ii is the intensity of experimental peaks in the EThcD-
MS/MS spectrum matched with the top scored fragmented
glycopeptide among the list of those with the same mass.
Notably, in each step of the dynamic programming, only the
top scored glycopeptide fragment is retained for each
theoretical fragment ion, because the other glycopeptide
fragment of the same mass but with a lower score will not
lead to a complete glycopeptide with a higher overall score. We
note that GlycoHybridSeq considered all three types of N-
glycans, including the complex, the high-mannose, and the
hybrid types.
After each step of dynamic programming, the glycopeptide

fragments grow with an additional monosaccharide following
the rule of biosynthetic pathways. The resulting fragment ions
corresponding the fragments (along with the ion matching
information) are then pushed into the priority queue. Because
these new fragment ions always have greater mass values than
those already in the queue, they will be processed after the
prior ones. The growth of the glycopeptide fragments
terminates if they are beyond the user-defined maximum size
of the glycopeptides (by default with at most 12 HexNAc, 12
Hex, 5 Fuc, and 4 NeuAc). The dynamic programming
algorithm continues until all fragment ions in the priority
queue are processed. At the end of the algorithm, for each
EThcD-MS/MS spectrum, the top scored glycopeptide
corresponding to its precursor ion (i.e., the fragment ion
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with the maximum mass) that is compatible with the precursor
ion match results is retained as a candidate GSM for further
analyses.
Assessment of Glycopeptide-Spectrum Matches (GSMs)

To determine the most likely glycopeptide, the potential
glycopeptides are scored according to

=
∑ ∑

∑

A B

I
score

log( ) log( )

log( )
i i j j

k k (5)

where Ai is the intensity of the peak i matched in glycan
sequencing and Bj is the intensity of the peak j matched in
peptide sequence match, while Ik represents the intensity of
every peak k in the entire input spectrum.
False Discovery Rate (FDR) Estimation

We implemented a target-decoy search strategy to estimate the
false discovery rate (FDR), following the approach reported by
Zhu et al.21 This approach was used in their glycopeptides
FDR analysis that accounts for the target-to-decoy ratio that is
not 1:1 as in the conventional peptide identification protocol.
The decoy peptide database is constructed using the reverse
protein sequences, and the FDR is computed based on the
GSMs with the target and decoy peptides as backbones,
respectively. By assuming the probability of hits for incorrect
target assignments are approximately the same to that of
decoys, FDR can be computed as21

= +
i
k
jjjjj

y
{
zzzzz

N
N

M
M

FDR 1d t

dtotal (6)

where Nd is the number of identified GSMs with the decoy
peptide backbones, while Ntotal is the total number of identified
GSMs with the target or decoy peptide backbones, and Mt and
Md are the numbers of target and decoy peptides, respectively.
GlycoConverter

To retrieve accurate precursor ion information (e.g., precursor
charge and the isotopic peaks), GlycoConverter is developed
to preprocess the MS1 spectra. The Graphic User Interface
(GUI) of GlycoConverter is implemented in C# within the
.net framework and Windows Presentation Foundation (WPF)
architecture. The software takes as input the raw data from
Thermo Fisher MS instruments (in .raw format) by using the
MSFileReader library, and generate the human readable output
file in Mascot generic format (MGF) or mzML format. The
mzML is a XML based data format,22 developed by a joint
effort under HUPO-PSI,23 which enables the sharing of MS
data and can be used by other software tools such as
MSFragger.24 In GlycoConverter, the precursor charge is
automatically assigned according to the deconvoluted isotopic
peaks for multiply charged ions by using the Patterson
routine.25 To retrieve the theoretical isotopic distribution of
a given precursor ion, the BRAIN algorithm26 is employed.
The monoisotopic peaks are then estimated by using the
Average model of the isotopic envelope27 generated based on
the atomic composition of glycopeptides.
Implementation

Given the input MS/MS data (in mzML or .raw format), the
protein sequence database (in FASTA format), and a optional
list of glycan candidates, GlycoHybridSeq searches for all
potential N-glycopeptides for each input spectrum. To obtain
all the potential glycopeptides, the protein sequences are in

silico digested to peptides by user-defined proteases (e.g.,
trypsin) with a maximum missing cleavage (2 by default). Only
the peptides containing the sequence motif of N-glycosylation
site (i.e., AsnXSer or AsnXThr, where X is any amino acid
except proline) are considered for glycopeptide identification.
The carbamidomethylation of cysteine is assumed for all
peptides.
For each input spectrum, GlycoHybridSeq reported the top

scored N-glycopeptides with the score higher than a threshold
associated with a user-defined FDR cutoff (0.01 by default).
The presence of terminal fucoses and sialic acids are derived if
the corresponding peaks specific to the glycans are observed.
The user may manually define the searching parameters. The
output of the software includes the peptide sequence and
glycan structure of the identified glycopeptides as well as the
associated scores.

Evaluation

We evaluated GlycoHybridSeq using the LC-MS/MS data set
acquired from glycoproteomic samples using EThcD (PRIDE
ID: PXD011239) in comparison with Byonic28 and MSFrag-
ger.24 Briefly, in this study, the haptoglobin (Hp) was
immunopurified from serum samples of 5 patients with early
stage hepatocellular carcinoma (HCC), 5 patient liver
cirrhosis, and 5 healthy subjects, which subsequently was
trypsin/GluC digested. Glycopeptides were enriched using
HILIC TopTips and analyzed by using LC-EThcD. Trypsin
and GluC were selected as the proteases with a maximum of
two missed cleavages. The whole data set contains 30 raw files
(2 experimental replicates for each human subject), and a total
of 450 149 EThcD-MS/MS spectra.
The data analyses using GlycoHybridSeq and other software

(Byonic and MSFragger) was performed with precursor ion
mass tolerance of 10 ppm and the fragment ion mass tolerance
of 0.01 Da. The results were filtered at 1% FDR. To further
examine the performance of GlycoHybridSeq, they are also
compared with results of two most widely used sequencing
software MSFragger24 and Byonic,28 respectively.
The Byonic is used in the same manner as described in our

previous work.15 Briefly, all spectra were analyzed by using
Byonic (Protein Metrics, San Carlos, CA) incorporated in the
Proteome Discoverer 2.1 (Thermo). The default Byonic glycan
database consists of 164 mammalian N-glycans, and an
additional set of 15 N-glycans reported in the literature for
human haptoglobin were also used. Trypsin and GluC were
selected as enzymes with a maximum of two missed cleavages
allowed. Results were filtered at 1% FDR and a confidence
threshold of Byonic score >100. It is worth noting that, by
default, Byonic filters its protein list at 1% FDR or after 20
decoy proteins, whichever comes last.28 Also, Byonic
incorporated a special algorithm for the target-decoy strategy
to estimate and control the FDR at the peptide-spectrum
match (PSM) and the protein levels simultaneously29

The MSFragger (v3.1.1) is used with the default parameters
for glycopeptide identification (i.e., NGlyco-hybrid.params),
provided by the software with a slight modifications to
incorporate the digestion of both trypsin and GluC. There is
no glycan database explicitly used by MSFragger, while the
spectra (mzML format) were analyzed using a total of 182
mass offsets (representing putative protein glycosylations).
MSFragger computes the score from the number of matched
fragments and their intensity that is used by PeptideProphet
for FDR analysis.18 Philosopher filters results at 1% PSM, both
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peptide and protein levels, followed by subsequent filtering of
the protein list.18

■ RESULTS

GlycoHybridSeq Software

The GlycoHybridSeq is implemented with a graphic user
interface (GUI) that takes as input an EThcD-MS/MS data set
(in MGF or .raw format) and a database of protein sequences
(in Fasta format), and output the identified glycopeptide for
each input spectrum (as shown in Figure S1). The software
also provides an interface for users to adjust the searching
parameters, including mass tolerance, digestion conditions
(i.e., enzyme, maximum number of miscleavages, minimal
peptide length), other post-translational modifications (PTMs,
e.g., oxidation), FDR cutoff, types of N-Glycans, maximum
number of monosaccharides, and number of threads (as shown
in Figure S1). To improve the performance of searching, it is
recommended to consider a relative low desirable value for the
maximum number of monosaccharides that is close to actual
glycan compositions and a high number of threads when
available.
After preprocessing the EThcD-MS/MS spectra and peptide

sequences, GlycoHybridSeq filters out the potential glycopep-
tides by comparing the theoretical and observed precursor ion
m/z within a given mass tolerance (default at 10 ppm). The
algorithm then searches each spectrum for any peaks matched
to the theoretical fragment ions resulting from the
fragmentation of peptide backbone (i.e., the b/c/y/z ions)
and glycan (i.e., Y ions), respectively. It scores potential
glycopeptides based on the intensities of matched peaks, as
described in the Methods section. Figure 2 illustrates the
matching process using the EThcD-MS/MS spectrum of the
glycopeptide MVSHHNLTTGATLINE attached with the

glycan HexNAc5-Hex6-Fuc1-NeuAc3 (5, 6, 1, 3). Notably,
this spectrum is also matched against another candidate, the
glycopeptide NLFLNHSENATAK attached with HexNAc9-
Hex9 (9, 9, 0, 0) that shares a similar precursor mass but a
different peptide backbone. However, the fragment ions from
the peptide backbone (NLFLNHSENATAK) fragmentation
did not match any experimental peak in spectrum, and thus the
candidate glycopeptide was not considered in the subsequent
scoring.

Comparison with Byonic and MSFragger

To evaluate the glycopeptides identification by GlycoHy-
bridSeq, a glycoproteomic data set of serum haptoglobin for
cancer biomarker discovery were used to identify the site-
specific intact N-glycopeptides.15 The data were acquired from
the patients of hepatocellular carcinoma (HCC) and liver
cirrhosis, and healthy controls, respectively, including a total of
30 raw data files consisting of 450 149 EThcD-MS/MS spectra.
The glycopeptides identified from all these MS/MS spectra by
GlycoHybridSeq were compared with those by using two other
software tools, MSFragger24 and Byonic.28 We note that
MSFragger only reported the sequences of peptide backbones
and the derived mass of the intact glycans, but not the glycan
composition information. Hence, only the peptide backbones
are compared among three software tools, as shown in Figure
3A. GlycoHybridSearch identified glycopeptides from 20
different peptides, Byonic identified glycopeptides from 13
different peptides, while MSFragger identified glycopeptides
from 18 different peptides, among which 10 peptides were
identified by all three software tools (see Supplementary Table
S1 for details). Interestingly, GlycoHybridSeq and MSFragger
both identified glycopeptides from three peptide backbones
that were not identified by Byonic, indicating GlycoHybridSeq
may identify extra glycopeptides.

Figure 2. An example of annotated glycopeptide spectrum, where peaks annotated as b/c/y/z ions are colored as purple, and those annotated as Y
ions as red.

Figure 3. Comparison of (A) unique peptide sequences, (B) unique glycopeptides, and (C) spectra identified by GlycoHybridSeq, Byonic, and
MSFragger, respectively.
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To assess the confidence of spectrum searching of
glycopeptides, the MS/MS spectra identified as glycopeptides
are also compared among the software tools. As shown in
Figure 3C, a total of 2557 spectra were identified by
GlycoHybridSeq, 4826 spectra by MSFragger, and 4430
spectra by Byonic. Although MSFragger and Byonic identified
more spectra, a large portion of the identifications, 1812
spectra for MSFragger and 1465 spectra for Byonic,
respectively, are not identified by the other two searching
tools, indicating the additional identified spectra may not be
highly confident. On the other hand, most of GlycoHybridSeq
identified spectra (92.6%) are identified by at least one other
tool (MSFragger or Byonic).
To further analyze the confidence of glycopeptide

identifications, we computed the cosine similarities between
the experimental spectra that are identified as glycopeptides by
each of the three tools, and then clustered using the similarities
cutoff of 0.9. We expect the highly similar spectra in the same
cluster should be identified as the same glycopeptides. In fact,
only 14 out of 224 clusters (6.2%) of spectra identified by
GlycoHybridSeq contains those identified as different glyco-
peptides; in comparison, 16 out of 496 clusters (3.2%) and 66
out of 343 clusters (19.2%) contain the spectra identified as
different glycopeptides by MSFragger and Byonic, respectively.
Furthermore, among the 14 clusters containing different
glycopeptides identified by GlycoHybridSeq, the glycopeptides
always share the same peptide backbones, while only the
attached N-glycans are isomeric due to distinct numbers of
Fucose and NeuAc (because the mass difference between two
Fucs and one NeuAc is close to one Dalton). On the other
hand, 16 and 66 clusters containing different glycopeptides
identified by MSFragger and Byonic, respectively, do not
always share the same peptide backbones. For example, Byonic
identified two very similar spectra (with the precursor masses
of 1111.4684 and 1111.8010, respectively, and the cosine
similarity of 0.981) as two different glycopeptides, as shown in
Figure 4. Because these two spectra are quite similar, it is
unlikely that they result from different glycopeptides. Addi-
tional examples of these highly similar spectra and their
identifications are presented in the Supporting Information.

■ DISCUSSION

In this paper, we present the open source software
GlycoHybridSeq, which is specifically designed for fast and
confident glycopeptide identification from LC-EThcD-MS/MS
data. Compared to the other fragmentation methods such as

CID and ETD, EThcD simultaneously produces unbiased
fragment ions resulting from glycan and peptide fragmentation,
and thus reveals complete sequence information on glycopep-
tides.13 By taking advantage of EThcD, GlycoHybridSeq
enables a high throughput identification of N-glycopeptides
that contain larger and more complex glycans than O-linked
glycopeptides. GlycoHybridSeq achieved performance gaining
through a few optimizations based on the specific property of
the EThcD fragmentation of glycopeptides. For example, by
first sequencing the peptide backbone, many glycopeptide
candidates matching with the precursor ion mass but not any
peptide backbone fragment ions were eliminated from further
consideration; by employing a dynamic programming algo-
rithm, the glycan sequencing can be performed efficiently.
Finally, GlycoHybridSeq is implemented in the multithread
model that considerably reduce the running time (see
Supplementary Figure S2).
GlycoHybridSeq offers an opportunity for highly confident

assignment of glycopeptides. The algorithm derives the N-
glycan structures based on the rule of biosynthetic pathways,
and as a result, it reported only the plausible N-glycan isomers.
For example, a total of six glycopeptide isomers correspond to
the glycan composition HexNAc2-Hex1-Fuc1-NeuAc0 (2, 3, 1,
0), while GlycoHybridSeq reports one plausible N-glycopep-
tide (i.e., with the glycans containing the pentamer core and
one fucose). This approach not only improves the running
time, but also avoids false positive N-glycopeptide identi-
fications. Moreover, the scoring function used in GlycoHy-
bridSeq ensures the matching of sufficiently intensive fragment
ions resulting from both the peptide and glycans fragmenta-
tions, and thus gives higher confidence of the identification
results under a low FDR cutoff (i.e., 1%). This is evident from
the results that most (92.6%) identified spectra identified by
GlycoHybridSeq are also identified by Byonic and/or
MSFragger.
Unlikely other tools relying on preprocessed MS/MS data

(e.g., by MSFileReader, Thermo Fisher Scientific Inc.) for the
precursor information, GlycoHybridSeq implemented its own
method for precursor retrieval. In particular, it implemented an
independent algorithm (also implemented in GlycoConverter
as a standalone tool for converting .raw files into MGF or
mzML formats) to compute precursor ion m/z and charges,
which allows it to eliminate some noisy spectra. For example,
some MS/MS spectra correspond to no observed peaks in
their parent MS spectra, and thus the precursor ion charges
arbitrarily assigned to them (e.g., assuming a default charge)

Figure 4. Two EThcD spectra with high cosine similarity were identified as two different glycopeptides by Byonic.
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are reliable. In fact, a small fraction (17) of glycopeptides were
identified by Byonic from such spectra. By employing the
Patterson method,25 it is possible to compute a more accurate
charge state (for example, see Figure S3). We note that in
GlycoConverter, the monoisotopic peaks were computed by
using the average model generated based on the atomic
composition of glycopeptides30 instead of the widely used
model generated from peptides composition.27 In practice, the
difference of the two models is small and did not affect the
glycopeptide identification (see Figure S4).
GlycoHybridSeq offers a user-friendly GUI. The software

itself is complementary to GlycoSeq,19 which aimed for N-
glycopeptide identification from CID/HCD spectra. The
source code of GlycoHybridSeq can be found on Github at
https://github.com/ruizhang84/GlycoHybridSeq for C++ ver-
sion on all platforms, at https://github.com/ruizhang84/
GlycoSeqApp for Windows version with the GUI support,
and at https://github.com/ruizhang84/GlycoConverter for the
standalone GlycoConverter tool. It is worth mentioning that
the software uses the common target-decoy search approach31

to estimate the FDR based on the reverse sequence of proteins.
To further improve the FDR estimation, it may be beneficial to
build decoys that include pesudoglycans that can mimic the
false positive of glycans. Sun et al. reported an approach for N-
linked glycan identification that constructed a decoy glycan
database based on the target glycan structures.32 Shipman et al.
reported a decoy glycopeptide generator (DecoyDeveloper)
that can produce a high volume of decoys with low mass
differences using a database of 245 biologically relevant
glycans.33 However, these methods for FDR estimation will
require further validation and will be pursued in our further
endeavors.
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