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Abstract

Protein glycosylation can have an enormous variety of biological consequences, reflecting the 
molecular diversity encoded in glycan structures. This same structural diversity has imposed major 
challenges on the development of methods to study the intact glycoproteome. We recently 
introduced a method termed isotope-targeted glycoproteomics (IsoTaG), which utilizes isotope 
recoding to characterize azidosugar-labeled glycopeptides bearing fully intact glycans. Here, we 
describe the broad application of the method to analyze glycoproteomes from a collection of 
tissue-diverse cell lines. The effort was enabled by a new high-fidelity pattern-searching and 
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glycopeptide validation algorithm termed IsoStamp v2.0, as well as by novel stable isotope probes. 
Application of the IsoTaG platform to 15 cell lines metabolically labeled with Ac4GalNAz or 
Ac4ManNAz revealed 1375 N- and 2159 O-glycopeptides, variously modified with 74 discrete 
glycan structures. Glycopeptide-bound glycans observed by IsoTaG were found to be comparable 
to released N-glycans identified by permethylation analysis. IsoTaG is therefore positioned to 
enhance structural understanding of the glycoproteome.

Graphical Abstract
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labeling; chemical enrichment; glycomics; IsoStamp

INTRODUCTION

Glycosylation is a protein post-translational modification (PTM) that generates extreme 
proteomic diversity and contributes to a plethora of cellular functions.1,2 Protein 
glycosylation most commonly occurs at Asn (N-linked) or Ser/Thr (O-linked) residues, with 
the pendant glycan capable of displaying immense structural variability. These glycans can 
modulate protein structure, stability and recognition.3 Dysregulation of the glycoproteome is 
often correlated with disease states including cancer,4,5 inflammation,1,6 neurological 
disorders, 7,8 and diabetes.9,10 The ability to define the intact glycoproteome—that is, the 
assignment of specific glycan structures to protein sites in a whole proteome—would 
accelerate structure–function studies and serve to identify potential disease biomarkers and 
therapeutic targets.

While there has been much interest in profiling the intact glycoproteome, the complexity of 
glycoproteoforms (and more broadly, all proteoforms11) remains challenging to completely 
define. Mass spectrometry (MS) is commonly employed for characterization of complex 
proteomic samples. However, in order to profile the whole cell glycoproteome by MS, 
enrichment of specific glycoprotein subtypes and reduction in glycan heterogeneity are 
typically required. Enrichment can be achieved by metabolic labeling,12–14 chemical 
manipulation, 15–17 enzymatic labeling,18 lectin affinity chromatography, 19,20 or other 
methods.21,22 Reduction in glycan complexity is achieved for N-glycoproteins by enzymatic 
digestion with PNGase F or Endo H,23 and for O-glycoproteins by genetic engineering in 
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cell lines.24,25 Glycan truncation simplifies detection by MS and computational analysis via 
database searching, but at the expense of lost information encoded within the glycan. Several 
glycoproteomics protocols have shown promise for intact glycoproteomics;26–31 however, 
these methods require separate analyses of glycans and their peptide scaffolds, and at present 
are restricted to N-glycans.

To address the unique challenges in global characterization of the intact glycoproteome, we 
developed a mass-independent chemical glycoproteomics platform, termed isotope targeted 
glycoproteomics (IsoTaG, Figure 1).32–34 IsoTaG is performed by first, isotopic recoding 
and enrichment of metabolically labeled glycoproteins and, second, directed tandem MS 
(MS2 or MSn) analysis and intact glycopeptide assignment. Isotopic recoding is 
accomplished by metabolic labeling of cell or tissue samples with azide- or alkyne-
functionalized sugars, followed by chemical conjugation with a biotin probe bearing a 
unique isotopic signature. Examples of sugar labels are peracetylated N-
azidoacetylmannosamine (Ac4ManNAz), which is converted to the corresponding 
azidosialic acid (SiaNAz), and peracetylated N-azidoacetylgalactosamine (Ac4GalNAz), 
which is metabolized to label glycans possessing N-acetylglucosamine (GlcNAc) or N-
acetylgalactosamine (GalNAc).

Through the probe, a unique isotopic signature is embedded exclusively into glycopeptides. 
The isotopic signature serves as a computationally recognizable full-scan MS reporter. We 
automated its detection with a pattern searching algorithm, termed isotopic signature transfer 
and mass pattern prediction (IsoStamp).35 In an initial report, we demonstrated that the use 
of dibrominated probes led to the reproducible identification of over 500 intact 
glycopeptides across 250 glycoproteins from three cell lines.32

Here, we report an extensive investigation into the scope of mass-independent MS to enable 
chemical glycoproteomics and demonstrate its application to 15 cell lines. These efforts have 
produced IsoStamp v2.0, a high-fidelity pattern-searching algorithm for both detection and 
validation of isotopically recoded species, provided on a web-based platform for public 
access. A total of eight stable isotope probe mixtures were prepared to experimentally 
optimize pattern recognition. The probe mixture that resulted in the best pattern recognition 

(probe mixture 3) was applied to 15 metabolically labeled cell lines, analysis of which 
yielded a database of 74 glycan structures and over 3500 glycopeptides. The glycan 
structures observed by IsoTaG from one cell line (PC-3) were reflective of the types and 
frequencies of structures observed by a conventional analysis of released N-glycans. IsoTaG 
therefore enables the analysis of intact metabolically labeled glycopeptides across a range of 
cell lines and will accelerate structure and function studies of the dynamic glycoproteome.

EXPERIMENTAL PROCEDURES

IsoStamp v2.0

Isostamp v2.0 is available at www.isostamp.org as an interactive web interface.
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Cell Culture Procedures

All cell lines were obtained from the American Type Culture Collection (ATCC) and 
maintained at 37 °C and 5% CO2 in a water-saturated incubator. Cell lines were 
metabolically labeled between passages 4–24. Cell culture experiments were performed as 
described.32,33 Briefly, cells were seeded at 2 × 105 cells/mL in complete media and the 
presence of 100 μM Ac4GalNAz, Ac4ManNAz, or DMSO vehicle control containing 
Ac4GalNAc (3.0 μL). Cells were incubated for 48 h at 37 °C. The media was aspirated and 
the cells washed with PBS (1 × 10 mL). Washed dishes were resuspended in media 
containing 100 μM glycan metabolite without FBS additive (15 mL), and the cells were 
incubated for an additional 48 h at 37 °C. Media was harvested by centrifugal concentration 
(10 kDa molecular weight cutoff spin filter), washed with 1% triton ×100/PBS (3 × 15 mL), 
and the remaining residue collected as the “conditioned media”. Cells were harvested, 
washed, and resuspended in lysis buffer (10 mM HEPES, pH 7.9, 15 mM MgCl2, 10 mM 
KCl, 0.5% triton ×100, 1× protease inhibitors, 1 μM thiamet G, 2 mL), swelled for 5 min on 
ice, and broken by Dounce homogenization. The homogenized lysate was transferred to a 
centrifuge tube, and insoluble material was pelleted by centrifugation (3700g, 10 min, 4 °C). 
The supernatant was collected as the “soluble fraction” and the pellet kept as the “insoluble 
fraction.” The pellet was separately solubilized in 1% Rapigest/PBS (400 μL). Protein 
concentrations from the three fractions were measured by bicinchonic acid assay (Pierce) 
and normalized to 4.5 mg/mL.

Chemical Glycoproteomics Enrichment

Chemical enrichment were performed analogously to those previously reported32,33 with 

silane probe mixtures 1–8. Briefly, click chemistry reagents (40.0 μL, 200 μM probe 
mixture, 300 μM CuSO4, 600 μM BTTP,36 2.50 mM sodium ascorbate, mixed immediately 
before addition to lysates) were added and the reaction was incubated for 3.0 h at 24 °C. 
Tagged proteins were methanol precipitated at −80 °C, pelleted by centrifugation and the 
supernatant was discarded. Protein pellets were resuspended in 400 μL 1% RapiGest/PBS 
and solubilized by probe sonication (Misonix, 1.5 min, 4 °C). Streptavidin–agarose resin 
[200 μL, washed with PBS (3 × 1 mL)] was added, and the resulting mixture was incubated 
for 12 h at 24 °C with rotation. The beads were pelleted by centrifugation and the 
supernatant containing uncaptured proteins was separated. The beads were washed with 1% 
RapiGest/PBS (1 mL), 6 M urea/H2O (2 × 1 mL), and PBS (5 × 1 mL), and the beads were 
pelleted by centrifugation (3000g, 3 min) between washes.

Washed beads were resuspended in 5 mM DTT/PBS (200 μL) and incubated for 30 min at 
24 °C with rotation. Ten mM iodoacetamide/PBS (4.0 μL, 500 mM stock solution) was 
added to the reduced proteins, and allowed to react for 30 min at 24 °C with rotation, in the 
dark. Beads were pelleted by centrifugation (3000g, 3 min) and resuspended in 0.5 M 
urea/PBS (200 μL). Trypsin (1.5 μg) was added to the resuspended beads, and digestion 
proceeded for 12 h at 37 °C. Beads were pelleted by centrifugation (3000g, 3 min), and the 
supernatant digest was collected. The beads were washed with PBS (1 × 200 μL) and H2O (2 
× 200 μL). Washes were combined with the supernatant digest to form the trypsin digest. 

Probe mixture 3 was cleaved with two treatments of 2% formic acid/H2O (200 μL) for 30 
min at 24 °C with rotation and the eluent was collected. The beads were washed with 50% 
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acetonitrile–water +1% formic acid (2 × 400 μL), and the washes were combined with the 
eluent to form the cleavage fraction. The trypsin digest and cleavage fraction were 
concentrated using a vacuum centrifuge (i.e., a speedvac, 40 °C) to 50–100 μL. Samples 
were desalted with a ZipTip P10 and stored at −20 °C until analysis.

α-Biotin Immunoblotting

Aliquots collected during the enrichment procedure (10.0 μL) were reduced and separated 
by standard SDS-PAGE (Bio-Rad, Criterion system), electroblotted onto nitrocellulose, 
blocked in 5% bovine serum albumin (Sigma) in Tris-buffered saline with Tween (10 mM 
Tris pH 8.0, 150 mM NaCl, 0.1% Tween-20), and analyzed by standard enhanced 
chemiluminescence immunoblotting methods (Pierce). The staining agent was high-
sensitivity streptavidin–HRP (Pierce, 1:100 000).

Mass Spectrometry Procedures

Alpha-Crystallin Glycoproteomics—Tryptic digested alpha-crystallin samples were 
analyzed by a LTQ-Orbitrap Elite mass spectrometer equipped with electron transfer 
dissociation (ThermoFisher Scientific). Samples were loaded onto a C18 trap column 
coupled to an UltiMate Rapid Separation LC (Dionex) system at 5 μL/min for 10 min. 
Samples were then loaded onto a 25 cm length C18 analytical column (Picofrit 75 μm ID, 
New Objective) packed in-house with Magic C18AQ resin (Michrom Bioresources). Tryptic 
peptides were eluted using a multistep gradient at a flow rate of 0.6 μL/min from 0.1% 
formic acid in water to 85–0.1% formic acid in acetonitrile over 120 min.

Peptides were fragmented using higher energy collisional dissociation (HCD), electron 
transfer dissociation (ETD), and collision-induced dissociation (CID). The electrospray 
ionization voltage was set to 2.25 kV and the capillary temperature was set to 200 °C. MS1 
scans were performed over m/z 400–1800 and the top three most intense ions (2+ or higher 
charge states) were subjected to three subsequent fragmentation methods including HCD 
with 27 eV, default charge state +4, for 0.1 s, ETD for 200 ms with supplemental activation 
of 35 eV, and CID at 35 eV for 10 ms.

Targeted Glycoproteomics on Metabolically Labeled Tissue Culture Samples

—Trypsin-digested proteins were analyzed using a Thermo Dionex UltiMate3000 
RSLCnano liquid chromatograph that was connected in-line with a LTQ-Orbitrap-XL mass 
spectrometer equipped with a nanoelectrospray ionization (nanoESI) source (Thermo Fisher 
Scientific, Waltham, MA). The LC was equipped with a C18 precolumn (Acclaim PepMap 
100, 20 mm length × 0.075 mm inner diameter, 3 μm particles, 100 Å pores, Thermo), a C18 
analytical column (Acclaim PepMap 300, 150 mm length × 0.075 mm inner diameter, 5 μm 
particles, 300 Å pores, Thermo) and a 1 μL sample loop. Acetonitrile (Fisher Optima grade, 
99.9%), formic acid (1 mL ampules, 99+%, Thermo Pierce), and water purified to a 
resistivity of 18.2 MΩ·cm (at 25 °C) using a Milli-Q Gradient ultrapure water purification 
system (Millipore, Billerica, MA) were used to prepare mobile phase solvents. Solvent A 
was 99.9% water/0.1% formic acid and solvent B was 99.9% acetonitrile/0.1% formic acid 
(v/v). Samples contained in polypropylene autosampler vials with septa caps (Agilent, Santa 
Clara, CA) were loaded into the autosampler compartment prior to analysis. The 
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autosampler compartment was maintained at 4 °C. The elution program consisted of 
isocratic flow at 2% B for 4 min, a linear gradient to 50% B over 98 min, isocratic flow at 
95% B for 6 min, and isocratic flow at 2% B for 12 min, at a flow rate of 300 nL/min. The 
column exit was connected to the nanoESI emitter in the ion source of the mass 
spectrometer using polyimide-coated, fused-silica tubing (20 μm inner diameter × 280 μm 
outer diameter, Thermo).

Full-scan mass spectra were acquired in the positive ion mode over the range m/z = 400 to 
1800 using the Orbitrap mass analyzer, in profile format, with a mass resolution setting of 60 
000 (at m/z = 400, measured at full width at half-maximum peak height, fwhm). The lock 
mass feature was enabled to provide real-time internal mass calibration using known 
background ions.37 Inclusion lists were generated using the IsoStamp algorithm 
(www.isostamp.org). In the data-dependent mode, the three most intense ions exceeding an 
intensity threshold of 50 000 counts were selected from each full-scan mass spectrum for 
tandem mass spectrometry (MS/MS, i.e., MS2) analysis using CID. MS2 spectra were 
acquired using the linear ion trap or the Orbitrap analyzer (in the latter case, with a 
resolution setting of 7500 at m/z = 400, fwhm), in centroid format, with the following 
parameters: isolation width 4 m/z units, normalized collision energy 28%, default charge 
state 3+, activation Q 0.25, and activation time 30 ms. The three most intense fragment ions 
in each MS2 spectrum exceeding an intensity threshold of 1000 counts were selected for 
MS3 analysis using CID. MS3 spectra were acquired using the linear ion trap, in centroid 
format, with the same parameters as those used for MS2. When MS2 spectra were acquired 
using the Orbitrap analyzer, real-time charge state screening was enabled to exclude 
unassigned charge states from MS/MS analysis. To avoid the occurrence of redundant 
MS/MS measurements, real-time dynamic exclusion was enabled to preclude reselection of 
previously analyzed precursor ions, with the following parameters: repeat count 1, repeat 
duration 30 s, exclusion list size 500, exclusion duration 90 s, and exclusion mass width 
±1.5 m/z units. Global precursor mass lists (i.e., inclusion lists) were enabled to specify the 
m/z values and retention times of glycopeptide precursor ions detected in full-scan mass 
spectra by the IsoStamp isotope pattern-searching algorithm. Data acquisition was controlled 
using Xcalibur software (version 2.0.7, Thermo).

Targeted Data Analysis Procedures

The raw data was processed using Proteome Discoverer software (version 1.4, Thermo 
Fisher Scientific) and searched against the human-specific SwissProt-reviewed protein 
database downloaded on July 18, 2014. Indexed databases for tryptic digests were created 
allowing for up to three missed cleavages, one fixed modification 
(carboxyamidomethylcysteine, + 57.021 Da), and variable modifications (methionine 
oxidation, + 15.995 Da; and others as described below). Precursor ion mass tolerances for 
spectra acquired using the Orbitrap and linear ion trap (LTQ) were set to 10 ppm and 1.5 Da, 
respectively. The fragment ion mass tolerance was set to 0.8 Da. Raw data was processed 
through IsoStamp v2.0 to generate an mzXML file filtered for potential glycopeptide 
spectra. The filtered mzXML file was processed using the SEQUEST HT search engine to 
initially identify species from exact mass measurements using a modified HexNAc, termed 
“Si2HexNAz” (C13H18D2N4O7, + 346.1458 Da), with variable attachment to serine, 
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threonine, or asparagine residues. Tandem MS data were screened for glycopeptide signifiers 
including isotopically recoded precursor ion in full-scan mass (i.e., MS1) spectra, and 
neutral or charged glycan losses in MS2 spectra. Selected MS2/MS3 spectra were 
documented and saved separately. Saved spectra were manually annotated for glycan 
structure and peptide mass. Saved spectra were then searched iteratively using the Byonic 
search algorithm v2.0 as a node in Proteome Discoverer 1.4. Initial searches allowed for 
singly tagged N- and O-glycan variable modifications (see input file below) using precursor 
masses designated from the MS1 (e.g., MS1 precursor for both MS2 and MS3 spectra) or 
MS(n − 1) (e.g., MS1 precursor for MS2 spectra, and MS2 precursor for MS3 spectra). 
Computational assignments of all spectra were validated by manual inspection for glycan 
and peptide fragments. High probability assignments were inspected for validity, and 
unassigned spectra were archived for further analysis. For MS(n − 1) assignments, the 
assignment was validated for exact mass from the MS1 (Δmass = <5 ppm). Unassigned 
spectra from the initial searches were sorted by glycan type based on fragment ions observed 
in the MS2 spectra (e.g., Si2HexNAz, elaborated O-glycan, or elaborated N-glycan) and 
searched with variable modification using a focused glycan database. Finally, spectra that 
remained low confidence assignments were then manually inspected for similarities to 
assigned spectra (i.e., characteristic peptide fragment ions) or searched against the 
UniprotKB database (downloaded September 30, 2014) with variable modification on the 
specific glycan. Only spectra for which the glycan structure was fully characterized were 
included in the final analysis.

All annotated spectra are made available at www.isostamp.org/pdfs.

Released N-Linked Profiling

Direct MS analysis of the released N-glycans was performed on whole PC-3 cells treated 
with DMSO (as control), Ac4ManNAz or Ac4GalNAz, based on the method of Aoki et al.38 

Briefly, the cell pellets (7.5 × 106 cells each) were homogenized in chloroform/methanol/
water (4:8:3, v/v/v) by dounce homogenization. Delipidated protein-rich precipitate was 
collected by cold centrifugation. The protein-rich pellet was further washed with cold 
acetone and dried. The released N-glycans were prepared and purified from the protein 
pellet as described elsewhere.38 Released glycans were permethylated based on the method 
of Anumula and Taylor39 and profiled directly by mass spectrometry. MALDI-TOF mass 
spectra of the permethylated N-glycans were acquired in the reflector positive ion mode 
using α-dihyroxybenzoic acid (DHBA, 20 mg/mL solution in 50% methanol–water) as a 
matrix. The spectra were acquired using a TOF/TOF 5800 System (AB SCIEX).

RESULTS

Development of IsoStamp v2.0 for High Fidelity Pattern Matching and Validation

Broad implementation of mass-independent MS is predicated on automated recognition of 
isotopically recoded species with low false-positive and false-negative rates. To automate 
pattern recognition of isotopically recoded species, we developed the computer program 
IsoStamp, which compares observed and predicted isotopic envelopes to identify chemically 
tagged species in full-scan mass spectra.35 However, our first rendition of this program, 
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IsoStamp v1.0, was not able to identify many tagged glycopeptides from samples as 
complex as whole cell glycoproteomes. The false negative rate of IsoStamp v1.0 proved to 
be too high for intact glycoproteome analysis.

To improve algorithm fidelity, we developed IsoStamp v2.0 and provided it as open-source 
software on a fully integrated web interface for public access (see Methods). IsoStamp v2.0 
features improvements to peak picking, model generation, and the scoring algorithm. On 
program initiation, IsoStamp v2.0 enters a peak picking phase in which centroided, full-scan 
mass spectra in mzXML format are combined into bundles from which isotopically related 
peaks are extracted (Figure 2A). The algorithm next enters a model generation phase (Figure 
2B). The default peptide model (“base pattern”) is derived from a modified averagine 
distribution40 convolved with and without the pattern of a user-defined chemical tag. The 
averagine distribution was modified to integrate a special handling for sulfur, wherein the 
predictive model is generated iteratively for 0–3 sulfur atoms.

Predicted isotopic distributions are generated by the algorithm, compared to measured 
isotopic distributions, and scored for match quality. The differences between predicted and 
observed distributions are fit by linear error and mean square quantization error (MSQR). 
Matches that pass a minimum error threshold for both (<0.85) are then scored using eq 1:

(1)

where Reference is an adjustable base value and Error is defined by eq 2:

(2)

where k values are weighted coefficients, and a values are abundances measured from the 
bundled MS1 data. Variable definition and visual representation of these error types are 
illustrated in Figure 2C. IsoStamp v2.0 accounts for several types of error during pattern 
matching, including: extra peaks (e.g., due to overlapping isotopic distributions, or 
electronic or chemical noise artifacts), fewer (or “missing”) peaks, or poor match quality 
(e.g., due to misalignment of peaks). Weights for each error type were optimized iteratively 
to minimize false positive and false negative rates against model system and complex 
glycopeptide data (see below). Matches are ranked by score and detailed match outputs are 
generated alongside for validation of algorithm performance. Examples of good and poor 
match outputs are presented in the Supporting Information. Finally, scored matches are 
summarized as output files containing precursor ion inclusion lists and chart summaries of 
matches.

The algorithm performance was evaluated with bovine serum albumin (BSA) chemically 
modified on cysteine residues with halogenated arenes, namely, monobromoarene (tag 1) 
dichloroarene (tag 2), and dibromoarene (tag 3) (Figure 3A and B). Tagged BSA was spiked 
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into Jurkat whole cell lysates at amounts in the range of 3.00–0.03 pmol.35 The first 
generation IsoStamp algorithm had false-negative rates of 28–67% based on manual 
validation of observed tagged peptides in 30 mol tagged BSA. By comparison, IsoStamp 
v2.0 displayed false-negative rates of 13–21%. IsoStamp v2.0 produced an overall increase 
in true positive identification rates across tags 1–3 at 3.00 pmol amounts (Figure 3C). This 
fidelity was maintained at amounts of BSA as low as 0.03 pmol across tags (Figure 3C). As 
a measure of false-positive rate, we found that scores for 3.0 pmol BSA displaying tag 3 in 
Jurkat whole cell lysate increased by up to 90 points as compared to Jurkat whole cell lysate 
alone (Figure 3D). In aggregate, 100% of tag 3-carrying true positive species scored higher 
than the average score from Jurkat whole cell lysate alone. Elevated score distributions for 
BSA peptides carrying tags 1 and 2 in Jurkat whole cell lysate were likewise observed with 
IsoStamp v2.0 (Figure 3D).

The substantial improvement obtained with IsoStamp v2.0 prompted further adaptation as a 
tool for pattern-dependent filtration of tandem MS data. The MS2 filtration feature 
computationally filters for MS2 (and MSn) spectra that carry glycopeptide signatures. 
Specifically, MS2 spectra that derive from a patterned species in the MS1 and/or exhibit 
characteristic glycan fragment ions (i.e., glycan oxonium ions and ions due to charged or 
neutral losses)41 are scored according to eq 3:

(3)

where k values are weighted coefficients, a values are abundances of observed glycosidic 
fragment ions in the MS2 spectra, “ox” represents glycan oxonium ions (e.g., Hex and 
HexNAc), and “loss” represents fragment ions derived from charged or neutral losses (e.g., 
M–Hex and M–HexNAc). Interestingly, although detection of charged or neutral loss 
fragment ions was useful for identifying MS2 spectra derived from glycopeptides, it was 
often insufficient, by itself, for definitive glycopeptide identification without the 
accompanying precursor ion isotopic pattern from the full-scan mass spectrum. MS2 spectra 
with ScoreMS2 greater than a user-defined threshold are filtered to produce a new mzXML 
file, which can then be used to facilitate spectral assignment of glycopeptides by database 
searching. Implementation of the MS2 filtration algorithm removed approximately 70% of 
spectra derived from untagged peptides. Automated filtration of tandem MS data was critical 
during analysis of the glycoproteome from 15 cell lines.

The ability of isotope recoding to increase confidence in spectral assignments has been 
previously noted.35,42,43 Such confidence is particularly critical in glycoproteomics, due to 
cleavage of labile glycosidic bonds during collision-induced dissociation (CID) and the 
lower fragmentation efficiencies of ETD.41 We quantified the validation advantage of 
isotope recoding by spectral counting. Across three Ac4ManNAz-labeled samples analyzed 
on an Orbitrap Elite, a total of 150–490 spectra derived from isotopically recoded 
precursors. Glycopeptide assignments by database searching at a 1% false discovery rate 
(FDR) were found to have 25–58 validated assignments (up to 88% false negative rate) and 
1–3 false positives (4% FDR actual).44
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Development of Stable Isotope-Encoded IsoTaG Probe Mixtures

Although the dibromide tag was highly recognizable with IsoStamp v2.0, we sought to 
explore alternative probes with smaller, less sterically congested structures. A primary 
motivation was the absence of core fucosylation in the N-glycan structures from our initial 
studies.32 The majority of the N-glycan structures carried GlcNAz incorporation at the 
reducing end of the glycan structure. Thus, the absence of core fucosylation was potentially 
caused by lack of access of the probe to the sterically congested GlcNAz. To probe this 
hypothesis, we developed a series of IsoTaG probes encoded by zero [M], two [M + 2], or 
four [M + 4] deuterium atoms. The IsoTaG probe with zero, and that with two deuterium 
atoms [M, M + 2] were mixed in different proportions; 1:1, 1:2, 1:3 and 1:4 (abbreviated as 

probe mixtures 1, 2, 3 and 4, respectively, Figure 4A). Alongside, the probes with zero and 

four deuterium atoms [M, M + 4] were mixed and prepared in the same manner (mixtures 5, 

6, 7 and 8, for the mixture ratios 1:1, 1:2, 1:3 and 1:4, respectively).

To test pattern recognition, BSA was chemically modified on its lysine residues with 

azidoacetate and then conjugated with the isotope recoding probe mixtures 1–8 via copper-
catalyzed azide–alkyne cycloaddition (CuAAC). The biotinylated BSA samples were 
digested with trypsin, treated with mild acid for linker cleavage, and analyzed by MS. The 
top 50 matches produced by IsoStamp v2.0 were manually validated. The observed false-

positive rates indicated that the highest recognition was achieved by isotope mixture 3 with a 

ratio of [M, M + 2] of 1:3 (Figure 4B). Furthermore, isotope mixture 3 produced higher 
overall scores than other probe mixtures. Wider isotopic distributions (e.g., [M, M + 4]) 
produced higher false-positive rates.

The fragmentation of a glycopeptide recoded with mixture 3 was compared to that using the 
previously employed dibromide probe.32 For this experiment, we used as a substrate an O-
GlcNAcylated peptide derived from alpha-crystallin which was enzymatically elaborated 
with GalNAz.18 Little difference in HCD, CID, or ETD fragmentation was observed 
between the deuterated and brominated glycopeptides (Figures S1–S3). Intriguingly, doubly 
charged positive glycopeptide precursor ions were readily fragmented by ETD and, in some 
cases, fragmented to a greater degree than the unmodified glycopeptide. A degree of internal 
tag fragmentation was observed with ETD, although this was not seen with all precursor 
ions.45 A maximum of 0.1 min chromatographic retention time shift between differentially 
deuterated isotopes was observed by nanoflow liquid chromatography. This was negligible 
for isotopic pattern matching due to implementation of spectral bundling (Figure S4). These 
results demonstrate that deuterated or brominated probes are readily compatible with a 
variety of fragmentation methods, including ETD.

Intact Glycopeptides Found in a Survey of 15 Cell Lines

A survey of intact glycoproteomes from 15 cell lines was pursued using isotope recoding 

mixture 3 (Figure 1). Cell lines were metabolically labeled with 100 μM Ac4GalNAz or 
Ac4ManNAz, and cell lysates and conditioned media were collected. The intact 

glycoproteome was tagged and affinity enriched with mixture 3. Inclusion list-directed MS2 
and MS3 measurements, using CID, were performed on an LTQ-Orbitrap-XL mass 
spectrometer. Each MS data file was manually annotated for the number of spectra derived 
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from isotopically recoded species. A quantitative measure of these efficiencies by spectral 
counting is presented in Figure S5. Metabolic labeling efficiency was observed to be 
metabolite and cell line dependent. The cell lines PC-3, MCF10a, and LnCAP produced the 
greatest number of spectra and thus glycopeptide assignments from Ac4GalNAz labeling. 
Spectral counting revealed that the cell lines HepG2, SK-N-SH, and BxPC3 were labeled by 
Ac4ManNAz at the highest rates. In contrast, Hek293 revealed limited spectral counts from 
either metabolite. In general, the spectral counts were predicted by Western blot data 
obtained prior to MS analysis, and appears to reflect general trends in the ability to 
metabolically label different cell lines.46

Glycopeptide structure assignment was completed by a stepwise process. Fragmentation of 
glycopeptides by CID typically yield glycan fragmentation in the MS2 followed by peptide 
fragmentation in the MS3. Following selection of CID tandem mass spectra derived from 
precursor ions exhibiting the characteristic isotopic pattern, glycan structures were manually 
assigned, and the underlying peptide mass was extracted from the MS2 data. Glycan 
structures from CID spectra were manually annotated for glycan neutral and charged losses 
(see www.isostamp.org/pdfs for annotated spectra) to provide the constitutional composition 
of glycan structures. With the constitutional composition in hand, linkages between glycans 
and the glycan structure assignments were based on homology with previously defined 
mammalian glycans. Peptide assignments were performed by database searching (SwissProt 
human proteome, 1% FDR) and validated by correlation of the exact mass of the intact 
glycopeptide to the observed MS1 precursor ion (within a stated mass tolerance of <10 
ppm). Obtaining confident peptide assignments requires sufficient peptide backbone 
fragmentation during tandem MS analysis, which was limited by the number of pendant 
glycans. Peptide assignments were possible with up to approximately ten pendant glycans 
with the CID MS2/MS3 method employed. This limitation, along with the onus on manual 
glycan annotation, can be overcome using alternate fragmentation methods (e.g., HCD) 
implemented on an Orbitrap Elite or Fusion Tribrid instrument.34 Finally, glycopeptide 
spectra were cross-correlated by peptide mass to the database of assigned glycopeptides, and 
homologous spectra were assigned by inference. Only spectra with full compositional 
assignment of the glycan structures were included in the final data set. In aggregate, 3535 
spectra were assigned defined glycan structures, of which 1825 spectra were assigned to a 
peptide sequence. All spectra were annotated and are provided as Supporting Information.

The use of isotope recoding mixture 3 with the 15 cell lines revealed a total of 74 glycan 
structures spanning 55 N- and 18 O-glycans. Glycan structures were coded as N1–N55 and 
O1–O18 to summarize constitutionally similar structures aside from the frequency of 
azidosugar incorporation and multiple tagging events to a glycan structure. N-Glycans 
ranged from high-mannose and partially degraded N-glycans to complex triantennary and 
tetrantennary glycan structures (Figure 5). Notably, core fucosylation was observed on a 
range of N-glycan structures, whereas few such structures were previously found using a 
dibrominated probe.32 Relative quantification of glycans by spectral counting revealed a 
high frequency of high-mannose N-glycans (N6–N10) followed by biantannary N-glycans 
(N25–N36, Figure 5B).
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The observed O-glycans encompassed 18 structures, with O-GlcNAc (O1, O1*) comprising 
the preponderance of O-glycan assignments (>80%, Figure 6). The assignment of a single 
HexNAc residue as either O-GlcNAc (O1) or mucin-type O-GalNAc (O2) was based on 
known subcellular localization of the associated glycoprotein, or by the cellular fraction that 
was analyzed in instances where the peptide substrate remained unassigned. In these 
instances, cellular fractions derived from the conditioned media were assigned as mucin-
type (O2), and cellular fractions derived from cytoplasmic and nuclear fractions were 
assigned as O-GlcNAc (O1).47 Mucin-type glycans included the Tn antigen (O2), cores 1–4 
(O3, O9, O8, O10, respectively), and higher-order glycan structures (e.g., O15, O16). A 
diversity of sialylated glycans was observed, with a particular abundance of O-glycans O6 
and O7 (Figure 6B). Furthermore, fucosylated O-glycans (O11–14) were observed when 

tagged and enriched using probe mixture 3.

Metabolic Label Incorporation Revealed Across 15 Cell Lines

The survey of 15 cell lines herein revealed a distribution of protein localization analogous to 
that reported previously (Figure 7A).32 Approximately 60% of the glycoproteins were 
intracellularly localized, largely due to contributions from Ac4GalNAz metabolic label 
incorporation (Figure 7A). From Ac4GalNAz-labeled samples, intracellular O-GlcNAz 
constituted approximately two-thirds of glycopeptides, N-GlcNAz constituted an additional 
30%, and approximately 5% of glycopeptides represented O-GalNAz incorporation (Figure 
7B). Sialylated glycopeptides produced by Ac4ManNAz labeling were found on O-glycan 
attachment sites (78%) more frequently than N-glycan attachment sites (22%, Figure 7C). 
The majority of glycopeptides were only observed in a single cell line (62%, Figure 7D).

By spectral counting, the ten most frequently observed glycopeptides across cell lines were 
obtained from Ac4GalNAz metabolic labeling (Table 1). Frequently observed glycoproteins 
carried glycans that included O-GlcNAc (Entry 2–5, 10), N-GlcNAc (Entry 1, 7–9) and O-
GalNAz (Entry 6). Four distinct glycopeptides from host cell factor 1 (P51610), a highly O-
GlcNAcylated and abundant glycoprotein, fell within the top ten glycopeptides. The 
extensive list of glycoproteins presented here illustrates the capacity of Ac4GalNAz to act as 
a reporter for metabolic pathway activity in the cell.

Metabolic Labeling Minimally Perturbs Some Cellular Biosynthetic Pathways

Metabolic labeling marks glycoproteins during their biosynthesis, and thereby enables 
studies of glycosylation dynamics. However, the effect of metabolic labeling on the steady-
state profile of cellular glycans has not been characterized. To assess the effects of metabolic 
labeling on glycan profile, we compared released N-glycans from untreated and azidosugar-
treated PC-3 cells. Briefly, lysates from PC-3 cells labeled with Ac4GalNAz, Ac4ManNAz, 
or DMSO were homogenized and delipidated. Proteins were enriched by cold-acetone 
precipitation and digested by trypsin, and N-glycans were released enzymatically from the 
crude mixture by PNGase F. Released N-glycans were permethylated with methyl iodide 
and analyzed by MS.

The free N-glycans of unlabeled and azidosugar-treated samples revealed a largely 
unperturbed collection of native glycan structures (Figure 8A). Released glycans observed 
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by Ac4GalNAz labeling and nonsialylated glycans from Ac4ManNAz labeled samples were 
present in similar distribution to the unlabeled DMSO control. These results indicate that, in 
the case of Ac4GalNAz, the azidosugar is incorporated at low rates with little perturbation to 
the underlying glycosylation pathways of native glycans.

Sialylated glycans in the DMSO control sample were complex biantennary and triantennary 
glycans. These sialylated glycans were not observed in Ac4ManNAz-treated samples. The 
relative abundances of N-glycans on intact glycopeptides characterized using IsoTaG were 
consistent with the relative abundances of glycans of control sample observed by free N-
glycan analysis (Figure 8B). Optimization of methods to analyze the azide-incorporated 
glycan structures directly are currently underway.

DISCUSSION

We describe the development of IsoTaG for intact glycoproteomics analysis of metabolically 
labeled samples. IsoTaG uses efficient enrichment and accurate isotopic pattern matching to 
facilitate detection and assignment of metabolically labeled glycopeptides by MS.

IsoStamp v2.0 is a high fidelity pattern matching algorithm that directs tandem MS analysis 
to isotopically recoded precursor ions, and subsequently filters MS2 spectra for 
glycopeptides. Significant improvement to false positive and false negative rates were 
achieved by optimization of data handling and model generation. Input full-scan MS data are 
bundled to average ion abundances over multiple scans prior to pattern matching. Isotopic 
model generation was improved to account for the impact of sulfur isotopes on the averagine 
model. Sulfur isotopes contribute the greatest isotopic perturbation to the averagine model 
among the elements that comprise natural glycopeptides. The base pattern is generated 
iteratively for 0–3 sulfur atoms to improve the predictive accuracy of the model. With these 
improvements, false negative rates fell to as low as 13% in model systems. Without 
implementation of the IsoTaG pattern recognition, up to 88% of HCD spectra derived from 
isotopically patterned species were not identified as glycopeptides by database searching 
alone (using Sequest or Byonic algorithms). While some of these spectra may have eluded 
assignment due to other factors (e.g., low signal-to-noise ratios), a majority of the 
glycopeptides would be undiscovered without the isotopic pattern recognition and targeted 
approach. Isotope recoding provides an orthogonal handle for detection and characterization 
of glycopeptides in a chemical proteomics platform. In addition to our investigations, there 
has been growing interest in the use of isotope recoding for validation of chemically 
modified substrates.42,43,48–50

Investigation of probe design and pattern recognition revealed that brominated and 
deuterated probes fragment similarly by CID, HCD, and ETD (Figures S1–S3). However, 
use of the dibromide tag may sterically inhibit tagging of sugars embedded at the reducing 
end of a glycan in metabolically labeled glycoproteins. The broader array of glycan 

structures tagged by stable isotope probe mixture 3 supports the possibility of steric 
occlusion caused by dibrominated tags in earlier reports.32 Pattern recognition by IsoStamp 
v2.0 showed the highest fidelity for an isotopic ratio of 1:3 over [M, M + 2], and lower 
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fidelity for patterns over [M, M + 4] spacing. The higher false positive rates for [M, M + 4] 
potentially derive from the wider isotopic envelope under evaluation.

Fifteen cell lines were metabolically labeled with Ac4GalNAz or Ac4ManNAz and surveyed 
by IsoTaG. A total of 55 N-glycans and 18 O-glycans were observed with isotope probe 

mixture 3. In general, Ac4GalNAz labeling incorporated only one azidosugar per 
glycopeptide with the exception of a subset of O-GlcNAcylated glycopeptides. Higher 
replacement rates of sialic acid by Ac4ManNAz was observed, which produced 
glycopeptides with up to four azidosugar substitutions. Multiple tagging events are readily 
accounted for by searching for the expected isotope pattern due to multiple tags within the 
IsoStamp v2.0 software.

Ac4ManNAz labeling yielded sialylated glycans, of which the majority were O-
glycosylated. The higher rates of sialylated O-glycans suggest the existence of a wider array 
of O-glycoproteins that have yet to be discovered. Ac4GalNAz labeling yielded O-GlcNAz 
as the primary glycan structure observed (>60%). The preponderance of O-GlcNAz 
glycopeptides may be related to the ease of identification of O-GlcNAc as a single HexNAc, 
potentially different permissiveness of O-glycosyltransferase (OGT) as compared to the 
ppGalNAcTs, and the rate of epimerization of UDP-GlcNAc and UDPGalNAc by the GALE 
pathway. Notably, a total of 21 fucosylated N-glycan structures were observed, as compared 
to a single fucosylated N-glycan previously observed using brominated probes on similar 
cell lines (PC-3).32 Manual annotation of the observed glycan structures revealed core-
fucosylation, due to localization of fucose to the reducing-end of the glycan structure (see 
Experimental Procedures). In conjunction, the majority of GlcNAz incorporation was 
observed to occur at the reducing end of N-glycan structures, supporting our hypothesis that 

the isotope probe mixture 3 would be able to tag a broader spectrum of N-glycan structures.

Released N-linked glycan analysis of whole PC-3 cells, which were treated with DMSO 
(control), Ac4GalNAz or Ac4ManNAz, was carried out without introducing IsoTaG labeling, 
for comparison with glycopeptide profiling with IsoTaG. The results showed native glycans 
carried homologous glycan structures to those identified by the IsoTaG glycopeptide 
analysis. Furthermore, glycan abundances observed by the conventional free N-glycan 
analysis were similar irrespective of the metabolic labeling, with the exception of sialylated 
glycans from Ac4ManNAz samples. Unobserved sialylated glycan structures in the 
conventional N-linked profiling is indicative of high levels of replacement of sialic acid by 
SiaNAz or possible suppression of sialyl transferases. Direct observation of azide-labeled 
glycans by the conventional procedure may be precluded by chemical destruction and 
derivatization of the azide during permethylation. High replacement rates of sialic acid by 
SiaNAz are in line with previous reports by direct sialic acid quantification.14

In conclusion, we report the evolution of IsoTaG aided by IsoStamp v2.0 and the probe 

mixture 3 for high fidelity pattern matching and characterization of intact glycopeptides that 
represent, at least for N-glycans in PC-3 cells, the distribution of glycan structures observed 
by PNGase F-released glycan analysis. We applied this improved system to a broader set of 
cell lines and quantified the relative abundances of glycan structures observed, as well as 
labeling efficiency, using spectral counting. Application of isotopic recoding uniformly 
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improved the selection and confidence of our results across sample types and metabolic 
labels. These results set the foundation for broader applications of IsoTaG and mass-
independent MS. With a generally applicable method to discern glycosylation in a site-
specific manner, further correlation of structure to function for particular glycosites may 
now be uncovered and studied. In addition to the acceleration of structure–function studies 
of the glycoproteome, the methodology employed in IsoTaG may potentially be applied 
toward studies of other chemically tagged post-translational modifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of IsoTaG method. Cell lines derived from various human tissues were treated 
with Ac4ManNAz or Ac4GalNAz to generate metabolically labeled glycoproteins. The 

glycoproteins were tagged with IsoTaG probe mixture 3 and affinity enriched. Tryptic 

digestion and cleavage of probe mixture 3 recovered isotopically recoded glycopeptides for 
analysis. Glycopeptides were analyzed by targeted LC–MS using IsoStamp v2.0 to direct 
selection of isotopically recoded species. A survey of 15 human cell lines was performed to 
demonstrate the broad applicability of IsoTaG and revealed 74 glycan structures over 3500 
intact glycopeptides.
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Figure 2. 
Workflow for model generation and pattern matching by IsoStamp v2.0. (A) Full scan MS 
data are bundled across scans and peaks are selected for analysis by charge state. (B) A 
predicted distribution is generated by convolution of a base pattern derived from a modified 
averagine model and an overlaid tag pattern. (C) Observed and predicted distributions are 
compared by subtraction to obtain linear and MSQR errors. Examples of errors used in the 
error function are shown in red overlaid on the observed pattern match shown in gray, where 
a denotes the abundance of the peak contributing to the error measurement. Error types: m = 
misaligned, pr = precursor, N = noise, d = m/z deviation, M = missing.
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Figure 3. 
Fidelity of pattern recognition by IsoStamp. (A) Model system design. Bovine serum 
albumin (BSA) was tagged with halogen tags, digested, and spiked into Jurkat lysates. (B) 
Structures of halogen tags include tag 1 (monobromide), tag 2 (dichloride), and tag 3 
(dibromide). (C) Comparison of false negative rates between IsoStamp v1 and IsoStamp v2 
across tags 1–3. Bovine serum albumin tagged with a halogenated arene (tags 1–3) was 
added to Jurkat whole cell lysate and analyzed by MS. Data were obtained from ref 35. (D) 
Score distribution of pattern matches produced by IsoStamp v2 searching for halogen tagged 
peptides in complex mixtures. Jurkat lysates with halogen tagged BSA peptides generated 
better scored pattern matches than Jurkat lysate alone. Higher score indicates better match.
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Figure 4. 
Evaluation of stable isotope probes and pattern diversity. (A) Stable isotope probe mixtures 

1–8 were prepared by NMR titration and validated by MS. (B) Manual validation of the top 

50 scored pattern matches by IsoStamp v2.0 produced by the stable isotope mixtures 1–8. 
BSA was chemically modified on its lysine residues with azidoacetate, conjugated with the 
stable isotope mixtures by CuAAC, and analyzed on an Orbitrap XL.
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Figure 5. 
N-Glycan structures observed in a 15-cell line survey. (A) N-Glycans ranged from high-
mannose and partially degraded, hybrid, biantennary, triantennary, and tetrantennary 
glycans. (B) Frequency of observed metabolically labeled N-glycan structures. Bars are 
color coded to class of glycan structure.
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Figure 6. 
O-Glycan structures observed in a 15-cell line survey. (A) A total of 18 O-glycan structures 

were observed, including O-GlcNAc (O1, O1*), mucin type (O2–O18), and sialylated 

glycan structures (e.g., O5–O7). (B) Frequency of observed metabolically labeled O-glycan 
structures.
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Figure 7. 
Glycoproteins and glycopeptides identified across 15 cell lines. (A) Distribution of 
glycoprotein subcellular localization. (B) Distribution of glycans labeled by Ac4GalNAz. 
(C) Distribution of glycan attachment sites labeled by Ac4ManNAz. (D) Frequency of 
unique peptide substrate occurrence across cell lines. The majority of peptide substrates 
were observed in only one cell line.
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Figure 8. 
Comparison of N-glycan structures by released N-glycan analysis and glycans observed by 
IsoTaG from a single cell line. (A) Released permethylated N-glycan analysis by MALDI. 
Glycan structures from PC-3 cells also observed by IsoTaG are marked with “*”. (B) Intact 
glycan analysis by IsoTaG of PC-3 cells. Glycan structures from PC-3 cells that are also 
found by free glycan analysis are shown in black. Structure codes correspond to the glycan 
structures in Figure 5.
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Table 1

Ten Most Frequently Observed Glycopeptides, and Their Associated Glycan Structures, Across a 15-Cell Line 
Survey

entry glycopeptide (glycosite bolded) frequency glycan structures protein (accession)

1 LSALDNLLNHSSMFLK 66 N6, N7, N8, N9, N10 Hypoxia up-regulated protein 1 
(Q9Y4L1)

2 TAAAQVGTSVSSATNTSTRPIITVHK 61 O1, O1* Host cell factor 1 (P51610)

3 KTPTTVVPLISTIAGDSSR 50 O1, O1* Vascular endothelial zinc finger 1 
(Q14119)

4 SGTVTVAQQAQVVTTVVGGVTK 44 O1, O1* Host cell factor 1 (P51610)

5 TIPMSAIITQAGATGVTSSPGIK 43 O1, O1* Host cell factor 1 (P51610)

6 GAPNKEETPATESPDTGLYYHR 41 O2, O4, O6, O7, O17 Nucleobindin-1 (Q02818)

7 TILVDNNTWNNTHISR 35 N5, N6, N7, N8, N9, N10 Dolichyl-diphosphooligosaccharide—
protein glycosyltransferase subunit 
STT3A (P46977)

8 TVLTPATNHMGNVTFTIPANR 34 N6, N7, N8, N9 Complement C3 (P01024)

9 TTLVDNNTWNNSHIALVGK 33 N6, N7, N8, N9, N10, 
N11

Dolichyl-diphosphooligosaccharide—
protein glycosyltransferase subunit 
STT3B (Q8TCJ2)

10 VMSVVQTKPVQTSAVTGQASTGPVTQIIQTK 33 O1, O1* Host cell factor 1 (P51610)
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