
Systematic Evaluation of Fragmentation Methods for Unlabeled and
Isobaric Mass Tag-Labeled O‑Glycopeptides
Yang Mao,∥ Shengjun Wang,∥ Yuanqi Zhao, Andriana Konstantinidi, Lingyu Sun, Zilu Ye,*
and Sergey Y. Vakhrushev*

Cite This: Anal. Chem. 2021, 93, 11167−11175 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Dissecting site-specific functions of O-glycosylation
requires simultaneous identification and quantification of differ-
entially expressed O-glycopeptides by mass spectrometry. How-
ever, different dissociation methods have not been systematically
compared in their performance in terms of identification, glycosite
localization, and quantification with isobaric labeling. Here, we
conducted this comparison on highly enriched unlabeled O-
glycopeptides with higher-energy collision dissociation (HCD),
electron-transfer/collision-induced dissociation (ETciD), and
electron transfer/higher-energy collisional dissociation (EThcD),
concluding that ETciD and EThcD with optimal supplemental
activation resulted in superior identification of glycopeptides and unambiguous site localizations than HCD in a database search by
Sequest HT. We later described a pseudo-EThcD strategy that in silico concatenates the electron transfer dissociation spectrum with
the paired HCD spectrum acquired sequentially for the same precursor ions, which combines the identification advantage of ETciD/
EThcD with the superior reporter ion quality of HCD. We demonstrated its improvements in identification and quantification of
isobaric mass tag-labeled O-glycopeptides and showcased the discovery of the specific glycosites of GalNAc transferase 11
(GALNT11) in HepG2 cells.

Electron-activated dissociation (ExD) mass spectrometry
(MS) methods, such as electron capture dissociation

(ECD) and electron transfer dissociation (ETD), are a series
of fragmentation techniques based on gas phase ion−electron
or ion−ion reaction. Distinct from collision-activated dissoci-
ation (CAD), which tends to break the weakest bonds within
precursor ions, ExD adopts radical-based fragmentation
pathways that preserve labile post-translational modifications
(PTMs) during peptide sequencing by tandem mass
spectrometry(MS/MS).1 This advantage makes ExD especially
useful in characterizing various PTM-enriched proteomes, such
as phospho-proteome,2 glycoproteome,3 and so on. Never-
theless, the efficiency of ExD to break peptide backbones is
much lower than that of CAD, which results in reduced
fragment ion abundances and a dominant presence of
unreacted and charge-reduced precursor ions in a spectrum.4

To improve the ExD efficiency, a number of hybrid
fragmentation methods have been developed, usually by
providing supplemental activation (SA) with orthogonal
fragmentation strategies.1,4−6 For ETD, using low-energy
resonant excitation collision-induced dissociation (CID) to
activate the charge-reduced precursor ions in an ion trap,
electron transfer/collision-induced dissociation (ETciD) has
successfully enhanced the overall fragmentation efficiency and
been made available on Orbitrap Tribrid mass spectrometers.7

Alternatively, Frese et al. introduced a method that transfers

the whole electron−transfer reaction to a higher-energy
collision dissociation (HCD) cell, which activates all ion
species in the reaction by HCD, referred to as electron
transfer/higher-energy collisional dissociation (EThcD).6

However, the methodology of improving ExD efficiency by
supplemental (collision-based) activation theoretically conflicts
with the purpose of preserving labile PTMs by electron-
activated, radical-based fragmentations. This is particularly
problematic for EThcD since PTM-containing fragment ions
from the ETD can be further dissociated by the HCD. On the
other hand, quantitative proteomics studies using isobaric tags
(e.g., TMT, iTRAQ, and DiLeu) necessitate generating
abundant reporter ions, which is less efficient by ExD-based
fragmentation pathways.8 For the same reason, SA of ExD
reactions in order to raise quantification quality is intrinsically
incompatible with preserving labile PTMs. Consequently, a
recent study by Yu et al. using EThcD for DiLeu and TMT-
based quantitative phospho-proteomics has been focused on
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fine-tuning the MS parameters in order to find the balance
between neutral loss and reporter ions.9 However, the
applicability of such fine-tuned parameters for even more
labile PTMs such as glycosylation has proven tricky.10

A highly abundant and complex protein PTM, GalNAc-type
O-glycosylation, is widely involved in a variety of physiological
and pathological conditions, including proteolytic processing,11

ligand recognition,12 signaling transduction,13,14 immunolog-
ical response,15,16 cell adhesion,17−20 and so on. Dissecting the
site-specific function of O-glycosylation is a difficult task and
requires overcoming analytical barriers in the site-specific
analysis of O-glycoproteome as well as data mining aspects to
discern the functionally important from irrelevant glycosites.
Due to the labile nature of glycosidic bonds, O-glycosylation is
one of the most unstable PTMs during collision-based MS/
MS. The O-glycopeptide easily loses its glycan modifications
under collision-based dissociation conditions in the form of
oxonium ions, which give information of the glycans but also
make the identification of the peptide sequence and the
modification site difficult. Recent progress in the data
processing algorithm has successfully utilized the gas-phase-
deglycosylated peptide (Y0 ion) to identify a potential O-
glycopeptide, with glycan compositions corresponding to the
observed precursor and the Y0 ion.

21 However, ExD is still a
favorable solution for site-localization when characterizing O-
glycoproteomes.3,22,23 Recent advances in ETD-based MS/MS
together with new enrichment methods have allowed the
accumulation of 10,197 unambiguously assigned glycosites in
2039 membrane and extracellular proteins24,25 (http://
glycoproteomics.somee.com), partially solving the problem of
identifying O-glycosites. In order to correlate specific glycosites
to corresponding cellular functions, a differential glycoproteo-
mics strategy combining ETD-based MS/MS with genetic
knockout of GalNAc transferases (GalNAc-Ts) that deter-
mines the glycosites has been developed.26−28 TMT-type
isobaric labeling has been routinely used in regular quantitative
proteomic studies and can in fact facilitate characterizing this
differentially expressed glycoproteome. However, neither ExD
nor CAD can simultaneously address the issue of identification,
site localization, and TMT-based quantification of O-
glycopeptides.
Hypothetically, the dilemma of generating reporter ions and

preserving O-glycan can be solved if the ExD spectrum can be
merged with the CAD spectrum from the same precursor in
silico. In that case, the ExD spectrum would provide c- and z-
type fragment ions while preserving O-glycans for site
identification and the CAD spectrum will contain faithful
reporter ion abundances for quantification as well as additional
b- and y-type fragments for identification. Indeed, earlier
studies have taken advantage of the complementary
fragmentation and applied them in quantitative phosphopro-
teomics.29−34 In O-glycoproteomics with isobaric labeling, we
have also applied a solution by concatenating exported group
of reporter ions from HCD spectra with full ETciD spectra and
probed the contribution of individual GalNAc-Ts on a global
scale.26,27,35

To further optimize MS settings for O-glycoproteomics, we
performed a systematic evaluation of multiple fragmentation
methods. We first generated a highly enriched O-glycopeptide
mixture with the T(Galβ1-3GalNAcα-O-R)- and Tn-
(GalNAcα-O-R)-epitopes. Next, we sequenced the enriched
O-glycopeptide mixture with HCD, ETciD, and/or EThcD
with different SA energies and carefully evaluated their

performance in terms of identifications and site localizations.
We also created a pseudo-EThcD method for the identification
and isobaric tag-based quantification of O-glycopeptides,
which relies on alternating HCD and ETciD data acquisition
on the same precursor and database search using the in silico
fused spectra. We show here that the pseudo-EThcD analysis
concept outperformed other methods in identifications for
shotgun O-glycoproteomics and overcame the missing value
quantification issue of real EThcD in a TMT-based
quantitative glycoproteomics analysis.

■ EXPERIMENTAL SECTION
Sample Preparation. HEK293 wildtype (WT) cells were

maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 2 mM L-glutamine.
HepG2 cells (WT and GALNT11−/−) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, and 1% nonessential
amino acids. Total cell lysates were prepared and Jacalin-based
lectin weak affinity chromatography (LWAC) was performed
as described previously.24 In brief, packed cell pellets were
lysed in 50 mM ammonium bicarbonate, 0.2% RapiGest SF
Surfactant (Waters Corp.), and the lysate was homogenized by
sonication. Cleared lysates were diluted in 50 mM ammonium
bicarbonate to bring the final concentration of RapiGest below
0.2% before being subjected to reduction with DTT, alkylation
with iodoacetamide, and digestion with trypsin (Roche
Applied Science). Tryptic digest was purified using Sep-Pak
C18 columns (Waters Corp.), and the peptide concentration
was measured on a NanoDrop.
For glycopeptide enrichment, we employed LWAC using

Jacalin lectin, which is known to recognize the T (Galβ1-
3GalNAcα-O-R) antigen. Given that a majority of O-glycan
structures may be further modified by sialic acids, which could
interfere with LWAC enrichment and hamper glycopeptide
identification, neuraminidase treatment was utilized prior to
LWAC.
For TMT-based quantitative analysis, equivalent digests

were labeled with TMT-6plex (Thermo Scientific) following
the protocol described in the product manual.

MS Data Acquisitions. Samples were analyzed using an
EASY-nLC 1200 system coupled to an Orbitrap Fusion Lumos
Tribrid mass spectrometer equipped with a Nanospray Flex ion
source (Thermo Fisher Scientific, San Jose, CA). Buffer A
consisted of 0.1% formic acid in water and buffer B of 80%
acetonitrile, 0.1% formic acid, and 19.9% water. Nano-LC was
operated in a single analytical column setup using PicoFrit
Emitters (New Objectives, 75 μm inner diameter) packed in-
house with Reprosil-Pure-AQ C18 phase (Dr. Maisch, 1.9 μm
particle size, 16 cm column length) at a flow rate of 200 nL/
min. All samples dissolved in 0.1% formic acid were injected
onto the column and eluted in a gradient from 3 to 32% Buffer
B in 95 min, from 32 to 100% in 10 min, followed by isocratic
elution at 100% for 15 min (total elution time 120 min). The
nanospray ion source was operated at a 2.2 kV spray voltage
and 275 °C heated capillary temperature. The mass
spectrometer was set to acquire full scan MS spectra (350−
1700 m/z) for a maximum injection time of 50 ms at a mass
resolution of 120,000 and an automated gain control (AGC)
target value of 4.0 × 105. The dynamic exclusion was set to 30
s at an exclusion window of 10 ppm with a cycle time of 3 s for
all methods. In HCD scans, the AGC target value was set to
5.0 × 104 and the collision energy was 27% in fixed collision
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energy mode. To systematically analyze the behavior of
enriched O-glycopeptides, we tested various fragmentation
and acquisition strategies: (1) decision tree-based parallel
HCD-ETciD fragmentation with different SA normalized
collision energies (NCEs), (2) decision tree-based parallel
HCD-EThcD fragmentation with different SA NCEs, and (3)
EThcD fragmentation with different SA NCEs. In all HCD/
ETciD/EThcD scans, the AGC target was set to 5.0 × 104 and
the maximum injection time was 75 ms. All MS/MS spectra
were acquired in the Orbitrap with resolution at 50,000 in
profile mode.
For TMT-labeled HepG2 glycopeptide samples, a HCD-

ETciD run and a HCD-EThcD run were acquired. Collision
energy for HCD scans was set to 35% in both runs, and SA
NCE was 30% for ETciD and 20% for EThcD. All other
settings were the same as described above. All the MS data files
are available via the ProteomeXchange Consortium with the
data set identifier PXD025407.
Data Analysis. MS data processing for all raw files was

performed using Proteome Discoverer (PD) version 2.3
software (Thermo Fisher Scientific) and further data analysis
was done in R with in-house scripts. For generation of pseudo-
EThcD spectra, raw spectra of the same precursors from the
same duty cycles were merged in Spectrum Grouper Node and
exported as .mzML files in PD to make it compatible with
ptmRS and TMT quantification. In the Spectrum Grouper
Node, precursor mass criterion was set to same measured
mass-to-charge and max RT. The difference was 0.1 min to
ensure that only HCD and ETD spectra in the same duty cycle
were merged. Raw or .mzML files were searched with Sequest
HT search engine against a concatenated human-specific
database (UniProt, March 2019, contacting 20,355 canonical
entries). Enzyme restriction was set to trypsin digestion with
full specificity for a maximum of two missed cleavages. The

precursor mass tolerance was set to 10 ppm and fragment ion
mass tolerance to 0.02 Da. Carbamidomethylation on cysteine
residues was used as a fixed modification. Methionine
oxidation and HexNAc, Hex(1)HexNAc(1) attachment to
serine, threonine, and tyrosine were used as variable
modifications. ptmRS Node was used to determine the
probability of glycosite localization.
All the high-confidence peptide-spectrum matches (PSMs)

were also exported as annotated spectra. Oxonium ions,
unreacted precursor ions, and charge-reduced precursor ions
were annotated with in-house R scripts with the following
rules:

(1) Seven ions were considered as oxonium ions with an
offset of 0.01 Da including 126.055, 138.055, 144.065,
168.066, 186.076, 204.087, and 366.140;

(2) For unreacted precursor peaks

_ = −m zlower mass / 0.02

_ = + +m zupper mass / 5/charge 0.02

(3) For charge-reduced precursor peaks

_ = − −m z ilower mass /( ) 0.02

_ = − + +m z iupper mass /( ) 5/charge 0.02

i can be 1, 2, and 3.
For TMT-labeled samples, TMT6plex was set as a static

modification on any peptide N-terminus and lysine residues.
Reporter Ion Quantifier Node was applied for TMT6plex
quantification and the parameter Activation Type was used to
choose the corresponding types of reporter ions.

Generation of the GALNT11 Knockout HepG2 Cell
Line. Guide RNAs targeting exon2 of GALNT11 were
designed and cloned into dual gRNA and Cas9−2A-GFP

Figure 1. (A) Graphic depiction of the workflow to generate O-glycopeptide samples and MS acquisition strategies. The enrichment of
glycopeptides was done with Jacalin-based LWAC. Enriched glycopeptide samples were aliquoted and then analyzed in HCD-ETciD, HCD-
EThcD, and EThcD with different SA NCEs either in HCD or in CID. (B) Graphic depiction of the method to generate pseudo-EThcD spectra.
ETciD and HCD spectra for the same precursors in the same duty cycle were merged into chimeric spectra designated as pseudo-EThcD spectra.
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expression vector pX458 (Addgene plasmid no. 48138). gRNA
plasmids were transfected into HepG2 cells using Lipofect-
amine 3000 (Thermo Fisher Scientific) and GFP-tagged Cas9
nuclease was used to enrich for high Cas9 expression by
fluorescence-activated cell sorting 48 h after transfection,
followed by 1−2 weeks in culture, and cloning by limiting
dilution in 96-well plates as recently reported.36 Clones with
frame shift mutations were identified by Indel Detection by
Amplicon Analysis (IDAA)37 using the following primers:
GALNT11-F : 5 -AGCTGACCGGCAGCAAAATT-
GATTCGCTGACTAACTTCACTCT-3; GALNT11-R: 5-

GCATTGGGAAATATGAACCCCG-3 (Figure S1). Selected
clones were further verified by Sanger sequencing.

■ RESULTS AND DISCUSSION
Optimizing ETciD and EThcD Parameters for Un-

labeled O-Glycopeptides. To find an optimum quantitative
proteomics solution for O-glycoproteomics, we first tried
different MS settings to maximize O-glycopeptide identifica-
tions. As the SA during any ETD process risks breaking labile
glycosidic bonds and negatively affecting the identification and
site-localization, we first aimed to optimize the NCE to
increase the PSMs of O-glycopeptides. Using a Jacalin-

Figure 2. (A) Comparing PSMs of sequential ETD and HCD spectra at different NCEs in HCD-ETciD (top row) and HCD-EThcD (bottom
row) runs. Note: the NCE in all HCD scans remained unchanged (27%) in all runs. (B) Comparing PSMs with ambiguous and unambiguous
glycosite localization at different NCEs in HCD-ETciD runs (top row) and in HCD-EThcD runs (bottom row). Only ETciD or EThcD spectra of
monoglycosylated peptides were subjected to the calculation of ambiguity. Glycosites with ≥ 90% of site probabilities with the ptmRS Node in PD
2.3 were considered as unambiguous sites.
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enriched O-glycoproteome prepared from HEK293 cells, we
systematically evaluated three different MS/MS activation
methods (HCD, ETciD, and EThcD) over a wide range of
collision energies (0, 10, 15, 20, 25, 30, 35, and 40% NCE)
(Figure 1A). We set the data collection to have sequential
HCD and ETciD or EThcD fragmentation to each precursor
ion, so that the performance of both ETciD and EThcD can be
gauged against that of HCD regardless of their very different
duty cycle times. Additionally, we also tested an EThcD-only
method over the same range of collision energies to evaluate
the impact of spending extra time on HCD on the overall
identification depth. Because Jacalin binds to both of the most
common O-glycosylation epitopes, T and Tn antigen, and
partially co-eluted naked peptides, we were able to monitor the
performance of the different activation methods on three
different types of analytes (Supporting Information Note 1,
Figure S2). As expected, HCD outperformed both ETciD and
EThcD when no or low SA was provided presumably due to
inefficient fragmentation of ETD in the absence of SA
(ETnoD1). The efficiency of both ETciD and EThcD quickly
improved along with the increasing NCE. For glycopeptides
bearing the T antigen (T-peptides hereafter), it eventually
caught up and surpassed that of HCD, confirming the
advantage of both ETciD and EThcD in identifying O-
glycopeptides. For glycopeptides carrying the Tn antigen (Tn-
peptides hereafter), however, HCD kept its identification
advantage throughout the energy ramping. The results seemed
to suggest that HCD’s identification efficiency be offset by
collision-induced glycan loss when glycan size increased and to
imply that ETD, specifically ETciD, would be a superior
method in O-glycopeptides with larger glycan modifications,
such as sialyl-T and disialyl-T. Due to the use of neuraminidase
in our workflow, we were unable to prove or disprove this
hypothesis. However, for both T and Tn peptides, the
optimum SA energy was found to be 30 to 35% in ETciD
mode and ∼20% in EThcD mode in both HCD-EThcD and
EThcD-only runs (Figures 2A, S3). Notably, at their optimum
SA condition, ETciD and EThcD demonstrated comparable

identification capabilities for T-peptides while ETciD held an
advantage for Tn-peptides over EThcD. For our highly
enriched glycopeptide sample, we found that sacrificing extra
time on HCD data acquisition did not obviously affect the
identification depth of both glycopeptides although the PSMs
of the co-eluted naked peptides were ∼15% higher when HCD
was removed from the data acquisition sequence (Figures 2A,
S3).
Although HCD only demonstrated much less T antigen-

modified O-glycopeptide identification in comparison to the
optimized ETciD and EThcD methods in our study, it is well
known that HCD readily loses glycan modification before
peptide backbone fragments, resulting in missing information
for glycosite localization. Nevertheless, it could still be used for
site prediction if there is no positional alternative in peptide
sequences. We therefore evaluated the glycosite localization
efficiency of both ETciD and EThcD methods by comparing
the number of PSMs bearing unambiguous glycosites to that of
ambiguous glycosites using the ptmRS node in Proteome
Discoverer (Figures 2B, S4). Accordingly, the optimum SA
energy found for the maximum PSMs in ETciD and EThcD
also produced the best glycosite localization results. For both
ETciD and EThcD, the numbers of PSMs with ambiguous
glycosites, however, remained at a constant level across the
whole tested range for both ETciD and EThcD likely due to
the inherent efficiency of ETD and dense distributions of Ser/
Thr residues in O-glycopeptides. Interestingly, EThcD
produced similar site localization efficiency by this measure-
ment despite the detrimental effect of its HCD component. In
addition, both ETciD and EThcD were less efficient in site
localization in poly-glycosylated peptides (Figure S4) and the
numbers of Ser/Thr residues in peptide sequences played an
important role in site localization in ETciD, EThcD, and HCD
scans (Figure S5). However, simple counting of the PSM with
ambiguous glycosites by ptmRS overlooks the distinct
performance of ETciD and EThcD in preserving the labile
glycan modifications as database search engines such as
Sequest HT do not take into account the intensities of

Figure 3. Changes in numbers of different types of fragment ions from shared PSMs at different NCEs in HCD-EThcD runs (A) and HCD-ETciD
runs (B). All PSMs were exported as annotated spectra from the PD with default settings. Fragment ions with annotations were then extracted and
further annotated. Annotation of c- and z-ions was inherited from identifications with the Sequest HT search engine. Annotation of charge-reduced
precursors (crPrecursor), unreacted precursors, and oxonium ions was done with in-house-written R-scripts. Fragment ions without annotations
were calculated as “None”. Note: if secondary fragmentations happen on c- or z-ions on either glycosidic bonds or peptides backbones, they will no
longer be defined as c- or z-ions. Instead, they will be counted as “None”.
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fragment ions. We therefore decided to measure the change of
different fragment ions during the SA ramping of ETciD and
EThcD.
ETciD Preserves O-Glycosylation Better than EThcD.

To make this evaluation, we extracted the fragment ions from
all the glycopeptide precursors that were identified in all runs
with different SA NCEs. Only one PSM with the highest
XCorr score for each glycopeptide from each run was kept. A
total of 84 non-glycosylated peptide, 167 T-peptide, and 70
Tn-peptide PSMs were found in the ETciD spectra and 87,
158, and 60 corresponding PSMs in EThcD spectra,
respectively. The c- and z-ions were annotated by a Sequest
HT search engine and residual precursor ions and oxonium
ions were annotated based on the masses using in-house
written R scripts. The residual precursor ions include
unreacted precursor ions and charge-reduced precursor ions
and they were annotated separately. We found, for EThcD,
increasing SA reduced the numbers and intensities of both
residual precursor ions and charge-reduced precursor ions,
consistent with the mechanism of EThcD that subjects both
ions to additional HCD fragmentation. However, this decrease
was more pronounced in glycopeptides and was accompanied
by steady increase of oxonium ions, the diagnostic fragments
produced from the neutral loss of glycan moieties (Figures 3A,
S6). Additionally, the ETD type of c- and z-ions in the
glycopeptides initially increased with SA but sharply declined
after SA reached ∼15% NCE. Because the c- and z-ions in the
non-glycosylated precursors are almost unchanged during the
SA ramping (Figure 3A, left panel), these results support a
model in which both glycosylated precursors and glycosylated
c-/z-ions lose glycans during secondary HCD activation.
Interestingly, the SA-dependent fragment ion depletion in
glycopeptides is more pronounced with z ions than c ions for
unknown reasons. Taken together, these data highlighted the
detrimental effect of SA to O-glycosylation in EThcD.
On the other hand, for ETciD, although the SA ramping

diminished the numbers and intensities of charge-reduced

precursor ions and also reduced those of c-/z-ions after
reaching the optimum NCE level, the diagnostic oxonium ions
remained at a constant level across the whole SA range (Figure
3B). These results are in agreement with the resonance-based
mechanism of SA in ETciD to specifically activate charge-
reduced precursor ions. Therefore, our data suggest that
ETciD serves better for preserving the labile O-glycosylation.
All the annotated spectra that were identified in all HCD-
ETciD and HCD-EThcD runs with different strategies are
listed in Supporting Information Data 1 and 2.

In Silico Merging of the ETD and HCD Spectra. Having
determined the value of ETciD in analyzing O-glycopeptides
and optimized parameters to perform it, we next aimed to
improve its quantification capability by fusing the in-tandem-
acquired HCD spectra with those of ETciD from the same
precursors (Figure 1B). We found that the extra time spent on
HCD did not significantly affect the identification depth of O-
glycoproteome (Figure S3). However, it was uncertain whether
such spectra fusion would improve or impair the database
searching by a common proteomic search engine. The merged
spectra contained c- and z-ions from the ETciD spectra and b-
and y-ions from the HCD spectra, mimicking EThcD by
simultaneously having all four types fragment ions; we,
therefore, denominated them as pseudo-EThcD spectra. We
then subjected these pseudo-EThcD spectra to the Sequest HT
search engine considering c-, z-, b-, and y-ions.
Compared with unmodified ETciD, the inclusion of b- and

y-ions in the pseudo-EThcD spectra greatly increased the
numbers of PSMs of both O-glycosylated precursors and naked
peptides in the low SA range, resembling the superior
performance of HCD in this range (Figure 4A). However, in
the high SA range (25−40% NCE), the additional b- and y-
ions did not affect the PSMs of O-glycopeptides, which was
similar to that of ETciD in this range (Figure 4A).
Interestingly, the benefit of b-/y-ions to PSMs was prominent
across the whole NCE range of tested SA on naked peptides.
Taken together, our data suggested that the HCD-generated

Figure 4. (A) Comparing PSMs of ETciD spectra and pseudo-EThcD spectra at different NCEs in HCD-ETciD runs. (B) Box-plots of XCorr
scores of PSMs from ETciD spectra and pseudo-EThcD spectra at different NCEs in HCD-ETciD runs. (C) Comparing unambiguous glycosites of
ETciD/EThcD, pseudo-EThcD, and combined HCD-ETciD and HCD-EThcD runs. The total identifications are the number of unique glycosites
identified by Pseudo_EThcD methods plus those identified by ETxxD spectra alone. ETxxD stands for ETciD and/or EThcD.
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b-/y-ions are largely beneficial to the identification of O-
glycopeptides in the low SA range but the advantage
diminishes along with the increased SA presumably because
the neutral loss on b-/y-ions neutralizes the benefit of including
them in spectrum matches (Figure 4A). Nevertheless, the
search strategy with pseudo-EThcD spectra notably improved
the XCorr scores at every NCE level, in agreement with
previous findings.33 (Figure 4B, Supporting Information Data
3). We next calculated unambiguous glycosites in unmodified
ETciD or EThcD spectra and pseudo-EThcD spectra in both
HCD-ETciD and HCD-EThcD runs (Figure 4C). Importantly,
the pseudo-EThcD spectra demonstrated higher numbers of
unambiguously assigned glycosites than their unmodified
counterparts (Figure 4C, pseudo-EThcD vs ETxxD), and
they also contributed to lots of unique glycosite identifications
(Figure 4C, total vs ETxxD). In average, the pseudo-EThcD
spectra gave rise to 30−40% of unique glycosites in addition to
the independent search of the corresponding pairs (Figure 4C,
total vs ETxxD). This result therefore laid the foundation for
evaluating the performance of pseudo-EThcD for isobaric tag-
based quantitative O-glycoproteomics as described below.
Analysis of GALNT11-Specific Glycosites Using a

Pseudo-EThcD Strategy. Since the pseudo-EThcD spectra
contained fused HCD spectra, which has a known advantage in
producing reporter ions for isobaric tag-based quantitative
proteomics, we conducted a TMT-based differential glyco-
proteomics workflow to test the pseudo-EThcD strategy for
mining specific glycosites of the GalNAc transferase 11-
(GALNT11). Our previous studies using dimethyl labeling-
based quantitative glycoproteomics revealed that GALNT11
was the only GalNAc-T isoform capable of glycosylating the
short linker regions (C6XXXTC1) in LDLR class A (LA)
repeats.12,26,38 However, it was also shown that GALNT11
could glycosylate other substrates such as Notch.39 It is
interesting to test whether an improved, TMT-based
quantitative O-glycoproteomic approach could provide us an

expanded picture of the substrate specificity of GALNT11. We
labeled tryptic peptides from three biological replicates of
HepG2 WT cells and three biological replicates of HepG2
GALNT11 knockout (KO) cells with TMT-6 reagents prior to
sample pooling and glycopeptide enrichment with Jacalin-
based LWAC. The TMT-labeled glycopeptides were then
subjected to LC−MS/MS and sequenced by either a
sequential HCD-EThcD method or a sequential HCD-
ETciD method using the prior optimized parameters. This
allowed us to generate pseudo-EThcD spectra from the latter
run and make an unbiased comparison of the quantification
performance of the pseudo-EThcD with that of an unmodified
EThcD.
Similar to the unlabeled glycoproteome, the unmodified

EThcD and the pseudo-EThcD produced comparable numbers
of glycopeptides PSMs, with the pseudo-EThcD outperforming
by ∼20% when both Tn- and T-glycopeptides were considered
(Figure 5A, lower panel). However, to our surprise, the
unmodified EThcD was found inefficient to generate decent
(HCD-type) reporter ions at previously optimized NCE
(20%). In the 1334 glycopeptide PSMs from the raw EThcD
spectra, 46.6% (621/1334) of them contained missing values
in the reporter ions. A recent study by Yu et al. discovered that
EThcD requires at least 38% NCE to produce quality TMT
reporter ions.9 Therefore, optimizing EThcD for isobaric tag-
based quantitative O-glycoproteomics runs into a dilemma of
either losing quantification values on glycopeptides with
insufficient SA or losing identification and glycosite localization
with excessive SA, as we described earlier. On the contrary, as
pseudo-EThcD contains reporter ions from the real HCD scan,
it completely avoids the missing quantification value issue of
the EThcD without risking glycan loss from a higher NCE.
Only 22 out of 1574 glycopeptide PSMs from the pseudo-
EThcD spectra were found to contain missing values in the
reporter ions. The improved quantification capability of the
pseudo-EThcD strategy was also evidenced by the significantly

Figure 5. Testing the pseudo-EThcD method in TMT-based differential O-glycoproteomics analysis. (A) Comparing PSMs (lower panel) and
reporter ion quality (upper panel) of the pseudo-EThcD strategy to those of ETciD with only reporter ions grafted from HCD spectra, unmodified
EThcD, and EThcD with reporter ions grafted from HCD spectra. (B) Volcano plot of pseudo-EThcD-identified and -quantified glycosites in
HepG2 cells differentially expressing GALNT11. Downregulated glycosites from the linker region of the LDLR family protein were labeled with the
gene name, glycosite, and glycan type (i.e., LRP1:S:2847:T denotes a glycosite with the T-epitope at S2847 in LRP1). Glycosites with fold changes
≥ 1 and p-values ≤ 0.05 (Student’s t-test) were defined as up- or downregulated glycosites.
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increased signal-to-noise ratio of the reporter ions (Figure 5A,
upper panel).
As one of the major benefits of creating in silico pseudo-

EThcD spectra is to take in the high-quality reporter ions from
the HCD scans, we also tested the picking out of the TMT
reporters from HCD scans, combining them with the ETciD
spectra, and using only the c-/z-ions for database search. This
alternative approach yielded a similar quantification ratio to the
pseudo-EThcD approach, albeit with ∼14% less PSM.
Similarly, taking the reporter ions from the HCD scans and
using them to replace those in the unmodified EThcD spectra
solved the missing quantification value issue of EThcD (Figure
5A, lower panel). In comparison, the pseudo-EThcD strategy
produced the best numbers of glycopeptide PSMs among all
the tested methods without significant missing quantification
values. We therefore used this strategy to analyze the
differential O-glycoproteome of HepG2 WT and GALNT11
KO cells.
In a single shot analysis, the pseudo-EThcD strategy allowed

us to identify and quantify 581 unambiguously assigned
glycosites in the differential HepG2 O-glycoproteome, of
which 36 O-glycosites were downregulated in TMT channels
corresponding to GALNT11 KO cells. Importantly, we re-
discovered eight glycosites in the linker regions of the LDLR
family protein with the consensus motif C6XXXTC1, which
was previously found to be the preferred substrate of
GALNT11 in a large-scale O-glycosite profiling of
GALNT11 KO mouse tissues (Figure 5B, Table S1). This
result confirmed our workflow as a valid and efficient approach
in analyzing differential O-glycoproteomes. At the same time,
the other 28 downregulated O-glycosites in our data provided
new insights into other possible substrate candidates of
GALNT11.

■ CONCLUSIONS
Currently, the fragmentation technique is still a limiting factor
to quantitative O-glycoproteomics. We here systematically
evaluated the fragmentation methods for unlabeled O-
glycopeptides and concluded that ETciD and EThcD showed
comparable performance for the identification of O-glycopep-
tides. When common database search engines such as Sequest
HT were used, both methods displayed identification
advantages over HCD with T-peptides and potentially with
larger glycan modifications. Recent developments in glyco-
proteome-oriented database search engines could potentially
increase the identification depth of HCD by considering
glycan-specific neutral losses. Nevertheless, our results revealed
the advantages of ETciD in preserving O-glycan modifications
and unambiguous site localizations in comparison to EThcD
and HCD. Hence, in our evaluation, parameter-optimized
ETciD is a preferred MS/MS method for characterizing O-
glycoproteomes.
Moreover, at least with our highly enriched O-glycopro-

teome sample, sacrificing instrument time for the pseudo-
EThcD strategy generated more informative MS/MS spectra
and preserved the glycan moieties on peptide fragments. For
TMT-labeled O-glycopeptides, it resulted in an improved
performance in terms of identification and quantification.
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