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Abstract

Simultaneous elucidation of the glycan structure and the glycosylation site are needed to reveal the 

biological function of protein glycosylation. In this study, we employed a recent type of 

fragmentation termed higher energy collisional dissociation (HCD) to examine fragmentation 

patterns of intact glycopeptides generated from a mixture of standard glycosylated proteins. The 

normalized collisional energy (NCE) value for HCD was varied from 30 to 60% to evaluate the 

optimal conditions for the fragmentation of peptide backbones and glycoconjugates. Our results 

indicated that HCD with lower NCE values preferentially fragmented the sugar chains attached to 

the peptides to generate a ladder of neutral loss of monosaccharides, thereby enabling the putative 

glycan structure characterization. In addition, detection of the oxonium ions enabled unambiguous 

differentiation of glycopeptides from non-glycopeptides. In contrast, HCD with higher NCE 

values preferentially fragmented the peptide backbone and, thus, provided information needed for 

confident peptide identification. We evaluated the HCD approach with alternating NCE parameters 

for confident characterization of intact N- and O-linked glycopeptides in a single liquid 

chromatography–tandem mass spectrometry (LC–MS/MS) analysis. In addition, we applied a 

novel data analysis pipeline, so-called GlycoFinder, to form a basis for automated data analysis. 

Overall, 38 unique intact glycopeptides corresponding to eight glycosylation sites (six N-linked 

and two O-linked sites) were confidently identified from a standard protein mixture. This approach 

provided concurrent characterization of both the peptide and the glycan, thereby enabling 

comprehensive structural characterization of glycoproteins in a single LC–MS/MS analysis.
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Glycosylation is one of the most prominent protein posttranslational modifications and is 

linked to various structural and functional roles in many biological processes, including 
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fertilization, immune defense, viral replication, parasitic infection, cell growth, cell–cell 

adhesion, inflammation, and signal transduction [1–5]. Glycans can be either covalently 

bound to the amide group of asparagine (i.e., N-linked glycosylation), or attached to the 

hydroxyl group of serine or threonine (i.e., O-linked glycosylation).

Despite the great biological and medical importance, glycopeptide characterization still 

presents significant analytical challenges. Glycopeptides are often difficult to detect without 

enrichment because of their low abundance. In addition, the ionization efficiency of 

glycopeptides is typically low, and the signal is often suppressed by the overwhelming 

majority of coexistent non-glycosylated peptides [6–8]. To tackle abundance and ionization 

challenges, various enrichment methods, such as zwitterionic hydrophilic interaction 

chromatography (ZIC–HILIC)1 [7,9] and lectin [10], porous graphitic carbon [11,12], and 

hydrazine [13,14] chemistries, are typically used. In addition, the often highly complex 

nature of the attached glycan makes the sequencing and identification very difficult. The 

most commonly applied strategy is enzymatic deglycosylation of peptides prior to liquid 

chromatography– mass spectrometry (LC–MS) analysis. Although this method allows for 

comprehensive characterization of glycoproteins and their glycosylation sites, it has obvious 

drawbacks in that it does not provide oligosaccharide composition and structure information 

critical for deciphering the function. Furthermore, none of the available glycosidases is 

universal. For example, the most commonly used endoglycosidase, PNGase F, did not 

perform well when applied to the bacterium Campylobacter jejuni, likely because of its 

unique monosaccharide composition [15]; in addition, there is no known enzyme that can 

cleave O-linked glycans as efficiently as PNGase processes N-linked glycans. Optimization 

of the existing analytical approaches for intact glycopeptide characterization [15,16], 

therefore, is critically needed to facilitate simultaneous characterization of the glycan 

structure and the corresponding peptide sequence.

Multiple tandem MS (MS/MS) strategies [15–19] and various bioinformatics tools 

[17,20,21] have been applied to characterize intact glycopeptides. Collisionally induced 

dissociation (CID) is known to preferentially cleave the glycosidic linkages and produce 

limited peptide backbone fragment ions [18]. An interesting approach to alleviate this issue 

and enable concurrent peptide and glycosylation site identification is adding one more 

fragmentation stage (MS3) [18]. However, this approach is limited by the requirement of 

sufficient parent ion intensity to generate useful information from the MS3 experiment. 

Besides, there currently is no available software to automatically interpret and combine 

information from different fragmentation stages, further limiting the applicability of the MS3 

approach, particularly for more complex samples.

Alternatively, electron transfer dissociation (ETD) can selectively fragment the peptide 

backbone while leaving the labile glycosidic bond intact. ETD is often combined with CID 

to comprehensively elucidate glycopeptide structure. Higher energy collisional dissociation 

1Abbreviations used: ZIC–HILIC, zwitterionic hydrophilic interaction chromatography; LC, liquid chromatography; MS, mass 
spectrometry; MS/MS, tandem MS; CID, collisionally induced dissociation; ETD, electron transfer dissociation; HCD, higher energy 
collisional dissociation; m/z, mass-to-charge ratio; NCE, normalized collisional energy; DTT, dithiothreitol; IAA, iodoacetamide; i.d., 
inner diameter; FA, formic acid; ACN, acetonitrile; HexNAc, N-acetylhexosamine; Hex, hexose; NeuAc, N-acetylneuraminic acid or 
sialic acid.
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(HCD) [22] has proven to be effective and is widely applied for characterization of various 

modifications [15], including glycosylation. Due to the ability of HCD to overcome the 

signal disruption caused by labile glycan fragmentation and to provide peptide sequencing, it 

can be combined with the CID spectra derived from glycoconjugate fragmentation to better 

determine the composition of the glycan moiety and the site of glycosylation [15]. However, 

many of the low mass-to-charge ratio (m/z) diagnostic glycan oxonium ions [16,23] might 

not be detectable in CID spectra due to the “low mass cutoff”, so-called “one third” rule, and 

this may result in less glycopeptide identification.

Here, we describe a novel LC–MS/MS strategy for comprehensive characterization of N- 

and O-linked glycopeptides using HCD with alternating normalized collisional energy 

(NCE) parameters. By evaluating a series of HCD parameters, we found that HCD with 

lower NCE values preferentially cleaves the more fragile glycan structure, whereas HCD 

with higher NCE values preferentially cleaves the peptide backbone. Finally, we propose an 

automated data analysis strategy, based on the principles of de novo peptide sequencing [24], 

which facilitates localization of glycosylation sites and determination of glycan structures in 

a high-throughput manner.

Materials and methods

Glycopeptide enrichment by ZIC–HILIC column

Albumin, fetuin, α1-acid glycoprotein, and ribonuclease B mixture (1 mg each, Sigma–

Aldrich, Milwaukee, WI, USA), and the secreted proteins (10 mg) from Aspergillus niger 
prepared according to the previous work [25], followed by the addition of urea (8 M), were 

reduced with 10 mM dithiothreitol (DTT, Sigma–Aldrich) for 30 min at 60 °C, and then an 

appropriate amount of iodoacetamide (IAA, Sigma–Aldrich) was added in a sample to reach 

a concentration of 40 mM. The sample was shaken at 800 rpm at 37 °C in the dark for 1 h to 

alkylate. Following incubation, protein samples were digested for 3 h at 37 °C by using 

porcine sequencing-grade trypsin (Promega, Madison, WI, USA) at a substrate/enzyme mass 

ratio of 50:1.

The peptide mixture digested from albumin, fetuin, α1-acid glycoprotein, and ribonuclease 

B was separated by a capillary ZIC–HILIC column (10 cm length, 530 μm inner diameter 

[i.d.], 3.5 μm, 200 Å, Merck SeQuant, Umeå, Sweden) using an in-house-designed LC 

system with a flow rate of 6 μl/min (Fig. 1). The mobile phases consisted of 0.1% formic 

acid (FA) in acetonitrile (ACN) (A) and 0.1% FA in H2O (B). Samples were diluted to 

double their original volume by mobile phase A, and insoluble material was removed by 

centrifugation at 10,000 rpm for 1 min. Sample concentration was approximately 3 μg/μl, 

and a 20-μl sample was loaded onto the column. Following loading, the column was first 

washed twice by 99% mobile phase A for 20 min, followed by 20% mobile phase B for 10 

min. Bound peptides were eluted by 80% mobile phase B for 10 min and 100% mobile 

phase B for 20 min. Eluted peptides were concentrated using SpeedVac.

The tryptic peptides from A. niger secreted proteins were diluted to 0.535 ml with mobile 

phase B and loaded onto the ZIC–HILIC column (150 × 4.6 mm, 3.5 μm, 200 Å, Nest 

Group, cat. no. Q150449S32-155) at a flow rate of 0.6 ml/ min for 10 min with 99% mobile 
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phase A. A linear gradient of 0 to 20% mobile phase B was then used to wash the column 

for 10 min, followed by a second wash of a linear gradient of 20 to 80% mobile phase B for 

15 min. The enriched peptides were eluted using a linear gradient of 80 to 100% mobile 

phase B for 15 min, lyophilized overnight, and dialyzed for 4 h and then overnight with 

nanopure water using a 2-ml, 1-kDa MWCO (molecular weight cutoff) filter (GE 

Healthcare, cat. no. 80-6483-94) at 4 °C. The dialyzed eluent was then concentrated to 

dryness using SpeedVac.

Hypercarb LC–HCD MS/MS

Approximately 1.2 μg of glycopeptide mixture was reconstituted in 4 μl of nanopure water 

and further separated using a 30-cm-long, 75-μm-i.d. Hypercarb (porous graphitic carbon) 

column (Thermo Scientific, San Jose, CA, USA) and a nanoACQUITY UltraPerformance 

LC system (Waters, Manchester, UK). The mobile phases were the same as for ZIC–HILIC 

enrichment described above except that mobile phases A and B were switched. The 

glycopeptides were eluted using a gradient from 5 to 50% mobile phase B (0.1% FA in 

ACN) over 58 min at 400 nl/min directly into a Thermo LTQ Orbitrap Velos mass 

spectrometer (Thermo Scientific). The LTQ Orbitrap Velos was operated in a data-dependent 

MS/MS mode with the top eight ions (intensity) per duty cycle selected for HCD. In the 

initial experiments, a series of four NCEs (30, 40, 50, and 60%), for HCD were tested to 

determine optimal collisional energy (i.e., ideal HCD spectra). In the following experiments, 

the LTQ Orbitrap Velos was also operated in a data-dependent mode with the top eight ions 

and the HCD acquisitions automatically switching between NCEs of 30 and 50%.

Data processing

To automate and streamline the data processing for LC–MS/MS datasets with alternating 

HCD NCE parameters, we propose a new data analysis pipeline, GlycoFinder, which allows 

for high-throughput characterization of glycopeptides. First, a characteristic glycan oxonium 

ion list was generated using previously published data, including N-acetylhexosamine 

(HexNAc) (m/z = 138.05 and 204.09), hexose (Hex) (m/z = 163.06), N-acetylneuraminic 

acid or sialic acid (NeuAc, m/z = 274.09 and 292.10), Hex + HexNAc (m/z = 366.14), and 

NeuAc + Hex + HexNAc (m/z = 657.24) [16,23]. Using in-house-developed software, all 

tandem mass spectra were searched against the compiled list of oxonium ions with high 

mass accuracy (±10 ppm), and the candidate glycopeptide spectra were selected based on 

matched diagnostic oxonium ions. To minimize false positives derived from random matches 

with diagnostic ions, we applied heuristic rules (e.g., coexistence of Hex oxonium ion and 

HexNAc oxonium ion as the diagnostic ions of NeuAc + Hex + HexNAc). To assign 

possible monosaccharide composition for the candidate glycopeptides, the HCD spectra 

obtained with low NCE values (i.e., 30%) were analyzed in a manner similar to de novo 

sequencing of amino acid residues: de-isotoped spectra were analyzed based on the 

difference between fragment masses that can be fit within the specified mass measurement 

accuracy (e.g., 10 ppm) to the mass of known monosaccharide residue. HCD spectra 

obtained with high NCE values (i.e., 50%) were analyzed by an approach similar to USTags 

[24] and manually validated. The resulting data were integrated for a final glycopeptide 

assignment.
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Results and discussion

Two-dimensional enrichment and separation of glycopeptides

Comprehensive glycopeptide characterization requires a selective and reproducible method 

to separate glycopeptides from non-glycopeptides. Here, we applied an offline two-

dimensional (2D) LC approach to enrich and separate glycopeptides (Fig. 1). We used a 

ZIC–HILIC column in the first dimension to enrich glycopeptides from the complex 

glycoprotein digestion mixture offline, using a fast step-washing method. ZIC–HILIC resin 

has been demonstrated to provide highly selective and specific glycoprotein and 

glycopeptide enrichment [7,26,27], based mainly on the hydrophilicity difference between 

glycosylated and non-glycosylated protein and peptide [28]. As a second dimension of 

separation, we used a graphitized carbon column and coupled it directly to the mass 

spectrometer. Contrary to ZIC–HILIC, the separation mechanism of graphitized carbon is 

based mainly on hydrophobic interaction. Compared with reversed-phase columns on which 

glycopeptides are barely retained, a graphitized carbon column can effectively bind 

glycopeptides, making it ideal for online coupling to MS for glycopeptide separation. 

Overall, 43% of the tandem mass spectra acquired in a single LC–MS/MS analysis were 

assigned to glycopeptides based on oxonium ion signatures. These results indicate that 

relatively straightforward stepwise ZIC–HILIC enrichment can efficiently enrich 

glycopeptides for subsequent MS analysis.

HCD fragmentation

Fig. 2 depicts the example HCD spectra for an N-linked glycopeptide and an O-linked 

glycopeptide released from fetuin protein under different NCE settings. Fig. 2A (NCE = 

30%) and Fig. 2B (NCE = 50%) show tandem mass spectra of an N-glycopeptide NLTK, 

featuring a high mannose-type glycan attached to the asparagine. Fig. 2C (NCE = 30%) and 

Fig. 2D (NCE = 50%) show tandem mass spectra of an O-glycopeptide 

VVVGPSVVAVPLPLHR, with sialylated glycans attached to the serine. In each HCD 

spectrum, the glycan oxonium ions were detected with high intensity, confirming the 

glycopeptide nature of these precursors. A series of ions from Y1 to Y7 corresponding to a 

laddered pattern of glycan cleavage are shown clearly in Fig. 2A with HCD under NCE = 

30%, providing crucial information for reconstruction of monosaccharide residue structure 

of the glycan moiety. In contrast, HCD under NCE = 50% (Fig. 2B) yielded a rich series of y 

and b fragment ions, thereby enabling peptide sequence assignment. Similar behavior was 

observed for the O-linked glycopeptides. For instance, HCD with NCE = 30% of a triply 

charged O-linked glycopeptide (VVVGPSVVA VPLPLHR) produced mainly Y ions, with 

very few peptide backbone fragment ions. The presence of NeuAc at the terminal position 

was suggested by the presence of the oxonium ions at m/z = 274.09 and 292.10 and was also 

confirmed by the mass difference between the precursor ion (766.09+3) and the Y2 ion 

(1003.8+2), which corresponded to the mass of the assigned glycan. Extensive backbone 

fragments were detected when HCD with NCE = 50% was applied, and the glycopeptide 

sequence was validated by the y and b ions, as shown in Fig. 2D.

Fragments from both the peptide backbone and the glycan are necessary for confident 

glycopeptide characterization. We tested four NCE settings (30, 40, 50, and 60%). Although 
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the NCE setting is not distinct for the favorable fragmentation of the sugar chain or peptide 

chain, the general trend is obvious that glycan was preferentially fragmented at lower NCE 

values, whereas the peptide backbone was preferentially fragmented at higher NCE values 

(Fig. 3). Hence, using these complementary fragmentation regimes, one can obtain both 

peptide and glycan fragments needed for structural characterization of glycopeptides.

Normalized intensities of different fragment ions were plotted over a range of HCD NCE 

values (Fig. 3) according to the published method [23]. Fig. 3A and C show averaged 

fragment intensities of three N-linked glycopeptides. All three N-linked glycopeptides have 

the same amino acid backbone sequence (NLTK) derived from RNase B, but with different 

glycans attached: 2 HexNAc + 7 Hex, 2 HexNAc + 6 Hex, and 2 HexNAc + 5 Hex. The 

intensities of the same fragment ion from each N-linked glycopeptides were averaged. Then, 

the averaged values of different fragment ions were normalized using the highest fragment 

ion intensity as 100%. Fig. 3B and D show averaged fragment intensities of two O-linked 

glycopeptides (VVVGPSVVAVPLPLHR and IVGQPSIPGGPVR) derived from fetuin. For 

N-linked glycopeptides, at lower NCE values (i.e., 30%), no peptide ions or backbone 

fragment ions were detected (Fig. 3A). With increased NCE, the relative intensities of 

peptide ion or backbone fragment ions were also increased, reaching a maximum value at 

NCE = 50%; at even higher NCE (i.e., 60%), their relative intensities were either 

comparable or slightly decreased. Similar observations were made for O-linked 

glycopeptides (Fig. 3B). Conversely, the relative intensities of Y series ions were at their 

highest value for NCE = 30%. The Y ions disappeared when NCE reached 50%. These 

findings suggest that the use of alternating HCD NCE values provides the optimal solution 

for comprehensive structural characterization of glycopeptides; lower NCE values such as 

30% can be chosen to majorly fragment glycans, and higher NCE values such as 50% can be 

chosen to majorly fragment glycopeptide backbones. Although the NCE parameters for 

favorable fragmentation of glycans or peptides are not distinct, they fall in a close range.

LC–MS/MS analysis for glycopeptides using alternating HCD NCE parameters

The LC–MS/MS analyses were performed on the glycopeptides enriched from a standard 

protein mixture using alternating HCD collisional energies, NCE = 30 and 50%. A data 

analysis pipeline, GlycoFinder, was developed in-house to enable automated glycopeptide 

identification and characterization. The spectra resulting from HCD with low NCE values 

provided rich information in the form of oxonium ions and monosaccharide neutral loss and 

were used to generate a list of candidate glycopeptides. Accurate mass information from 

HCD spectra increased the confidence of the assignment. In addition, based on the detected 

y-ion ladders, GlycoFinder calculated the peptide mass by subtracting the mass of a glycan 

from the mass of a glycopeptide. This information was then combined with peptide 

sequence information derived from the NCE = 50% HCD spectra.

In this study, 38 N- and O-linked glycopeptides (eight glycosylation sites) derived from 

fetuin, α-1 acid glycoprotein, and RNase B were confidently identified (see Supplementary 

Table 1 in online supplementary material). Interestingly, three N-linked glycopeptides (one 

glycosylation site) derived from bovine α2-macroglobulin were also identified. α2-

Macroglobulin was reported as the mitogenic component of crude fetuin preparations and 
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most likely existed as a small contamination in the purchased bovine fetuin standard [29]. 

No glycopeptides from ovalbumin were identified, likely because of missed cleavage. 

Ovalbumin contains only one potential N-glycosylation site at amino acid residue 293. If the 

tryptic cleavage site is missed in the neighborhood of the glycosylation site, or if trypsin 

fails to act efficiently on highly posttranslationally modified protein, the resulting 

glycopeptide could be too large for efficient LC–MS detection. The identified glycosylation 

sites are all confirmed in UniProt (http://www.uniprot.org), and glycan compositions are all 

confirmed in GlycoSuiteDB (http://glycosuitedb.expasy.org/glycosuite/glycodb).

Application to the biological complex sample secretome from A. niger

Preliminary data suggest that HCD with alternating NCE parameters has also been 

successfully applied to the complex biology sample, ZIC–HILIC-enriched secretome from 

A. niger. Fig. 4 shows the MS/MS spectrum of the N-linked glycopeptide 

TFADGFVSIVETHAASN*GSMSEQYDK from glucan 1,4-α-glucosidase. The enzyme is 

responsible for successive hydrolysis of α-(1→4)-linked glucose residue from nonreducing 

ends of the glycan chain. Under low NCE settings, the glycan structure was determined to be 

8 Hex + 2 HexNAc based on the mass difference between the precursor ion (4492.8401) and 

peptide (2790.2442), observable characteristic oxonium ions for HexNAc (m/z = 204.09) 

and Hex+HexNAc (m/z = 366.14) [16], and ladder peaks in the mass spectra for Hex and 

HexNAc (Fig. 4A). Under high NCE settings, rich fragment ladder ions from peptide 

backbone sequence were identified and the detected glycopeptide was further confirmed as 

TFADGFVSIVETHAASNGSMSEQYDK (Fig. 4B). The glycosylation site was localized at 

Asn419, the sole Asn where N-linked glycosylation can occur within the peptide sequence. 

The glycosylation site at Asn419 was also reported in previous work [25], but the glycan 

structure is identified only here.

The details for high-throughput analysis of glycoproteins from the secretome of A. niger and 

the complete glycoprotein list will be published in a separate article. In addition, our future 

work will also incorporate the evaluation of false discovery rate for the identified 

glycopeptides.

Conclusions

We have demonstrated that HCD with alternating NCE parameters can effectively generate 

fragment ions of the glycan chain and the peptide backbone. Mass of the peptide and 

monosaccharide composition of the glycan can be derived from HCD tandem mass spectra 

with lower NCE values, whereas the peptide sequence can be derived from HCD tandem 

mass spectra with higher NCE. These results suggest that the characterization of the 

glycopeptides using the described approach provides a unique platform for rapid and 

comprehensive analysis of site-specific glycosylation in complex mixtures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Supplementary data associated with this article can be found, in the online version, at http://
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Fig. 1. 
Schematic representation of the experimental workflow.
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Fig. 2. 
Examples of N-linked glycopeptide (A,B) and O-linked glycopeptide (C,D) tandem mass 

spectra acquired using HCD collisional energy: NCE = 30% (A,C) and NCE = 50% (B,D). 

B ions and Y ions (uppercase) are glycan fragmentation ions, and the designations follow 

the rule described in the previous publication [30]; b ions and y ions (lowercase) are peptide 

fragmentation ions. Monosaccharides are labeled according to the nomenclature outlined by 

the Consortium for Functional Glycomics (http://glycomics.scripps.edu/

CFGnomenclature.pdf); squares, circles, and diamonds represent HexNAc, Hex, and NeuAc, 

respectively. Glycan is represented by the total number of each type of monosaccharide (i.e., 

2* □ represents two HexNAc in the detected glycan). Mass-to-charge ratio (m/z) and charge 

state (CS) of the selected precursor ion are listed on the top of each spectrum.
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Fig. 3. 
Normalized intensity of N- and O-linked glycopeptide fragment ions plotted for different 

HCD collisional energies: (A) peptide plus monosaccharide ions for N-linked glycopeptides; 

(B) peptide plus glycopeptide ions for O-linked glycopeptides; (C) singly charged peptide 

and y ions derived from the N-linked glycopeptides; (D) doubly charged peptide and y ions 

corresponding to the O-linked glycopeptide.
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Fig. 4. 
Identification of N-linked glycopeptide from A. niger secretome (AMYG_ASPNG 

glucoamylase) using HCD with alternating NCE parameters: (A) HCD analysis under low 

NCE settings; (B) HCD analysis under high NCE settings.
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