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ΔU values which yield a given type of fragment ion is widely varied among precursor 

ions of different proton mobilities. 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 3.4. Energy-resolved CID breakdown curve for the [SRNLTK + GlcNAc2Man5 + 3H]3+ 

glycopeptide ion. Amino acid residues with basic side chains are shown in bold, while the glycosylated 

asparagine residue is underlined. Each data point represents the mean of three replicate measurements; 

error bars, where visible, represent the standard deviation. 

Figure 3.5. Energy-resolved CID breakdown curve for the [NLTK + GlcNAc2Man5 + H]+ glycopeptide 

ion. Amino acid residues with basic side chains are shown in bold, while the glycosylated asparagine 

residue is underlined. Each data point represents the mean of three replicate measurements; error bars, 

where visible, represent the standard deviation. 



63 
 

 

 

To provide a means for quantitative comparison of the vibrational energy required 

to access glycosidic and peptide backbone cleavages, additional Ek,n values were 

Figure 3.6. Energy-resolved CID breakdown curve for the [NLTKDR + GlcNAc2Man5 + 2H]2+ 

glycopeptide ion. Amino acid residues with basic side chains are shown in bold, while the glycosylated 

asparagine residue is underlined. Each data point represents the mean of three replicate measurements; 

error bars, where visible, represent the standard deviation. 

Figure 3.7. Energy-resolved CID breakdown curve for the [SRNLTKDR + GlcNAc2Man5 + 3H]3+ 

glycopeptide ion. Amino acid residues with basic side chains are shown in bold, while the glycosylated 

asparagine residue is underlined. Each data point represents the mean of three replicate measurements; 

error bars, where visible, represent the standard deviation. 
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calculated for the corresponding regions of the energy-resolved CID breakdown curves. 

First, Ek,n values which brought about the maximum total intensity of Yn>1 glycosidic 

fragments were determined by fitting the most abundant three to four points of the ΣYn>1 

curve with a quadratic function (i.e., downward opening parabola), and calculating the 

inflection point of this function. This was taken to represent the approximate value of ∆U 

which provided maximum glycosidic fragmentation. Similarly, the ∆U value at which the 

Σ(b+y) peptide fragments first constituted 20% of the total integrated peak area was 

obtained from a linear fit of the Σ(b+y) line in the energy-resolved CID breakdown plot. 

The 20% intensity was chosen because, while most of the glycopeptides eventually 

yielded peptide b and y ions to comprise approximately 40% or more of the integrated 

peak area (e.g., Figure 3.2b-c), in two cases only about 20% of the peak area could be 

attributed to peptide backbone cleavage products (e.g., Figure 3.2a). Thus, the 20% 

peptide fragment appearance value was used to enable reasonable comparisons among 

the different precursor ions. In the cases of both maximum ΣYn>1 intensity and 20% 

Σ(b+y) intensity, the ∆U values of interest were used to calculate the corresponding Ek,n 

values (cf. Equations 1-3). For each glycopeptide ion under study, these Ek,n values are 

summarized in Table 3.2. 

Similar to the results for precursor ion survival (cf. Table 3.1), the Ek,n values 

which yielded maximum ΣYn>1 intensity were seen to correlate with the CIR values 

assigned to each peptide moiety. That is, the Ek,n values correlate inversely with proton 

mobility, as expected. For precursor ions with a readily mobile proton (nH > nB), Ek,n 

values ranged from 4.74 – 5.56; for precursor ions with a partially mobile proton (nH = 

nB), Ek,n values ranged from 7.67 – 8.65; and for the precursor ion with no mobile protons 
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Table 3.2. Potential differences (ΔU) and degrees of freedom normalized initial precursor ion kinetic 

energies (Ek,n) resulting in the maximum proportion of glycosidic bond cleavage products (∑Yn>1), and 

those necessary for peptide backbone cleavage products (∑b,y) to constitute 20% of the integrated peak 

area for each glycopeptide ion. Additional explanation is provided in the caption to Table 3.1. 

 

(nH < nB), Ek,n value was 10.30. This underscores the influence of proton mobility upon 

the vibrational energy necessary to achieve the highest proportion of glycosidic scission 

products. Contrastingly, the Ek,n values that produced peptide b and y ions with an 

aggregate of 20% total spectral peak intensity fell in a relatively narrow range. All of 

these Ek,n values ranged from 10.90 – 13.93, with no clear relation to the proton mobility 

of the precursor ion. While initially unexpected, this can be rationalized by noting that, as 

illustrated by the energy-resolved CID breakdown curves (Figure 3.2), the Y0, b, and y 

ions appear to be tertiary products of sequential fragmentation, arising largely from 

further fragmentation of the Y1 ion. This suggests that the vibrational energy required to 

achieve peptide amide bond scission is not a function of the precursor ion proton 

 

 

    
Max ∑Yn>1 

Intensity 

20% ∑(b,y) 

Intensity 

 Glycopeptide Composition CIR z fv ΔU Ek,n ΔU Ek,n 

nH>nB 

[NLTK+GlcNAc2Man5+2H]2+ 0.73 2 693 17.0 4.91 42.9 12.38 

[SRNLTK+GlcNAc2Man5+3H]3+ 0.90 3 804 14.9 5.56 35.3 13.17 

[NLTKDR+GlcNAc2Man5+3H]3+ 0.90 3 810 12.8 4.74 35.2 13.04 

nH=nB 

[NLTK+GlcNAc2Man5+H]+ 2.18 1 690 58.8 8.52 75.2 10.90 

[SRNLTK+GlcNAc2Man5+2H]2+ 1.56 2 801 31.3 7.82 49.9 12.46 

[NLTKDR+GlcNAc2Man5+2H]2+
 1.56 2 807 34.9 8.65 56.2 13.93 

[SRNLTKDR+GlcNAc2Man5+3H]3+ 1.52 3 900 23.0 7.67 34.5 11.50 

nH<nB [SRNLTKDR+GlcNAc2Man5+2H]2+ 4.58 2 897 46.2 10.30 52.4 11.68 
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mobility, but dictated by the proton mobility of the Y1 fragment. As these Y1 fragments 

typically had lower charge states than the precursor ion (as will be shown and further 

discussed below), their proton mobilities were thus lower than those of the corresponding 

precursor ions. As a consequence, the vibrational degrees of freedom normalized initial 

precursor ion kinetic energies that bring about polypeptide b and y ions are quite similar 

among precursor ions – even those with very dissimilar precursor ion survival energies 

and glycosidic fragment appearance energies – because in each case the peptide sequence 

ions originate from an intermediate fragment with no mobile protons. These general 

observations could eventually be of considerable practical usefulness for the deliberate 

production of amino acid sequence information for unknown glycopeptides by CID. 

CID spectrum comparisons at various proton mobilities. With knowledge of 

how the precursor ion characteristics of protonated glycopeptides influence their energy-

resolved CID behaviors, collision energies could be selected such that information on 

either the oligosaccharide connectivity or the polypeptide sequence was intentionally 

accessed. Figure 3.8 provides the CID spectra of the same representative glycopeptide 

ions for which energy-resolved CID breakdown curves were shown in Figure 3.2. In 

these spectra, collision energies chosen to approximate the Ek,n values corresponding to 

maximum ΣYn>1 intensity (cf. Table 3.2). In each case, the CID spectra exhibited 

extensive series of Y-type fragment ions yielding the complete connectivity of the 

oligosaccharide group, down to at least the Y1 (and in one case, Y0) ion. In addition to the 

Y-type dissociation products, a prominent cross-ring cleavage product (0,2X0) was noted in 

the CID spectrum of the [SRNLTKDR + GlcNAc2Man5 + 2H]2+ ion (Figure 3.8c). While 

informative as to the general topology and composition of the glycan, none of these  
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spectra were found to yield any detectable peptide backbone fragmentation. The same 

glycopeptide ions were then interrogated at collision energies consistent with Ek,n values 

known to bring about ≥ 20% Σ(b+y) intensity (cf. Table 3.2); the resulting dissociation 

spectra are provided in Figure 3.9. Under these conditions, each precursor ion could be 

fragmented to yield significant information on the amino acid connectivity, with the 

peptide sequence coverages for the [NLTKDR + GlcNAc2Man5 + 3H]3+, [SRNLTK + 

GlcNAc2Man5 + 2H]2+, and [SRNLTKDR + GlcNAc2Man5 + 2H]2+ glycopeptide ions  

Figure 3.8. CID spectra for the [NLTKDR + GlcNAc2Man5 + 3H]3+ (a; nH > nB), [SRNLTK + 

GlcNAc2Man5 + 2H]2+ (b; nH = nB), and [SRNLTKDR + GlcNAc2Man5 +2H]2+ (c; nH < nB). The applied 

precursor acceleration potentials (ΔU) are indicated, and were chosen to bring about the maximum 

proportion of glycosidic bond cleavage products (cf. Table 3.2). Cleavage maps summarizing the 

fragmentation of each glycopeptide are provided to the right of each spectrum. 
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reaching 100.0%, 80.0%, and 71.5%, respectively. In addition to peptide sequence ions, 

Y2, Y1, Y0, and 0,2X0 cleavages were apparent in the spectra. Strikingly, all of the observed 

peptide sequence ions were singly charged, regardless of the charge state or proton 

mobility of the initial precursor ions. Moreover, at these collision energies the charge 

states of all of the Y1 ions were such that these fragments lacked a mobile proton (singly 

charged in the case of the [NLTKDR + GlcNAc] and [SRNLTK + GlcNAc] Y1 

fragments; doubly charged in the case of the [SRNLTKDR + GlcNAc] Y1 fragment). The 

Figure 3.9. CID spectra for the [NLTKDR + GlcNAc2Man5 + 3H]3+ (a; nH > nB), [SRNLTK + 

GlcNAc2Man5 + 2H]2+ (b; nH = nB), and [SRNLTKDR + GlcNAc2Man5 +2H]2+ (c; nH < nB). The applied 

precursor acceleration potentials (ΔU) are indicated, and were chosen to achieve peptide backbone cleavage 

such that these products constituted approximately 20% of the integrated peak area (cf. Table 2). Cleavage 

maps summarizing the fragmentation of each glycopeptide are provided to the right of each spectrum. 
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tendency of protonated glycopeptide ions is evidently to either lose charge (likely due to 

production of carbohydrate oxonium ions41-42) to render a Y1 fragment with lower proton 

mobility than the precursor, or to retain charge in cases where the initial precursor ion 

had no mobile protons. In all of the cases examined here, this causes the intermediate Y1 

fragment (which eventually gives rise to peptide b and y ions) to harbor only nonmobile 

protons. Thus, protonated glycopeptide ions can behave quite similarly with respect to the 

vibrational mode normalized collision energies which bring about peptide backbone 

fragments, even when they greatly differ in the energetics of precursor ion survival and 

glycan fragment appearance.  

 

Conclusions 

This report elaborates on the relation of precursor ion proton mobility to the 

relative energy requirements for glycan and peptide cleavage in vibrational activation / 

dissociation of representative N-glycopeptides. Both the 50% precursor ion survival 

energies and the energies which resulted in optimum production of glycan fragments 

varied widely among the precursor ions under study, and generally increased with 

decreasing proton mobility. Conversely, the energies at which peptide backbone 

fragments were readily accessed exhibited little or no correlation with the proton mobility 

of the precursor ion. This apparent disconnect is explained by the observation that peptide 

backbone fragments are products of sequential dissociation, and arise largely from the 

intermediate Y1 fragment. For all of the cases studied here, the Y1 fragments were 

produced in charge states that afforded only nonmobile protons, regardless of the charge 

state or proton mobility of the precursor ion. An important consequence of this finding is 
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that the degrees of freedom normalized vibrational energy deposition required to render 

peptide sequence ions was surprisingly similar among the glycopeptide ions studied, even 

when their other energy-resolved CID characteristics were quite disparate. While further 

study is needed in order to determine whether these trends are broadly representative of 

much larger populations of protonated N-glycopeptides, the current results are 

encouraging in that they suggest the potential that glycan cleavage and peptide cleavage 

can be deliberately accessed for putative unknowns based on characteristics such as 

charge state and molecular weight. This, in turn, intimates the possibility of an expanded 

role for CID in glycoproteomic analysis. 
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The work presented in this thesis emphasizes that the application of energy-

resolved collision-induced dissociation can yield significant coverage of both the 

monosaccharide connectivity and the amino acid sequence of protonated N-linked 

glycopeptide ions. As a general principle, increasing collision energies lead to multiple, 

consecutive generations of product ions that appear in a particular order: Yn>1 glycan 

cleavages (primary fragment ions), Y1 glycan cleavage (secondary fragment ions), and b, 

y peptide cleavages (tertiary fragment ions). This qualitative behavior applies to all 

protonated N-glycopeptides studied here, regardless of charge state, glycan type, or 

peptide composition. However, the quantitative relationships between collision energies 

and fragment ion types did vary considerably among different analyte ions. These 

quantitative differences were explained in part by precursor ion proton mobility. Proton 

mobility of the precursor ion was found to correlate negatively with the collision energies 

required to deplete the precursor ion, and to produce primary fragmentation products 

(Yn>1 glycan fragments). By contrast, the production of peptide b and y ions was found to 

have no relation to precursor ion proton mobility. This is consistent with the observation 

that the peptide b and y cleavages are tertiary fragment ions, arising from the secondary 

Y1 fragment ions. The apparent disconnect between the precursor ion proton mobility and 

the collision energies needed to produce peptide fragmentation is also in accord with the 

observation that Y1 fragment ions generally have lower proton mobilities than their 

respective precursor ions (largely due to loss of charge to carbohydrate oxonium ions). 

Overall, these results suggest the possibility that precursor ion characteristics, including 

proton mobility, can be predictive of the collision energies needed to intentionally access 

glycan or peptide cleavage products. 


