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REVIEWER COMMENTS 

 

Reviewer #1 (Remarks to the Author): 

 

This is a revised manuscript previously submitted to [redacted] and has been reviewed by 3 

reviewers. In this revision, the authors have largely answered to all the reviewers' comments and 

concerns although some not entirely satisfactorily. It packs in a lot of Supplementary notes and 

Figures, with lots of comparative analysis using other available software. GlycoDecipher is overall a 

very worthy software tool for glycoproteomics and the authors have invested substantially in this 

rather well accomplished work, taking into considerations most aspects. 

 

One problem it has is the timing. The main bulk of the work in developing GlycoDecipher and 

calibrating its performance were obviously completed after MSFragger Glyco came out but before 

StrucGP and pGlyco3. Therefore the main comparison reported was against Byonic, MSFragger and 

pGlyco2. In this revision, the authors further added comparison against StrucGP and pGlyco3 as 

Supplementary data (Suppl Fig 37-38) without actually incorporating the results into the main 

manuscript other than a casual remark in the Discussion unrelated to their performance. This is 

unfortunate since pGlyco3 is a significant upgrade from pGlyco2. Given the authors did extend their 

comparison to pGlyco3 and have the data in hand (and presented as Suppl data), it is more a choice 

of convenience rather than good scientific rationale to have the main revised manuscript still talking 

mostly about pGlyco2 instead of replacing it with the data obtained from pGlyco3. This is 

understandable because doing so would require substantial rewriting and re-doing of the 

manuscript. 

 

Still, given its find Y1 first and glycan library independent nature, it is best compared against StrucGP 

and pGlyco3, so that it will not appear much outdated by the time this manuscript is eventually 

accepted and published. As reported, its performance  seems to be significantly better than StrucGP 

but only marginally so against pGlyco3, which itself is a significant improvement over pGlyco2. The 

 



comparison against StrcuGP is also relevant in the sense that both adopted glycan library free 

approach in the initial find Y1 step but presumably GlycoDecipher outperforms StrucGP by better 

implementation of the in silico deglycosylation and spectrum expansion steps. Subsequently, it is 

also interesting to compare their different approaches in putting together the glycan part, both 

ended up with many unaccounted for "modification"s. GlycoDecipher is seemingly a strong 

contender among the recently introduced, better performing glycoproteomics/glycopeptide ID 

software.  It is worth adopting and tested by more users, and hence its publication is recommended. 

Whether it fits well the scope of this journal or better suited for more specialized journal is another 

matter. 

 

Overall, as already pointed out by previous reviewers, the real novelty and strength of 

GlycoDecipher is its spectrum expansion step and this is the part that should be highlighted. It was 

appropriately compared against the open search nature of MSFragger. There are important insights 

to be learnt here.  GlycoDecipher sits somewhere in between pGlyco3 and MSFragger Glyco in terms 

of its conceptual approach, with comparable or slightly superior performance. The authors stressed 

too much on the numbers instead of dealing more with the hard questions on how each handles 

difficult cases. PSM, GPSM and glycopeptide ID numbers are meaningless without considering their 

reliability. Even the FDR and probability values reported by each software can be misleading when 

compared side-by-side since the ways these are done for each software are not always directly 

comparable. 

 

A point to note, as shown by Suppl Table 3, is that a significant gain in additional PSM by spectrum 

expansion did not actually lead to unique glycopeptide (either unique peptide or unique glycan 

composition) but simply more of the same glycopeptide from additional MS2 scans of inferior 

quality. While the increase in total PSM/GPSM is impressive, a more relevant performance index will 

be how many additional unique glycopeptides were identified with relatively high confidence 

through this process. GlycoDecipher is seemingly a strong contender among the recently introduced, 

better performing glycoproteomics/glycopeptide ID software.  It is worth adopting and tested by 

more users, and hence its publication is recommended. Whether it fits well the scope of this journal 

or better suited for more specialized journal is another matter. 

 

1. Returning to the one strength of GlycoDecipher, it is unclear in the spectrum expansion step 

whether Y ions are also considered during the search and/or during the similarity scoring. The 

formula provided for spectrum expansion scoring in the Methods section (ln 913) includes m as the 

number of matched fragment ions of the N-glycan core structure - presumably that means the Y0-Y5 

ions? Furthermore it says that "The FDR of the identification results after spectrum expansion was 

calculated, and PSMs with an FDR<0.01 and with at least 3 core structure fragment ions were 

retained for further glycan identification.", which means that even those identified  by spectrum 

expansion should at least have 3 Y ions or will be discarded. In other words, please confirm that all 

GPSM accepted by GlycoDecipher should have at least 3 Y ions - but it needs not be Y0 or Y1? In 

Suppl Fig 12 legend, it was stated that "Due to the core structure peak validation after spectrum 

 



expansion, all peptide identifications in Glyco-Decipher matched Y1 peaks in MS2". This would imply 

that presence of Y1 is a criteria for validation. Please clarify the use of Y ions in the search, scoring 

and subsequent validation. 

 

2. The PSM retained for MS-GF+ search after in silico deglycosylation was based on qValue <0.01. In 

subsequent spectrum expansion, the scoring of the additional PSM found was based on the formula 

provided and then controlled by FDR <0.01, with at least 3 core structure fragment ions. What actual 

PSM scores are these correlated with, respectively, and what values can be considered as confident? 

Can the PSM scores for both in silico deglycosylation and spectrum expansion be directly 

comparable ? More to the point, as shown in Fig 2d and Suppl Fig 7, the y-axis refers to PSM score 

and PSM from both in silico deglycosylation and additional spectrum expansion were plotted 

together. To distinguish from "low score" PSMs and random matches, a PSM score of >100 will seem 

to be needed. From a user's point of view, once running through the search with GlycoDecipher, 

which PSM value (score, qValue, FDR, other criteria) should be considered and reported to give a 

relatively high confident ID that includes PSMs from spectrum expansion? Also, as presented in 

Suppl Excel Files, each GPSM contains peptide score, core score and glycan score, as well as peptide 

FDR (but no glycan FDR or expectation value). Are these already filtered at a certain threshold? If so, 

what's the value? 

 

3. In addition to Suppl Fig 7, which shows the distribution in PSM score for those PSMs identified 

through spectrum expansion, it will be more convincing to show the actual MS2 spectra for those 

considered as more convincing (high PSM score) and those among the worst scoring but still 

acceptable by the FDR threshold. This is important since for all subsequent performance comparison 

against other search engine, those GPSM identified by spectrum expansion were included. 

 

4. Similarly when trying to match the glycan mass to entries in GlyTouCan, some problematic 

assignments due to poor monoisotopic pattern, +1 mass offsets, overlapping precursor clusters in 

chimeric spectra, lack of supportive B and/or Y ions etc should be shown and discussed to let 

potential users have a better feel of how reliable the ID is, based on the scoring and FDR/probability 

filtering. All software can handle relatively good quality spectra very well and be able to distinguish 

even isomeric glycan structures (Suppl Fig 1-3). How each will handle ambiguous case and how these 

are marked out and reported are actually more relevant than reporting the highly confident cases. 

 

5. Reviewer 1 has correctly pointed out that there are lacdiNAc and fucosylated or sulfated lacdiNAc 

in the SRAS-CoV2 spike proteins. This is a test of how well GlycoDecipher (and other software) can 

distinguish the probable terminal structures (and modifications) from mere glycosyl composition. 

The authors did not respond to the lacdiNAc issue and the +80 modiification was attributed to 

Hex+80 (242 u) on high mannose and not HexNAc+80 or sulfate on complex type N-glycans. Sulfated 

N-glycan compositions at several sites of the spike proteins were reported by Zhao et al in Suppl 

Tables S6 and S8. 

 



 

6. Suppl Fig 1. The data cannot distinguish between what was drawn as a biantennary LeX-LeX versus 

a triantennary structure. 

 

 

Reviewer #2 (Remarks to the Author): 

 

I think this can be published with minor corrections. 

Lines 53-56: the authors state on average only 6% of glycopeptide spectra are identified whereas 

more than 70% of spectra can be identified in routine proteomic analysis. I think using these two 

datasets to represent all of each type of data is somewhat misleading. Matching more than 70% of 

spectra in a regular proteomics study is unusually high (50% is higher than average), and the last 

glycopeptide dataset I analyzed in-house I identified 16% of spectra. I think it would be better either 

to state that only 6% were identified in one of the datasets used in this study whereas a study 

identifying more than 70% of spectra have been reported for routine proteomic study, or better 

simply that a significantly lower percentage of spectra are typically identified in glycopeptide 

datasets. 

The authors need to be careful to not imply that if a spectrum does not contain a Y1 then it is 

incorrect. In the comparison to other software they state that presence of Y1 means the peptide 

identification is higher confidence, and they state that all the GlycoDecipher results contain a Y1, 

meaning the GlycoDecipher results are high confidence. The lack of a Y1 does not mean it is 

incorrect (although it is more likely to be). 

Similarly, they need to be careful to not equate ‘same answer by both software’ as being correct 

(lines 317-318; just report the agreement. 

Line 241: the enlarged mass range in open searching leads to a linear (not exponential) increase in 

search space: searching 5x larger range makes searches 5x slower. 

Figure 4A: I recommend changing ‘loss’ to ‘unique’. 

I agree with one of the other reviewers that there should be some comment about what types of 

data this software may not be as effective with. It is reliant on getting extensive coverage of the 

smaller Y ions and particularly Y1. These ions will often be present in stepped HCD data. However, 

these are not as consistently there in data acquired at only one high collision energy, which is more 

common for data acquired on non-Thermo instruments, and they are also not as regularly present in 

EThcD data. 

Two reviewers commented that a 30 minute window for matching glycopeptides from the same 

peptide seems too large. In response they have produced Supplementary Figure 8, which basically 

confirms this is the case; there is practically no gain going above 20 minutes, and there may not be 

 



any gain going above 15 minutes. I guess the information is now there for a reader to make a 

decision about whether they would use the same parameters. 

The authors have done a lot of data analysis, most of which is in supplementary files/figures. Some 

of this is of questionable value. For example, there was no need to confirm that that the ammonium 

salt adducts were from an exogenous source: it comes from the buffer (ammonium bicarbonate) 

used to elute from the HILIC column used for glycopeptide enrichment and is common to most 

HILIC-enriched glycopeptide datasets. How much superfluous data matters if it is mostly in the 

supplementary material (there is one sentence in the main manuscript on this), is open to debate. 

 

 

Reviewer #3 (Remarks to the Author): 

 

The authors have addressed many (but not all) of the raised points, which have improved the 

manuscript. However, some weaknesses remain. For some of the points, the authors only partially 

responded to or misunderstood the raised concern. Further, it was unclear from the response letter 

how the authors actually addressed many of the concerns (they only replied to me, but it was not 

mentioned how manuscript was actually revised). The following issues need attention: 

 

1. The revised manuscript does not clearly acknowledge the structural uncertainty/ambiguity of the 

reported glycopeptides and the many shortcomings of the software are not clearly discussed. These 

points need to be exhaustively addressed to enable readers to understand what this tool can and 

can’t do. For example (but not limited to): i) it needs to be mentioned that the glycan fine structures 

are not confidently identified with this tool, the top ranked glycan candidates are reported and 

drawn, but these are not necessarily the correct ones. The structural information is just not available 

to confidently draw a glycan with fine structural details including topology (e.g. SFig 3), ii) GlcNAc 

and GlcNAc-Fuc peptides cannot be recognized by this method (many such N-glycopeptides in 

mouse brain, PMID: 23816992) since no Y2 ions are present for such peptides, iii) Peptide 

modifications can easily be mistaken as glycan modifications if these are labile PTMs that fall off 

readily in the HCD process (i.e. the Y1 ion carries the loss of the peptide PTM). The authors did not 

address these important points in the R1. 

 

2. The authors must also acknowledge that a fair comparison between software may not have been 

performed with this study - all engines are designed and optimized differently in terms of data input, 

search settings and output filtering; the authors are experts in using their own tool but not 

necessarily other’s tools. The “superior” performance the authors are reporting should be seen in 

this light; claiming superior performance in the abstract should therefore be avoided and claim 

moderated in the rest of the paper. This software is instead better described as another interesting 

tool that is showing a potential for comprehensive glycoproteomics using a different approach than 

 



other tools. Instead of only focusing on coverage (number of glycoPSMs) informatics papers like this 

need to also benchmark and “compete” on the accuracy of the IDs (which can only be determined by 

matching against a ground truth, manually annotated spectra and/or literature, not against output 

from other search engines as was performed in this work) 

 

3. The authors are still using confusing glycan categories with redundancy in their graphical elements 

(where does Sia+Fuc glycopeptides fit?, where does paucimannose fit?) It is in my opinion not 

appropriate to argue that others have grouped glycans like this in previous papers without the 

appropriate explanation. 

 

4. Glycomics-assisted glycoproteomics was taken out of the revised R1 manuscript despite this being 

a useful method that is being increasingly used to aid the glycoproteomics analysis; should be 

reintroduced and cited appropriately. 

 

5. Incorrect Y-ion fragmentation nomenclature still present in the manuscript (as an example, but 

not limited to, the intact trimannosylchitobiose core is not Y5 since it is not a linear saccharide, see 

Fig 2 and main text). 

 



R1 

 

Point-to-point response to reviewers’ comments 1 

We appreciate the reviewers’ insightful and constrictive comments very much to help 2 

us improve the manuscript. Additional data analysis and manuscript revision have been 3 

performed to address the reviewers’ comments. In this response, the reviewers’ 4 

comments are colored in blue and our replies to the comments are colored in black. 5 

Overview of the major changes and updates of the graphical elements of the revisions 6 

are listed at the end of the response.  7 

 



R2 

 

The Point-to-Point Response contains: 8 

Point-to-Point Response for Reviewer#1     Page R3-R52 9 

Point-to-Point Response for Reviewer#2     Page R53-R58 10 

Point-to-Point Response for Reviewer#3     Page R59-R67 11 

Overview of the Major Changes in Manuscript    Page R68 12 

Overview of the Updates in Graphical Elements    Page R69-R70 13 

 14 

Corresponding Relationship of the Figures 

Figures in This Response Figures in the Revised Manuscript 

Fig. R1 Fig. 4 

Fig. R2 Supplementary Fig. 29 

Fig. R3 Supplementary Fig. 28 

Fig. R4 Supplementary Fig. 15 

Fig. R5 Supplementary Fig. 31 

Fig. R6 A figure in the reference PMID: 18429324 

Fig. R7 Supplementary Fig. 26 

Fig. R8 Supplementary Fig. 7 

Fig. R9 Supplementary Fig. 8 

Fig. R10 Supplementary Fig. 9 

Fig. R11 Supplementary Fig. 42 

Fig. R12 Supplementary Fig. 43 

Fig. R13a Supplementary Fig. 33b 

Fig. R13b Supplementary Fig. 33c 

Fig. R13c Supplementary Fig. 33d 

  15 

 



R3 

 

Reviewer #1 (Remarks to the Author): 16 

Major 17 

1.  This  is  a  revised  manuscript  previously  submitted  to  s  and  has  been 18 

reviewed by 3 reviewers. In this revision, the authors have largely answered to all the 19 

reviewers' comments and concerns although some not entirely satisfactorily. It packs in 20 

a lot of Supplementary notes and Figures, with lots of comparative analysis using other 21 

available software. GlycoDecipher is overall a very worthy software tool for 22 

glycoproteomics and the authors have invested substantially in this rather well 23 

accomplished work, taking into considerations most aspects. 24 

Response: We thank the reviewer very much for the positive comments and are pleased 25 

to hear that Reviewer #1 found the revisions have improved the original manuscript. 26 

 27 

2. One problem it has is the timing. The main bulk of the work in developing 28 

GlycoDecipher and calibrating its performance were obviously completed after 29 

MSFragger Glyco came out but before StrucGP and pGlyco3. Therefore the main 30 

comparison reported was against Byonic, MSFragger and pGlyco2. In this revision, the 31 

authors further added comparison against StrucGP and pGlyco3 as Supplementary data 32 

(Suppl Fig 37-38) without actually incorporating the results into the main manuscript 33 

other than a casual remark in the Discussion unrelated to their performance. This is 34 

unfortunate since pGlyco3 is a significant upgrade from pGlyco2. Given the authors 35 

did extend their comparison to pGlyco3 and have the data in hand (and presented as 36 

 



R4 

 

Suppl data), it is more a choice of convenience rather than good scientific rationale to 37 

have the main revised manuscript still talking mostly about pGlyco2 instead of 38 

replacing it with the data obtained from pGlyco3. This is understandable because doing 39 

so would require substantial rewriting and re-doing of the manuscript. 40 

Response: We thank the positive feedbacks from the reviewer. 41 

In the original manuscript, the performance of Glyco-Decipher was mainly compared 42 

with pGlyco 2.0 since StrucGP and pGlyco 3.0 were not published at the time when the 43 

first submission of the manuscript (StrucGP was published during the first revision of 44 

45  this manuscript, [reacted] and pGlyco 3.0 was published 

46  during  this  round  of  revision,  [redacted].  For  a  better 

presentation of the improvements of Glyco-Decipher in glyocproteomics analysis, we 47 

performed comparisons with StrucGP/pGlyco 3.0 instead of pGlyco 2.0 and included 48 

the data in the main text of the latest revised manuscript (Fig. 4). The differences in the 49 

identification strategies between Glyco-Decipher and StrucGP/pGlyco 3.0 were also 50 

discussed in the revised manuscript (Line 516-530). 51 

 52 

3. Still, given its find Y1 first and glycan library independent nature, it is best compared 53 

against StrucGP and pGlyco3, so that it will not appear much outdated by the time this 54 

manuscript is eventually accepted and published. As reported, its performance seems 55 

to be significantly better than StrucGP but only marginally so against pGlyco3, which 56 

itself is a significant improvement over pGlyco2. The comparison against StrcuGP is 57 

 



R5 

 

also relevant in the sense that both adopted glycan library free approach in the initial 58 

find Y1 step but presumably GlycoDecipher outperforms StrucGP by better 59 

implementation of the in silico deglycosylation and spectrum expansion steps. 60 

Subsequently, it is also interesting to compare their different approaches in putting 61 

together the glycan part, both ended up with many unaccounted for "modification"s. 62 

GlycoDecipher is seemingly a strong contender among the recently introduced, better 63 

performing glycoproteomics/glycopeptide ID software. It is worth adopting and tested 64 

by more users, and hence its publication is recommended. Whether it fits well the scope 65 

of this journal or better suited for more specialized journal is another matter. 66 

Response: We appreciate the constructive and insightful suggestions from the reviewer 67 

and are excited to hear that our work is recommended for publication. 68 

(1) In the revised manuscript, Glyco-Decipher was compared systematically against   69 

StrucGP/pGlyco 3.0 instead of pGlyco 2.0 and the results were included in the main 70 

manuscript (Fig. 4). 71 

(2) StrucGP utilizes the fragment feature of N-glycan core structure rather than the 72 

glycan database in peptide matching, thus also have the potential to identify 73 

glycopeptides with unexpected glycans. Then StrucGP adopts a modularization strategy 74 

for the structural interpretation of site-specific N-glycans by matching B/Y ions in 75 

glycopeptide spectra against a built-in database of glycan core/branch structures. This 76 

strategy allows the discovery of glycans with new/rare structures but fails to cover 77 

glycans with additional modification moiety. The reliance on HCD with different 78 

 



R6 

 

collision energy to generate good fragmentation for both the peptide and the glycan part, 79 

limited its sensitivity in peptide sequence identification and glycan structure 80 

interpretation, especially for glycopeptides with complex/hybrid glycans (data shown 81 

below). 82 

The rough determination of N-glycan structures, e.g. core fucosylation and bisected 83 

HexNAc, could be achieved by matching diagnostic glycan ions in both StrucGP and 84 

Glyco-Decipher. However, the interpretation of glycopeptide spectra in StrucGP could 85 

only be achieved for those with sufficient glycan ions, which enable the sequencing of 86 

N-Glycans. The modularization strategy in StrucGP also failed to interpret the spectra 87 

of large N-glycans with fragment ions exceed the m/z scan ranges in data acquisition. 88 

As a result, StrucGP only interpreted 77,195 glycopeptide spectra in the dataset of 89 

mouse tissues, which only accounted for 35.9% of the results provided by Glyco-90 

Decipher (Fig. R1a). Due to the increased complexity of fragmentation of 91 

complex/hybrid N-glycans, StrucGP failed to identify complex/hybrid glycans with 92 

insufficient glycan ions, resulting in only ~1/3 complex/hybrid glycan identifications 93 

compared to the database searching results of Glyco-Decipher/pGlyco 3.0 (Fig. R2b). 94 

These results also indicate that the improvements of Glyco-Decipher over StrucGP are 95 

not only from the better implementation of in silico deglycosylation/spectrum 96 

expansion, but also from the more comprehensive coverage in glycan identification. 97 

Despite of the biased identification of glycans in StrcuGP, the library-free glycan 98 

identification in StrucGP is of great value for the discovery of unexpected glycan 99 

 



R7 

 

compositions (rather than modified glycans) beyond database entries. In the 100 

identification results of mouse tissues, StrucGP provided the identification of 227 101 

glycopeptide spectra for 19 unexpected compositions beyond GlyTouCan glycans and 102 

most of them were covered by the glycan profiling of Glyco-Decipher (Fig. R2c). In 103 

contrast, Glyco-Decipher enables a more comprehensive profiling of glycans on 104 

proteins and the implemented monosaccharide stepping also enables the discovery 105 

unexpected glycans and modification moieties on them. In total, Glyco-Decipher 106 

reported as many as 84.0% more glycopeptides in mouse tissues compared to StrucGP 107 

(Fig. R1e). 108 

 109 

 



R8 

 

 110 

Figure R1. Comparison between Glyco-Decipher and other software tools. 111 

This is the same figure as Figure 4 in the revised manuscript. 112 

(a) Comparison of the performance between Glyco-Decipher, StrucGP, pGlyco 3.0, MSFragger-113 

Glyco and Byonic. Top: Comparison between Glyco-Decipher and other software tools in the 114 

performance of glycopeptide spectrum interpretation. Green: the spectra matched to identical 115 

peptide backbones in Glyco-Decipher and another tool. Orange: the spectra commonly identified in 116 

Glyco-Decipher and another tool but matched to different peptide backbones. Gray: spectra 117 

specifically matched by another tool. Bottom: Comparison between Glyco-Decipher and other 118 

software tools in peptide sequence identification. Green: the peptide sequence commonly identified 119 

by Glyco-Decipher and another tool in pair comparison. Gray: the peptide sequence specifically 120 

matched by another tool in pair comparison. 121 

(b) FDR analysis using the 13C/15N metabolically labeled yeast dataset9. The isotope-based FDR 122 

was calculated by matching 13C/15N isotopic peak pairs in MS1 spectra (line). Red line: FDR 123 

analysis based on the total GPSM results of each tool; blue line: FDR analysis based on the GPSM 124 

results that overlapped with Glyco-Decipher; purple line: FDR analysis based on the GPSMs 125 

specificly identified by each tool. The proportions of GPSMs of oligo-mannose glycans with 126 

 



R9 

 

composition of Hex(n)HexNAc(2) (green pie), NeuAc (orange pie) or NeuGc (red pie) containing 127 

glycans identified by each tool are shown in the bottom table. 128 

(c) Distributions of GPSMs of ammonium adducted glycans reported by Glyco-Decipher and 129 

pGlyco 3.0. 130 

(d) Number of ammonium adduction GPSMs with/without oligo-mannose glycan composition. 131 

(e) Comparison of glycopeptide identification results between Glyco-Decipher and StrucGP/pGlyco 132 

3.0. The additional (gain), overlap and lost identifications of Glyco-Decipher compared to other 133 

software tools are indicated by blue, green and orange bars, respectively. 134 

(f) Distributions of M6P GPSMs (bars) and intact glycopeptides (dots) across mouse tissues reported 135 

by Glyco-Decipher and pGlyco 3.0. All M6P identifications were validated by the diagnostic 136 

oxonium ion (phosphorylated hexose, m/z = 243.0269) in the glycopeptide spectra. 137 

 138 

(3) We also replaced the identification results of pGlyco 2.0 by the results of its latest 139 

version: pGlyco 3.0 in the revised manuscript. Compared to pGlyco 2.0, pGlyco 3.0 140 

was updated in many aspects, including glycan search and filtration, and provided 141 

significant improvements in glycopeptide identification. From the dataset of mouse 142 

tissues, a total of 11,082 site-specific glycans were identified by pGlyco 2.0 (data was 143 

shown in the original manuscript) and the number of identified site-specific glycans 144 

was increased to 15,053 in pGlyco 3.0 (Fig. R2a). When the glycan search space was 145 

restricted to the same GlyTouCan database, Glyco-Decipher reported a total of 16,724 146 

site-specific glycans, which provided the increases of 50.9% and 11.1% compared to 147 

the results of pGlyco 2.0 and 3.0, respectively. However, due to the glycan-first search 148 

strategy in pGlyco series tools, the interpretation of glycopeptide spectra is glycan 149 

database-dependent in pGlyco 2.0/3.0 and the absence of specific glycans in the search 150 

space would lead to no assignments of glycopeptides. In contrast, glycan database-151 

independent peptide search in Glyco-Decipher enables more comprehensive profiling 152 

of glycans in complex samples, and enables the discovery of unexpected glycans 153 

 



R10 

 

beyond database entries. In addition, the developed monosaccharide stepping method 154 

also reveals the potential modifications on glycans in discovery mode. Although 155 

modified glycans could also be searched in pGlyco 3.0 by enumerating database 156 

glycans with monosaccharide modifications, the search could only be performed with 157 

user-provided modifications. 158 

 159 

 



R11 

 

Figure R2. Analysis of the identification results of Glyco-Decipher, StrucGP and pGlyco 3.0 160 

on the dataset of mouse tissues. 161 

This is the same figure as Supplementary Fig. 29 in the revised manuscript. 162 

(a) Identification performance evaluation of Glyco-Decipher in comparison with StrucGP (left) and 163 

pGlyco 3.0 (right) when only identification results of GlyTouCan glycans were considered. The 164 

additional (gain), overlap and lost identifications of Glyco-Decipher compared to other tools are 165 

indicated by blue, green and orange bars, respectively. Compared to StrucGP, 76.5% more 166 

glycopeptide spectra and 58.0% more site-specific glycans were identified by Glyco-Decipher when 167 

the glycan search space was restricted to GlyTouCan database glycans. In comparison with pGlyco 168 

3.0, identical glycan database (GlyTouCan) were adopted in glycopeptide identification, and 169 

increases of 21% and 11.1% in the number of identified glycopeptide spectra and site-specific 170 

glycans were provided by Glyco-Decpher. 171 

(b) Comparison of the glycan identifications in different categories between Glyco-Decipher and 172 

StrucGP/pGlyco 3.0. 173 

(c) Investigation of the glycopeptide spectra of unexpected glycans identified by StrucGP and 174 

pGlyco 3.0. 175 

(d) Comparison of identification performance between Glyco-Decipher and pGlyco 3.0 in the 176 

identification of M6P glycosylation. 177 

 178 

We also systematically investigated the performance of Glyco-Decipher and pGlyco 179 

3.0 in the identification of modified glycan on the dataset of yeast: as a ground truth, 180 

only oligo-mannose glycans with composition of Hex(n)HexNAc(2) should be 181 

identified on the proteins of yeast (Biochimica et Biophysica Acta (BBA) - General 182 

Subjects 1426, 227-237 (1999)). From the yeast dataset, 7,145 and 5,241 GPSMs were 183 

identified in Glyco-Decipher and pGlyco 3.0, respectively, with the consideration of 184 

ammonium adducted glycans. 4,619 glycopeptide spectra were commonly identified by 185 

Glyco-Decipher and pGlyco 3.0 and 4,590 of them were matched to identical 186 

glycopeptides in the two software tools (Fig. R3a). Among the 29 spectra that were 187 

matched to distinct glycopeptides in Glyco-Decipher and pGlyco 3.0, only 1 of them 188 

was matched to different peptide sequences: the spectra is likely to be a chimeric spectra 189 
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since sufficient peptide ions and glycan ions were matched in the spectrum to support 190 

both identifications (as presented in Fig. R3b). For the other 28 spectra, the 191 

identification differences were introduced by non-oligo-mannose glycan identifications 192 

in pGlyco 3.0 while all of them were assigned with oligo-mannose glycans in Glyco-193 

Decipher. Since the modified glycan identification in pGlyco 3.0 is achieved by 194 

enumerating all modified forms of database entries with provided modification, the 195 

increased glycan search space introduced random matches. For example, as presented 196 

in Fig. R3c, the glycan part was incorrectly matched to an ammonium adducted non-197 

oligo-mannose glycan in pGlyco 3.0, because the mass difference between Fuc(1)aH(1) 198 

and Hex(2) is 1 Da and the precursor with poor isotopic pattern was assigned to the 199 

(mono-isotope +1 Da) value. In contrast, all the ammonium adducted glycans were 200 

reported to be oligo-mannose glycans by monosaccharide stepping method in Glyco-201 

Decipher. 202 

From the dataset of yeast, a total of 38 GPSMs of non-oligo-mannose glycans were 203 

reported by pGlyco 3.0 (Fig. R1d). In contrast, all the ammonium adducted glycans 204 

identified by monosaccharide stepping are oligo-mannose glycans, which are agree 205 

with the biosynthesis rule in yeast (Fig. R1d). These results indicate that more 206 

candidates with similar or isotope-shifted masses were introduced in the glycan search 207 

space by the enumeration method implemented in pGlyco 3.0, leading to a decreased 208 

reliability in glycan assignment to some extent. In contrast, the stepwise matching of Y 209 

ions in glycopeptide spectra enables reliable identification of the glycan part 210 
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composition and discovers the modification moiety on glycans. 211 

Benefit from the glycan database-independent search and monosaccharide stepping, 212 

164 modified glycans of 27 diverse modification moieties were discovered by Glyco-213 

Decipher from the dataset of mouse tissues. Combined the results of modified glycans, 214 

Glyco-Decipher provided the identification of 20,651 intact glycopeptides in the mouse 215 

dataset, resulting in a 29.2% increase in glycopeptide identification compared to pGlyco 216 

3.0. Phosphorylation on hexose was also exemplified to demonstrate the performance 217 

of Glyco-Decipher in the identification of modified glycans. 1,044 M6P GPSMs of 157 218 

intact glycopeptides in mouse tissues were identified by the enumeration method in 219 

pGlyco 3.0. In contrast, phosphorylation on hexose were detected in 1,134 glycopeptide 220 

spectra by Glyco-Decipher in discovery mode, leading to the identification of 171 M6P 221 

glycopeptides (Fig. R1f). 222 

In summary, compared to StrucGP and pGlyco 3.0, Glyco-Decipher provides more 223 

comprehensive analysis of glycosylation on proteins. The glycan-independent peptide 224 

searching and monosaccharide stepping also enables the discovery of modified glycans 225 

and reliable elucidation of modification moieties on them. 226 
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 227 

Figure R3. Analysis of the identification results of Glyco-Decipher and pGlyco 3.0 on the 228 

dataset of yeast. 229 

This is the same figure as Supplementary Fig. 28 in the revised manuscript. 230 
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(a) Analysis of the 4,619 glycopeptide spectra that were commonly identified in Glyco-Decipher 231 

and pGlyco 3.0. 232 

(b) Annotated glycopeptide spectrum of “cwq_mix2-3_726.18611.18611.3” that were matched to 233 

distinct peptide backbones in Glyco-Decipher and pGlyco 3.0. 234 

(c) The MS1 extracted-ion chromatograms (XICs) of the precursor for spectrum “cwq_mix2-2_726. 235 

34572.34572.3” that was differently identified in Glyco-Decipher (left) and pGlyco 3.0 (right). The 236 

peptide and glycan identification results were labeled in the top right of the figure. aH means 237 

ammonium adducted hexose in pGlyco 3.0 and “M” means the mono-isotopic peak of the precursor. 238 

(d) The MS1 extracted-ion chromatograms of the precursor for spectrum “cwq_mix2-239 

1_726.39623.39623.4” that was matched to the same glycopeptide in Glyco-Decipher (left) and 240 

pGlyco 3.0 (right). The precursor of the spectrum was assigned to the (mono-isotope +1 Da) value 241 

in Glyco-Decipher. 242 

 243 

4. Overall, as already pointed out by previous reviewers, the real novelty and strength 244 

of GlycoDecipher is its spectrum expansion step and this is the part that should be 245 

highlighted. It was appropriately compared against the open search nature of 246 

MSFragger. There are important insights to be learnt here. GlycoDecipher sits 247 

somewhere in between pGlyco3 and MSFragger Glyco in terms of its conceptual 248 

approach, with comparable or slightly superior performance. The authors stressed too 249 

much on the numbers instead of dealing more with the hard questions on how each 250 

handles difficult cases. PSM, GPSM and glycopeptide ID numbers are meaningless 251 

without considering their reliability. Even the FDR and probability values reported by 252 

each software can be misleading when compared side-by-side since the ways these are 253 

done for each software are not always directly comparable. 254 

Response: We thank the reviewer very much for the constructive suggestions. 255 

(1) Thanks for the suggestion. The more detailed description of the spectrum expansion 256 

algorithm was provided in the Method section of the revised manuscript (Line 640-682). 257 
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And the strength of spectrum expansion strategy has also been investigated and 258 

emphasized in the performance evaluation part of the revised manuscript. 259 

(2) We thank Reviewer#1’s positive comments on Glyco-Decipher. Both MSFragger-260 

Glyco and pGlyco 3.0 are glycan database-dependent software tools and could only 261 

interpret glycopeptide spectra with database glycans. Moreover, incorrect peptide 262 

identification might be introduced in glycan-first strategy if inappropriate glycan 263 

databases are adopted. In contrast, the peptide-first and glycan-independent searching 264 

strategy in Glyco-Decipher ensured the comprehensive profiling of glycans in complex 265 

samples. In addition, the utilization of peptide fragmentation feature in spectrum 266 

expansion method also ensures the sensitivity and reliability in peptide identification. 267 

(3) We strongly agree with Reviewer#1’s point that the reliability should be the top 268 

priority in glycopeptide identification. In addition to the internal quality control during 269 

data processing, the reliability of Glyco-Decipher has been systematically evaluated in 270 

multiple aspects on different datasets: 271 

(3-1) In the original manuscript, to assess the reliability of peptide identification of 272 

Glyco-Decipher and MSFragger in glycan-independent search, we investigated the 273 

occurrences of Y1 (peptide+HexNAc) ion in the PSMs reported by Glyco-Decipher and 274 

the open search of MSFragger. The results indicated that the corresponding Y1 ions 275 

were matched in all PSMs identified by Glyco-Decipher since corresponding core 276 

structure ion screening, while were matched in only 60-70% PSMs reported by 277 

MSFragger. In the revised manuscript, other Y ions of N-glycan core structure were 278 
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also investigated to provide an overview of the distributions of matched core structure 279 

ions for the peptide results (Supplementary Fig. 14 of the revised manuscript). And the 280 

results indicated that the other core structure ions were also matched in higher 281 

percentages of PSMs reported by Glyco-Decipher. To explain this, we investigated the 282 

peptide results of the spectra that were inconsistently identified in Glyco-Decipher and 283 

MSFragger (Fig. R4). Y1 (peptide+HexNAc) ions were matched with higher intensity 284 

in almost all of these spectra based on the peptide results of Glyco-Decipher than that 285 

of MSFragger. Detailed analysis of the identification results from MSFragger indicated 286 

that incorrect peptides with shared peptide fragment ions were matched in open search, 287 

which resulted in the failure in core structure ion matching. A spectrum example was 288 

presented in Fig. R4b: peptide of “VNSTELFHVER” and glycan of 289 

“Hex(9)HexNAc(2)” were matched in this spectrum by Glyco-Decipher and high 290 

intensity corresponding Y ions were matched in this spectrum. Yet the peptide with 291 

additional missed cleavage: “FSVRVNSTELFHVER” was matched by MSFragger for 292 

this glycopeptide spectrum. Note that the peptide of Glyco-Decipher is the C-term 293 

sequence of the peptide result of MSFragger and y1-y10 peptide ions are shared by the 294 

two peptides. However, due to the large MS1 mass window in open search (6,000 Da 295 

for this example), both peptides were included in the peptide candidates. Because 296 

(b/y+HexNAc) ions were also considered in N-glycan mode open search, the peptides 297 

with additional missed cleavage were matched with higher peptide score due to the 298 

interference of glycan ions (labeled in the figure). Accordingly, the glycopeptide 299 
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spectrum was matched to the incorrect peptide, and resulted in the lack of 300 

corresponding Y ions of N-glycan core structure in the spectrum. Statistical analysis 301 

indicated that this kind of incorrect matches were commonly observed in the result of 302 

MSFragger for the inconsistently identified spectra (75%-85%, Fig. R4c). Instead of 303 

matching peptide candidates within wide mass windows, the fragment ions of core 304 

structure were matched by Glyco-Decipher to derive the accurate peptide mass, which 305 

largely decreased the search space and ensured reliable peptide identifications. 306 
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 307 

Figure R4. Analysis of the glycopeptide spectra that were inconsistently identified in Glyco-308 

Decipher and MSFragger. 309 

This is the same figure as Supplementary Fig. 15 in the revised manuscript. 310 

(a) Distributions of intensity differences of the Y1 ion based on the distinct peptide identifications 311 

in Glyco-Decipher and MSFragger. Intensity of Y1 ion was set to be zero if not matched in the 312 

spectra. Y1 ions with higher intensity were matched in most of the glycopeptide spectra (>95%) 313 

based on the peptide results of Glyco-Decipher. 314 

(b) Spectrum example to demonstrate the incorrect peptide matching of MSFragger. The peptide 315 

identified by Glyco-Decipher, “VNSTELFHVER”, is the C-term sequence part of 316 

“FSVRVNSTELFHVER”, which was identified by MSFragger. Ten y ions are shared by the two 317 

sequences (y1-y10) and were matched in both Glyco-Decipher and MSFragger. Yet glycan ions, 318 

including Y0 ion (peptide) and Y1 ion (peptide+HexNAc), were matched as peptide fragment ions 319 

incorrectly in MSFragger due to its wider MS1 mass window in open search mode, resulted in the 320 
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incorrect peptide identification and the lack of corresponding Y1 ion in the spectrum. 321 

(c) Analysis of the peptide sequence of the spectra that were inconsistently identified by Glyco-322 

Decipher and MSFragger. In 75-85% of the inconsistently identified glycopeptide spectra, the 323 

peptides of Glyco-Decipher are at the C-term of the peptide results of MSFragger. 324 

 325 

(3-2) In the 13C/15N metabolically labeled yeast dataset, glycan identification results of 326 

99.89% of the GPSMs reported by Glyco-Decipher are oligo-mannose glycans with 327 

compositions of Hex(n)HexNAc(2), which is in line with the biosynthesis rule of 328 

glycosylation on yeast proteins (Fig. R1b). Specifically note that all of the ammonium 329 

adducted glycans are matched to oligo-mannose glycans in Glyco-Decipher, yet 1.8% 330 

of the GPSM results of ammonium adducted glycans were incorrectly matched to non-331 

oligo-mannose glycans by the enumeration method of pGlyco 3.0 (Fig. R1d), indicating 332 

the high confidence of monosaccharide stepping in modified glycan identification. In 333 

addition, we also calculated the isotope-based FDR by matching isotopic peak pairs in 334 

MS1, the 0.96% isotope-based FDR also suggested the reliability of glycopeptide 335 

identification in the aspect of elemental composition (Fig. R1b). 336 

(3-3) NeuGc-containing N-glycans are unexpected in the glycosylation of human serum 337 

and this feature has been used in a recent community evaluation of glycoproteomics 338 

339  software tools [redacted]. Based on the analysis of diverse 

oxonium/B ions on the acquired human serum dataset, the extracted ion chromatograms 340 

(XICs) indicated that the presence of NeuAc and antenna fucose and the absence of 341 

NeuGc in the glycosylation of human serum (Fig. R5a). No NeuGc-containing glycans 342 

were matched by Glyco-Decipher in the human serum dataset, suggesting the reliability 343 
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of Glyco-Decipher in glycan assignment. 344 

(3-4) As pointed by Reviewer#1, no NeuGc-containing glycans should be identified on 345 

the protein of SARS-CoV-2 spike, which was cultured in HEK293 T cell. We re-346 

analyzed the identification of Glyco-Decipher on the SAR-CoV-2 spike dataset, and 347 

found that no NeuGc were reported by Glyco-Decipher, which agreed with the 348 

glycosylation rule (Supplementary Fig. 33a). 349 

 350 

Figure R5. Analysis of the glycan compositions in human serum. 351 
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This is the same figure as Supplementary Fig. 31 in the revised manuscript. 352 

(a) The XICs of diagnostic oxonium/B ions in the glycopeptide spectra of human serum. The 353 

extracted ion chromatograms were performed at the MS2 level. The XIC results suggested the 354 

presence of NeuAc and antenna fucosylation in the glycopeptides of human serum. In contrast, no 355 

diagnostic oxonium ions of NeuGc were observed in the dataset of human serum. All the mass 356 

spectrometry data with different LC gradients were considered for the XIC analysis and only data 357 

from 210 min LC gradient of were plotted in this figure (similar patterns were observed in data with 358 

different LC gradients and were not shown). 359 

(b) The distributions of site-specific glycans containing NeuGc in the results of Glyco-Decipher, 360 

StrucGP and pGlyco 3.0. 361 

Monosaccharide abbreviation: H: Hex; N: HexNAc; A: NeuAc; G: NeuGc; F: Fuc. 362 

 363 

5. A point to note, as shown by Suppl Table 3, is that a significant gain in additional 364 

PSM by spectrum expansion did not actually lead to unique glycopeptide (either unique 365 

peptide or unique glycan composition) but simply more of the same glycopeptide from 366 

additional MS2 scans of inferior quality. While the increase in total PSM/GPSM is 367 

impressive, a more relevant performance index will be how many additional unique 368 

glycopeptides were identified with relatively high confidence through this process. 369 

GlycoDecipher is seemingly a strong contender among the recently introduced, better 370 

performing glycoproteomics/glycopeptide ID software. It is worth adopting and tested 371 

by more users, and hence its publication is recommended. Whether it fits well the scope 372 

of this journal or better suited for more specialized journal is another matter. 373 

Response: We thank the positive comments from the reviewer. 374 

(1) Supplementary Table 3 is an example of “MHLNGSNVQVLHR” to illustrate the 375 

principle of spectrum expansion. In Supplementary Table 3, the GPSMs labeled in 376 

green were identified at the in silico deglycosylation stage, and the other GPSMs were 377 

the results from spectrum expansion. In this example, four glycopeptides of oligo-378 
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mannose glycans and one glycopeptide of sialylated glycan were identified by in silico 379 

deglycosylation. Benefit from spectrum expansion, glycopeptide spectra with inferior 380 

peptide fragmentation were identified along with the unveiling of additional glycan 381 

heterogeneity on the same peptide: additional glycans of Hex(7)HexNAc(2), 382 

Hex(5)HexNAc(4) and a multi-sialylated one Hex(5)HexNAc(4)NeuGc(2) were 383 

uncovered on the peptide backbone after spectrum expansion. To assess the 384 

contribution of spectrum expansion on additional unique glycopeptide identification at 385 

the proteome scale, the identification results of the five mouse tissues were investigated 386 

(glycan search space was restricted to GlyTouCan): in total, 12,924 intact glycopeptides 387 

were initially identified at the initial in silico deglycosylation stage; after the 388 

implementation of spectrum expansion, 4,037 additional intact glycopeptides were 389 

uncovered by Glyco-Decipher, leading to an increase of 31.2% compared to the in silico 390 

deglycosylation results (Fig. 2e, top). 391 

(2) Dedicated quality control and result evaluation were performed in this work to 392 

ensure reliable glycopeptide identification. During the spectrum expansion process, 393 

PSM score, in which matched peptide ions, their patterns and corresponding core 394 

structure ions were considered, was adopted to evaluate the peptide-spectrum match. In 395 

addition, core structure ions (i.e. Y0,Y-HexNAc(1), Y-HexNAc(2), Y-396 

Hex(1)HexNAc(2), Y-Hex(2)HexNAc(2) and Y-Hex(3)HexNAc(2)) for the peptide 397 

candidate are matched in the glycopeptide spectrum to avoid incorrect identification of 398 

peptides with shared b/y ions (e.g. peptides with different missed cleavages). Since 399 
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different peptides have distinct features, including sequence length, fragmentation 400 

pattern and ion intensity in MS2, the expectation value (e-value) was utilized in FDR 401 

control instead of PSM score: decoy spectra were generated by shifting the m/z values 402 

(1-30) of fragment ions in MS2 randomly and the distribution of PSM scores of target-403 

decoy spectrum matching are used to calculate the e-value of a PSM during the 404 

expansion process for each peptide (Fig. R6). Then the PSMs are listed in decreasing 405 

order of spectral e-value. The FDR of the PSMs less than a specific e-value is calculated 406 

with the formula: FDR = (2*Ndecoy) / (Ntarget + Ndecoy), where N is the number of PSMs 407 

less than the e-value threshold. Then the e-value threshold for PSM identification with 408 

0.01 FDR was derived. And only the PSMs with e-value less than the threshold were 409 

retained for subsequent glycan identification. It is worth note that similar e-value-based 410 

quality control was also adopted in other proteome software tools, e.g. pFind (Nature 411 

Biotechnology 36, 1059-1061 (2018)) and MS-GF+ (Nature Communications 5, 5277 412 

(2014)). And we have provided more detailed descriptions of spectrum expansion in 413 

the Method section (Line 640-682). 414  
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 415 
Figure R6. Derivation of the expectation value for peptide spectrum matches. 416 

This is a figure in the reference: Current Protocols in Protein Science 49, 25.22.21-25.22.19 (2007). 417 

(a) Histogram distribution of matching score of PSMs. True-positive match example was indicated 418 

by circle in this figure. 419 

(b) Log-transformed distributions of the matching score of PSMs. Log-transformed survival 420 

distribution of PSM scores was used in this study. 421 

(c) Extrapolation of the linear regression of the data in (b) to high score PSMs. The expectation 422 

value (e-value) is derived from the corresponding y-axis coordinate (the e-value is -8.2 in this 423 

example). 424 

 425 

(3) To evaluate the confidence of PSM identifications gained in spectrum expansion, 426 

the following evaluations were performed in this work: 427 

(3-1) We compared the peptide fragmentation patterns of the PSMs originated from in 428 

silico deglycosylation and the spectrum expansion. Compared to the PSMs initially 429 

identified by in silico deglycosylation, the peptide fragmentation pattern stayed 430 

unchanged in the results of spectrum expansion (as presented in Supplementary Fig. 12 431 

of the revised manuscript). 432 

(3-2) In this revision, we reanalyzed the identification results from in silico 433 
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deglycosylation and spectrum expansion on the mouse dataset (Fig. R7a). Most of the 434 

glycopeptide spectra identified by Glyco-Decipher, either at the in silico 435 

deglycosylation stage or at the spectrum expansion stage, were matched to identical 436 

peptide backbones in comparison with other tools, indicating the consistency in peptide 437 

identification between Glyco-Decipher and others (Fig. R7a). 438 

(3-3) We also utilized the 13C/15N metabolically labeled yeast dataset to assess the 439 

reliability of spectrum expansion. Over 99% GPSMs gained from spectrum expansion 440 

were matched to oligo-mannose glycans in the yeast data (in line with the biosynthesis 441 

rule), and the isotope-based FDR was around 0.92% for the GPSMs additional gained 442 

by spectrum expansion (Fig. R7b). 443 

The above results indicated that high-confidence identification was performed for both 444 

the peptide backbone and the glycan part of the spectrum expansion results. 445 
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 446 

Figure R7. Analysis of the identification results from in silico deglycosylation (before 447 

expansion) and spectrum expansion. 448 

This is the same figure as Supplementary Fig. 26 in the revised manuscript. 449 

(a) Comparison of the PSM results achieved by in silico deglycosylation (before expansion, left) 450 

and spectrum expansion (expansion part, right) in Glyco-Decipher with other software tools on the 451 

dataset of mouse tissues. 452 

(b) FDR analysis of the glycopeptide identification results from in silico deglycosylation (before 453 

expansion, left) and spectrum expansion (right) on the dataset of 13C/15N metabolically labeled yeast 454 

dataset. The isotope-based FDR was calculated by 13C/15N isotopic peak matching in MS1 with 455 

pQuant. 456 

 457 

Minor 458 

1. Returning to the one strength of GlycoDecipher, it is unclear in the spectrum 459 

expansion step whether Y ions are also considered during the search and/or during the 460 

similarity scoring. The formula provided for spectrum expansion scoring in the 461 

Methods section (ln 913) includes m as the number of matched fragment ions of the N-462 
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glycan core structure - presumably that means the Y0-Y5 ions? Furthermore it says that 463 

"The FDR of the identification results after spectrum expansion was calculated, and 464 

PSMs with an FDR<0.01 and with at least 3 core structure fragment ions were retained 465 

for further glycan identification.", which means that even those identified by spectrum 466 

expansion should at least have 3 Y ions or will be discarded. In other words, please 467 

confirm that all GPSM accepted by GlycoDecipher should have at least 3 Y ions - but 468 

it needs not be Y0 or Y1? In Suppl Fig 12 legend, it was stated that "Due to the core 469 

structure peak validation after spectrum expansion, all peptide identifications in Glyco-470 

Decipher matched Y1 peaks in MS2". This would imply that presence of Y1 is a criteria 471 

for validation. Please clarify the use of Y ions in the search, scoring and subsequent 472 

validation. 473 

Response: Thanks. A more detailed description of the use of Y ions during spectrum 474 

expansion has been added in the Method section in the revised manuscript (Line 640-475 

682). 476 

The use of core structure Y ions in searching, scoring and subsequent filtering is 477 

described as follows: 478 

(1) The use of core structure Y ions in in silico deglycosylation stage: The peptide was 479 

initially identified by the in silico deglycosylation method, in which the m/z gaps of N-480 

glycan core structure ions (i.e. Y0, Y-HexNAc(1), Y-HexNAc(2), Y-Hex(1)HexNAc(2), 481 

Y-Hex(2)HexNAc(2), Y-Hex(3)HexNAc(2)) were matched in the glycopeptide spectra 482 

for the derivation of the peptide part mass and the subsequent removal of glycopeaks 483 
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in MS2. 484 

(2) The use of core structure Y ions in spectrum expansion stage: After the identification 485 

of peptide backbones at the in silico deglycosylation stage, the fragmentation pattern of 486 

the peptide backbones were extracted from the initial PSM identification results. Then 487 

the spectrum expansion was performed for each peptide by matching the peptide with 488 

the spectra within the retention time window. For the scoring function in Line 657, the 489 

score to evaluate a peptide-spectrum match (PSM score) contains two part: 1) the 490 

peptide score: this part score evaluates the peptide-spectrum match with matched 491 

peptide ions and their intensity pattern; 2) the core score: in addition to peptide fragment 492 

ions, core structure ions (i.e. Y0, Y-HexNAc(1), Y-HexNAc(2), Y-Hex(1)HexNAc(2), 493 

Y-Hex(2)HexNAc(2), Y-Hex(3)HexNAc(2)) of the peptide were also matched in the 494 

spectrum which aimed to avoid identification of peptides with incorrect mass. And then 495 

the distribution of target PSM scores for this peptide is generated. The decoy spectra 496 

were generated by shifting the m/z value of each fragment ion in target spectra with 1-497 

30 m/z randomly. And the peptide is also matched to the decoy spectra within the 498 

retention time window to generate the distribution of decoy PSM scores. Since different 499 

peptides have distinct properties, e.g. sequence length, fragmentation pattern and ion 500 

intensities in MS2, the expectation value (e-value) was calculated and used as a 501 

universal threshold in quality control instead of the PSM score. The target-decoy PSM 502 

score distributions are used to calculate the e-value and the e-value threshold for 0.01 503 

spectral FDR was derived during the spectrum expansion process of each peptide. And 504 
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the corresponding PSM score threshold for each peptide was also derived accordingly 505 

after e-value filtration. Then the PSM results with less than 3 core structure Y ions (in 506 

which the Y1 ion is required) in their spectra are discarded. The filtration of core 507 

structure ion matching is essential in spectrum expansion to avoid incorrect peptide 508 

identifications with shared b/y ions (e.g. peptides with different number of missed 509 

cleavages but share b or y ions in glycopeptide spectra). 510 

Reply to each specific question: 511 

Returning to the one strength of GlycoDecipher, it is unclear in the spectrum expansion step whether 512 

Y ions are also considered during the search and/or during the similarity scoring. 513 

Reply: In spectrum expansion, core structure Y ions were matched to calculate the core score and 514 

subsequent filtration for quality control. Only peptide fragment ions were considered in the 515 

similarity scoring. 516 

The formula provided for spectrum expansion scoring in the Methods section (ln 913) includes m 517 

as the number of matched fragment ions of the N-glycan core structure - presumably that means the 518 

Y0-Y5 ions? 519 

Reply: Fragment ions of the N-glycan core structure refer to Y0, Y-HexNAc(1), Y-HexNAc(2), Y-520 

Hex(1)HexNAc(2), Y-Hex(2)HexNAc(2), Y-Hex(3)HexNAc(2). 521 

Furthermore it says that "The FDR of the identification results after spectrum expansion was 522 

calculated, and PSMs with an FDR<0.01 and with at least 3 core structure fragment ions were 523 

retained for further glycan identification.", which means that even those identified by spectrum 524 

expansion should at least have 3 Y ions or will be discarded. In other words, please confirm that all 525 

GPSM accepted by GlycoDecipher should have at least 3 Y ions - but it needs not be Y0 or Y1? 526 

Reply: Yes, core structure ion matching was performed after FDR control in spectrum expansion. 527 

PSMs with less than three core structure ions (in which the Y1 (peptide+HexNAc) ion was required) 528 

were discarded. And the statement was added in the revised manuscript (Line 681). 529 

In Suppl Fig 12 legend, it was stated that "Due to the core structure peak validation after spectrum 530 

expansion, all peptide identifications in Glyco-Decipher matched Y1 peaks in MS2". This would 531 

imply that presence of Y1 is a criteria for validation. 532 

Reply: Yes, the presence of Y1 ion is a criteria for validation. For a more detailed description, the 533 

sentence in the legend of Supplementary Fig. 12 (which is Supplementary Fig. 13 in the revised 534 

version) has changed to “All PSM identifications were validated by fragment ions of N-glycan core 535 

structure since corresponding ion matching was performed at the identification stages of in silico 536 

deglycosylation and spectrum expansion” (Line 369 in revised Supplementary Information). 537 

 538 

2. The PSM retained for MS-GF+ search after in silico deglycosylation was based on 539 
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qValue <0.01. In subsequent spectrum expansion, the scoring of the additional PSM 540 

found was based on the formula provided and then controlled by FDR <0.01, with at 541 

least 3 core structure fragment ions. What actual PSM scores are these correlated with, 542 

respectively, and what values can be considered as confident? Can the PSM scores for 543 

both in silico deglycosylation and spectrum expansion be directly comparable? More 544 

to the point, as shown in Fig 2d and Suppl Fig 7, the y-axis refers to PSM score and 545 

PSM from both in silico deglycosylation and additional spectrum expansion were 546 

plotted together. To distinguish from "low score" PSMs and random matches, a PSM 547 

score of >100 will seem to be needed. From a user's point of view, once running through 548 

the search with GlycoDecipher, which PSM value (score, qValue, FDR, other criteria) 549 

should be considered and reported to give a relatively high confident ID that includes 550 

PSMs from spectrum expansion? Also, as presented in Suppl Excel Files, each GPSM 551 

contains peptide score, core score and glycan score, as well as peptide FDR (but no 552 

glycan FDR or expectation value). Are these already filtered at a certain threshold? If 553 

so, what's the value? 554 

Response: Thanks for these good questions. 555 

(1) MS-GF+ search is only utilized to search peptides from in silico deglycosylated 556 

spectra. And the q-value of PSMs from in silico deglycosyaltion, which is the minimum 557 

FDR at which the identification is significant, is also derived based on the score 558 

distributions of PSMs calculated in MS-GF+. Since the scoring function in MS-GF+ 559 

only considers the m/z and intensity (rather than pattern) information of peptide 560 
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fragment ions, the MS-GF+ search only enables the identification of glycopeptide 561 

spectra with sufficient peptide ions. Then we developed spectrum expansion method, 562 

in which the fragmentation pattern of identified peptide backbones was taken into 563 

consideration to improve the glycopeptide identification. The PSM score in this 564 

manuscript indicates the score calculated by the function defined in Line 657, in which 565 

the peptide ions, their intensity pattern and core structure ions are considered. The PSM 566 

score of the PSM results from MS-GF+ search (in silico deglycosylation) are re-567 

calculated with the consideration of peptide ion pattern and core structure ions. The 568 

PSM score is also calculated for PSMs matched in the subsequent spectrum expansion 569 

process. 570 

(2) PSM score is an easy-to-understand assessment for the matching quality of a peptide 571 

with a spectrum and higher PSM score indicates higher confidence in identification. 572 

However, setting fixed PSM score threshold might be inappropriate in the spectrum 573 

expansion process, since different peptides have distinct properties, including sequence 574 

length, fragmentation pattern and ion intensities in MS2. Thus a score threshold for the 575 

expansion of a peptide might be not suitable for another peptide because different 576 

fragmentation patterns are generated in their spectra. Instead of setting PSM score 577 

threshold, we calculated the expectation value (e-value) of each PSM (Fig. R6) and 578 

used this value as a universal assessment for PSMs of different peptides. It is worth 579 

noting that e-value-based quality control has also been used in other proteome tools, 580 

including MS-GF+ (Nature Communications 5, 5277 (2014)) and pFind (Nature 581 
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Biotechnology 36, 1059-1061 (2018)). The e-value for each PSM is calculated based 582 

on the score distributions of target-decoy PSMs of each peptides. And the target-decoy 583 

PSMs are listed in decreasing order of e-value. The e-value threshold is derived based 584 

on the FDR calculation formula: “FDR = (2*Ndecoy) / (Ntarget + Ndecoy)”, where N is the 585 

number of PSMs less than an e-value. The quality control in spectrum expansion is 586 

performed by retaining PSMs with e-value less than a threshold for FDR<0.01 at 587 

spectrum value. And the PSM score threshold for each peptide was derived accordingly 588 

after e-value filtration. Then PSMs with FDR<0.01 are considered to be of high 589 

confidence and are retained for subsequent core structure ion matching and glycan 590 

identification. And similar e-value calculation and FDR control are performed in the 591 

identification of the glycan part. 592 

(3) Since distinct scoring algorithms were adopted in Glyco-Decipher and MS-GF+, 593 

their outputted scores are not comparable. In Fig. 2d and Supplementary Fig. 7, MS-594 

GF+ search enabled the identification of peptide at the first stage (in silico 595 

deglycosylation). And the PSM score of these PSMs were re-calculated with the 596 

consideration of peptide fragmentation pattern and were compared with the score 597 

distributions of PSMs that were matched in spectrum expansion. And we also added an 598 

explanation in the figure legend of Fig. 2d: “Specifically note that the score of PSM 599 

from in silico deglycosylation was re-calculated with the consideration of peptide 600 

fragmentation pattern and was compared with the score of PSM additional matched in 601 

spectrum expansion”. 602 
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(4) When users search glycopeptides with Glyco-Decipher, a folder named 603 

“temp_FileName” is generated under the same directory of the mass spectrometry file, 604 

where “FileName” is the name of the searched mass spectrometry file. The detailed 605 

results generated during glycopeptide identification, including deglycosylated spectra, 606 

PSM results of these spectra and e-value information of the peptide/glycan 607 

identification, are contained in this folder. So users could distinguish whether a PSM is 608 

from spectrum expansion or not and could get more details of the e-value in 609 

peptide/glycan identifications. Since the peptide-first strategy was adopted in Glyco-610 

Decipher, the PSM results have been filtered at 1% spectral FDR before glycan 611 

identification. And FDR screening has also been performed in Glyco-Decipher after the 612 

identification of glycan part. The results provided in Supplementary excel files have 613 

already been filtered with spectral FDR <1% for both peptide part and glycan part. 614 

Reply to each specific question: 615 

What actual PSM scores are these correlated with, respectively, and what values can be considered 616 

as confident? 617 

Reply: The PSM score was calculated based on the formula in Line 657, in which the matched 618 

peptide fragment ions, their intensity pattern and the matched core structure ions are considered. 619 

And the PSMs with FDR<0.01 could be considered as high confident results since e-value based 620 

quality control and core structure ion matching were already performed to ensure the identification 621 

reliability. 622 

Can the PSM scores for both in silico deglycosylation and spectrum expansion be directly 623 

comparable? More to the point, as shown in Fig 2d and Suppl Fig 7, the y-axis refers to PSM score 624 

and PSM from both in silico deglycosylation and additional spectrum expansion were plotted 625 

together. 626 

Reply: Yes. Although the scores from MS-GF+ search and spectrum expansion are not directly 627 

comparable since the scoring functions are different, in Fig. 2d and Supplementary Fig. 7, the scores 628 

of PSMs from in silico deglycosylation (MS-GF+ results) were re-calculated based on the scoring 629 

formula in Line 657, in which the peptide fragmentation pattern and core structure ions were 630 

considered. 631 

To distinguish from "low score" PSMs and random matches, a PSM score of >100 will seem to be 632 
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needed. 633 

Reply: Instead of setting any fixed PSM score threshold, we calculated the e-value of each PSM 634 

based on the distributions of target-decoy PSMs and utilized the e-value as a universal assessment 635 

for PSMs of different peptides. And the PSM score threshold for each peptide was derived 636 

accordingly after the e-value quality control in spectrum expansion. 637 

From a user's point of view, once running through the search with GlycoDecipher, which PSM value 638 

(score, qValue, FDR, other criteria) should be considered and reported to give a relatively high 639 

confident ID that includes PSMs from spectrum expansion? 640 

Reply: During the search process of Glyco-Decipher, a folder named “temp_FileName” is 641 

generated under the same directory of the mass spectrometry file, where “FileName” is the name of 642 

the searched mass spectrometry file. The detailed results generated during glycopeptide 643 

identification, including deglycosylated spectra, PSM results of these spectra and e-value 644 

information of the peptide/glycan identification, are contained in this folder. So users could 645 

distinguish whether a PSM is from in silico deglycosylation or spectrum expansion and get more 646 

details of the e-value in peptide/glycan identifications. Among the identification results, the PSMs 647 

with FDR<0.01 could be considered as high confident results since e-value based quality control 648 

and core structure ion matching were already performed to ensure the identification reliability. In 649 

addition,  650 

Also, as presented in Suppl Excel Files, each GPSM contains peptide score, core score and glycan 651 

score, as well as peptide FDR (but no glycan FDR or expectation value). Are these already filtered 652 

at a certain threshold? If so, what's the value? 653 

Reply: The results provided in Supplementary excel files have already been filtered with spectral 654 

FDR <1% for both peptide part and glycan part. 655 

 656 

3. In addition to Suppl Fig 7, which shows the distribution in PSM score for those PSMs 657 

identified through spectrum expansion, it will be more convincing to show the actual 658 

MS2 spectra for those considered as more convincing (high PSM score) and those 659 

among the worst scoring but still acceptable by the FDR threshold. This is important 660 

since for all subsequent performance comparison against other search engine, those 661 

GPSM identified by spectrum expansion were included. 662 

Response: Thanks for the great suggestion. The actual MS2 spectra for the peptides 663 

that were presented in Supplementary Fig. 7a-c of the original manuscript were 664 

provided in Supplementary Fig. 7-9 in the revised manuscript (as presented in Fig. R8-665 
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10 in this response). Specifically, the GPSMs of in silico deglycosylation with high 666 

PSM scores were compared against the GPSMs among the worst scoring gained in 667 

spectrum expansion. Their PSM scores, including peptide score and core structure score, 668 

are labeled in the figures. In addition, the fragmentation patterns of peptide backbones 669 

were also compared in detail. 670 

 671 
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 672 

Figure R8. Examples of GPSMs with peptide backbone “THNLTNLNPDLQYR” identified 673 

from in silico deglycosylation and spectrum expansion. 674 

This is the same figure as Supplementary Fig. 7 in the revised manuscript. 675 

(a) Score distribution of peptide-spectrum matches in spectrum expansion. Left: score distribution 676 

of all target-decoy PSMs obtained in spectrum expansion. Right: score distribution of PSMs after 677 

score filtering and core structure peak matching. And the PSM score threshold was derived from 678 

the e-value filtration method. 679 

(b) The GPSM initially identified by in silico deglycosylation (top) and the GPSM that passed the 680 
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score threshold in the spectrum expansion (bottom). 681 

(c) Normalized peaks of peptide part of intact glycopeptides shown in (b). Peptide fragmentation 682 

pattern was retained after spectrum expansion: y4 ion is still the most abundant ion and followed by 683 

y6, y7, b2 ions.  684 
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 685 

 686 

Figure R9. Examples of GPSMs with peptide backbone “PGDPGKDLASGENGTECR” 687 

identified from in silico deglycosylation and spectrum expansion. 688 

This is the same figure as Supplementary Fig. 8 in the revised manuscript. 689 

(a) Score distribution of peptide-spectrum matches in spectrum expansion. Left: score distribution 690 

of all target-decoy PSMs obtained in spectrum expansion. Right: score distribution of PSMs after 691 

score filtering and core structure peak matching. And the PSM score threshold was derived from 692 
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the e-value filtration method. 693 

(b) The GPSM initially identified by in silico deglycosylation (top) and the GPSM that passed the 694 

score threshold in the spectrum expansion (bottom). 695 

(c) Normalized peaks of peptide part of intact glycopeptides shown in (b). Peptide fragmentation 696 

pattern was retained after spectrum expansion: (y11+HexNAc) ion is always the most abundant ion 697 

and followed by (y15+HexNAc) ion.  698 
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  699 

Figure R10. Examples of GPSMs with peptide backbone “GGNVTLPCK” identified from in 700 

silico deglycosylation and spectrum expansion. 701 

This is the same figure as Supplementary Fig. 9 in the revised manuscript. 702 

(a) Score distribution of peptide-spectrum matches in spectrum expansion. Left: score distribution 703 
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of all target-decoy PSMs obtained in spectrum expansion. Right: score distribution of PSMs after 704 

score filtering and core structure peak matching. And the PSM score threshold was derived from 705 

the e-value filtration method. 706 

(b) The GPSM initially identified by in silico deglycosylation (top) and the GPSM that passed the 707 

score threshold in the spectrum expansion (bottom). 708 

(c) Normalized peaks of peptide part of intact glycopeptides shown in (b). Peptide fragmentation 709 

pattern was retained after spectrum expansion: y3 ion is the most abundant ion and other peptide 710 

ions are relatively low abundance. 711 

 712 

4. Similarly when trying to match the glycan mass to entries in GlyTouCan, some 713 

problematic assignments due to poor monoisotopic pattern, +1 mass offsets, 714 

overlapping precursor clusters in chimeric spectra, lack of supportive B and/or Y ions 715 

etc should be shown and discussed to let potential users have a better feel of how 716 

reliable the ID is, based on the scoring and FDR/probability filtering. All software can 717 

handle relatively good quality spectra very well and be able to distinguish even isomeric 718 

glycan structures (Suppl Fig 1-3). How each will handle ambiguous case and how these 719 

are marked out and reported are actually more relevant than reporting the highly 720 

confident cases. 721 

Response: Thanks for the good suggestion. The detailed analysis and discussion on the 722 

precursor detection and glycan identification were added in the revised manuscript: 723 

(1) In the glycosylation of yeast, only oligo-mannose glycans with compositions of 724 

Hex(n)HexNAc(2) are generated on the glycoproteins (Biochimica et Biophysica Acta 725 

(BBA) - General Subjects 1426, 227-237 (1999)). Based on this knowledge, we 726 

benchmarked the performance of Glyco-Decipher in precursor correction on the yeast 727 

dataset (Fig. R3). Examples of precursor correction for those with poor isotopic pattern 728 
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and +1 isotopic error were illustrated in Supplementary Fig. 28c-d in the revised 729 

manuscript (which is the Fig. R3c-d in this response). Incorrect precursor assignments 730 

for 18 GPSMs (0.25% out of 7,145 GPSMs) were observed in the result of Glyco-731 

Decipher due to the poor MS1 quality. For example, the precursor of glycopeptide 732 

spectrum presented in Fig. R3d was assigned to the (mono-isotope +1 Da) value, 733 

resulted in the identification of oligo-mannose glycan but isotope-shifted modification 734 

part (180 Da for ammonium adducted hexose in this example). 735 

(2) Since the glycosylation on the proteins of mouse are more complex than that of 736 

yeast, chimeric glycopeptide spectra are more likely to be generated in the mouse 737 

dataset. The examples of the identification for the glycopeptide spectra with chimeric 738 

precursors and with insufficient glycan ions in the mouse dataset were discussed in 739 

Supplementary Fig. 42-43 of the revised manuscript (which are presented as Fig. R11-740 

12 in this response). Among the results of pGlyco 2.0/3.0, 1,145 chimeric glycopeptide 741 

spectra were matched to distinct glycopeptides in pGlyco 2.0 and pGlyco 3.0. Among 742 

the 1,145 glycopeptide spectra, 855 of them were also identified in Glyco-Decipher and 743 

89.4% (764/855) of these spectra were matched to identical glycopeptides as pGlyco 744 

results. For example, in the glycopeptide spectrum in Fig. R11d, peptide backbone of 745 

“ANATIEVK” was matched in all software. Hex(5)HexNAc(6)NeuAc(1)Fuc(1) were 746 

identified as the glycan part in both Glyco-Decipher and pGlyco 2.0 and 747 

Hex(4)HexNAc(6)NeuGc(1)Fuc(2) was reported in pGlyco 3.0. Although identical 748 

mass values are shared by the two glycans, distinct diagnostic oxonium ions were 749 
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generated by them and were both detected in this chimeric glycopeptide spectra. 750 

Moreover, for the 91 chimeric glycopeptide spectra that were inconsistently identified 751 

by pGlyco 2.0 and pGlyco 3.0, distinct glycopeptide results were also reported by 752 

Glyco-Decipher. For the spectrum example presented in Fig. R12, identical peptide 753 

backbone was matched by all the three software in the glycopeptide spectrum. 754 

Sufficient peptide fragment ions were matched in the spectrum to support reliable 755 

identification of the peptide backbone, yet only core structure glycan ions were matched 756 

for the identification of glycan part in the three software tools. The identification 757 

differences between the three tools are at the precursor detection and glycan assignment: 758 

In terms of precursor detection, the isotopic pattern and ion intensity in the isolation 759 

window are key factors of precursor correction in Glyco-Decipher. In addition, Glyco-760 

Decipher also scores glycan candidates of different precursors by matching the 761 

corresponding glycan ions in MS2, and the glycan scoring also helps to determine the 762 

precursor. As a result, the precursor with higher pattern similarity/ion intensity and the 763 

glycan (Hex(6)HexNAc(4)NeuGc(1)Fuc(1)) with more matched glycan ions were 764 

identified in Glyco-Decipher (Fig. R12d, top). The diagnostic oxonium ions of NeuGc 765 

and Y ions of core fucosylation were observed in the spectrum. 766 

Different precursors and glycans were identified in pGlyco 2.0/3.0: Although the 767 

identical precursor for this spectrum was also detected in pGlyco 2.0, another NeuAc-768 

containing glycan (Hex(7)HexNAc(4)NeuAc(1)) was matched in pGlyco 2.0. Since the 769 

tuned algorithm in precursor detection, a different precursor with less m/z value was 770 
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771  detected in pGlyco 3.0. As described in the original publication [reacted] 

772  pGlyco 3.0 tend to correct the precursor to the one with less m/z 

value: “For potential chimeric spectra, pGlyco3 removes unreliable mixed 773 

glycopeptides by determining whether one’s precursor is another’s isotope. For 774 

example, if NeuAc(1) and Fuc(2) are simultaneously identified in the same MS2 scan 775 

but with different precursors, the Fuc(2)-glycopeptide will be removed because 776 

‘NeuAc(1) + 1 Da = Fuc(2)”. And the preference was also observed in this spectrum 777 

example: Hex(5)HexNAc(4)NeuGc(2) was identified in pGlyco 3.0 and it corresponds 778 

to the precursor with lowest m/z value but less isotopic similarity and ion intensity in 779 

the isolation window (as shown in Fig. R12b). In this chimeric spectrum example, 780 

distinct glycans were matched in Glyco-Decipher and pGlyco 2.0/3.0. And precursor 781 

and fragment ion evidences are found to support all these glycan identifications. Thus 782 

improvements for precursor detection and glycan assignment are needed for the 783 

glycoproteomics tools for more comprehensive identification of glycopeptides. 784 

 785  
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 786 

Figure R11. Analysis of identification results of Glyco-Decipher and pGlyco 2.0/3.0 on 787 

chimeric glycopeptide spectra. 788 

This is the same figure as Supplementary Fig. 42 in the revised manuscript. 789 
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(a) Analysis of the identification results of 1,145 chimeric glycopeptide spectra that were matched 790 

to distinct glycopeptides in pGlyco 2.0 and pGlyco 3.0. Among the 1,145 glycopeptide spectra, 855 791 

of them were also identified in Glyco-Decipher and the results of Glyco-Decipher were consistent 792 

to pGlyco results in 89.4% (764/855) of these spectra. 793 

(b) Experimental isotopic cluster of the precursor of glycopeptide spectrum “MouseBrain-Z-T-794 

2.7770.7770.3”. The m/z values of original spectrum precursor and corrected precursors (Glyco-795 

Decipher, pGlyco 2.0/3.0) were labeled in the figure. 796 

(c) Comparison of the theoretical isotopic pattern with the experimental cluster. The theoretical 797 

isotopic pattern was derived from the elemental composition of identified glycopeptide. 798 

(d) Annotation of the glycopeptide spectra “MouseBrain-Z-T-2.7770.7770.3” based on the 799 

identification results of Glyco-Decipher/pGlyco 2.0 (top) and pGlyco 3.0 (bottom). Diagnostic 800 

oxonium ion and Y ions for glycan identification and structure discrimination (core fucosylation 801 

and bisected HexNAc) were labeled in the figure. From this glycopeptide spectrum, peptide 802 

backbone of “ANATIEVK” was matched in all software. Hex(5)HexNAc(6)NeuAc(1)Fuc(1) were 803 

identified as the glycan part in both Glyco-Decipher and pGlyco 2.0 and 804 

Hex(4)HexNAc(6)NeuGc(1)Fuc(2) was reported in pGlyco 3.0. Although identical mass values are 805 

shared by the two glycans, distinct diagnostic oxonium ions were generated by them and were both 806 

detected in this chimeric glycopeptide spectra. 807 
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 808 

Figure R12. Analysis of the chimeric spectrum that was identified to distinct glycopeptides in 809 

Glyco-Decipher and pGlyco 2.0/3.0. 810 

This is the same figure as Supplementary Fig. 43 in the revised manuscript. 811 
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(a) Experimental isotopic cluster of the precursor of glycopeptide spectrum “MouseLung-Z-T-812 

1.52425.52425.4”. The m/z values of original spectrum precursor and corrected precursor (Glyco-813 

Decipher, pGlyco 2.0/3.0) were labeled in the figure. 814 

(b) Comparison of the theoretical isotopic pattern with the experimental cluster. The theoretical 815 

isotopic pattern was derived from the elemental composition of identified glycopeptide. 816 

(c) Annotation of the glycopeptide spectrum “MouseLung-Z-T-1.52425.52425.4” with the peptide 817 

backbone “IHYLYLQNNFITELPLESFQNATGLR” which was commonly identified in Glyco-818 

Decipher and pGlyco 2.0/3.0. 819 

(d) Annotation of the glycopeptide spectra “MouseLung-Z-T-1.52425.52425.4” based on the glycan 820 

identification results of Glyco-Decipher (top), pGlyco 2.0 (middle) and pGlyco 3.0 (bottom). From 821 

this glycopeptide spectrum, identical peptide backbone was matched in all the three software, and 822 

the identification difference was the glycan part. Hex(6)HexNAc(4)NeuGc(1)Fuc(1) was identified 823 

in Glyco-Decipher and the diagnostic oxonium ions of NeuGc and Y ions of core fucosylation were 824 

matched in the spectrum (top). Hex(7)HexNAc(4)NeuAc(1), which is of the same mass with glycan 825 

reported in Glyco-Decipher, was reported in pGlyco 2.0 and the oxonium ion of NeuAc were also 826 

matched in the spectrum (middle). Hex(5)HexNAc(4)NeuGc(2) was identified in pGlyco 3.0 and it 827 

corresponds to the precursor with lowest m/z value but less isotopic similarity and ion intensity in 828 

the isolation window (as shown in (b)). 829 

 830 

5. Reviewer 1 has correctly pointed out that there are lacdiNAc and fucosylated or 831 

sulfated lacdiNAc in the SRAS-CoV2 spike proteins. This is a test of how well 832 

GlycoDecipher (and other software) can distinguish the probable terminal structures 833 

(and modifications) from mere glycosyl composition. The authors did not respond to 834 

the lacdiNAc issue and the +80 modification was attributed to Hex+80 (242 u) on high 835 

mannose and not HexNAc+80 or sulfate on complex type N-glycans. Sulfated N-glycan 836 

compositions at several sites of the spike proteins were reported by Zhao et al in Suppl 837 

Tables S6 and S8. 838 

Response: Thanks for the kind reminder from the reviewer. 839 

Glycans with terminal LacDiNAc are significantly produced by HEK293 T cell 840 

(Molecular Cell 75, 394-407.e395 (2019); Glycobiology, cwab102 (2021)), which was 841 
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used to culture the SAR-CoV-2 Spike protein in the original study (Cell Host & Microbe 842 

28, 586-601.e586 (2020)). For example, based on the results reported in Zhao et al (Cell 843 

Host & Microbe 28, 586-601.e586 (2020)) and prior study of glycosylation on SARS-844 

CoV-2 spike (Glycobiology, cwab102 (2021)), N74 is the site carrying the most amount 845 

of sulfation and additional fucosylation due to the presence of LacDiNAc. The detection 846 

of oxonium ion at m/z 407.17 in the glycopeptide spectra indicated the presence of 847 

LacDiNAc terminal on the glycans identified by Glyco-Decipher (Fig. R13b-c). In 848 

addition, a modification moiety of 283.04 Da, which matches to the mass of sulfated 849 

HexNAc, was identified by monosaccharide stepping method (as presented in Fig. 850 

R13b). The diagnostic ion of HexNAc(1)S(1) at m/z 284.04 in the glycopeptide 851 

spectrum supported the sulfate modification identification on the glycan. Similarly, ions 852 

of HexNAc(1)Fuc(1) at m/z 350.15 and HexNAc(2)Fuc(1) at m/z 553.23 also supported 853 

the presence of fucosylated LacDiNAc terminal (as presented in Fig. R13c), indicating 854 

the performance of Glyco-Decipher in distinguishing terminal structures of glycans. 855  
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  856 

Figure R13. Analysis of the modified glycans identified by Glyco-Decipher on the dataset of 857 

SARS-CoV-2 Spike/ACE2. 858 

(a) The distribution of modified glycans, including glycans linked with moieties of 179 Da (Hex + 859 

17 Da), 242 Da (Hex + 80 Da) and 283 Da (HexNAc + 80 Da), on the sites of SARS-CoV-2 S (left) 860 

and ACE2 (right). This is the same figure as Supplementary Fig. 33b in the revised manuscript. 861 

(b) Spectrum example of the glycopeptide with the peptide backbone of “AIHVSGTNGTK” for 862 

glycosite N74 in SARS-CoV-2 spike and the glycan part of Hex(4)HexNAc(4)NeuAc(1)Fuc(1) 863 

+283 Da modification moiety identified in Glyco-Decipher. The glycan with sulfated LacDiNAc 864 

terminal was identified by the monosaccharide stepping method. The diagnostic ions of sulfated 865 

HexNAc (m/z = 284.04) and LacDiNAc (m/z = 407.17) were also observed in the glycopeptide 866 

spectrum. This is the same figure as Supplementary Fig. 33c in the revised manuscript. 867 
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(c) Spectrum example of the glycopeptide with the peptide backbone of “AIHVSGTNGTK” for 868 

glycosite N74 in SARS-CoV-2 spike and the glycan part of Hex(3)HexNAc(6)Fuc(2) identified in 869 

Glyco-Decipher. This glycan with fucosylated LacDiNAc terminal was identified by glycan 870 

database searching in Glyco-Decipher. The diagnostic ions of fucosylated HexNAc (m/z = 284.04) 871 

and LacDiNAc (m/z = 407.17) were also observed in the glycopeptide spectrum. This is the same 872 

figure as Supplementary Fig. 33d in the revised manuscript.  873 

 874 

6. Suppl Fig 1. The data cannot distinguish between what was drawn as a biantennary 875 

LeX-LeX versus a triantennary structure. 876 

Response: Thank you very much for the kind reminder. Since the determination of fine 877 

glycan structure is still unable to be achieved by Glyco-Decipher, more conservative 878 

illustrations of the structures are provided in the revised manuscript.  879 
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Reviewer #2 (Remarks to the Author): 880 

I think this can be published with minor corrections. 881 

Response: We appreciate the positive feedback from Reviewer#2 and are cheerful to 882 

hear that our work is suitable for publication. 883 

 884 

Lines 53-56: the authors state on average only 6% of glycopeptide spectra are identified 885 

whereas more than 70% of spectra can be identified in routine proteomic analysis. I 886 

think using these two datasets to represent all of each type of data is somewhat 887 

misleading. Matching more than 70% of spectra in a regular proteomics study is 888 

unusually high (50% is higher than average), and the last glycopeptide dataset I 889 

analyzed in-house I identified 16% of spectra. I think it would be better either to state 890 

that only 6% were identified in one of the datasets used in this study whereas a study 891 

identifying more than 70% of spectra have been reported for routine proteomic study, 892 

or better simply that a significantly lower percentage of spectra are typically identified 893 

in glycopeptide datasets. 894 

Response: Thank you very much for the suggestion. The statement was rephrased to 895 

“For example, in a recently published glycoproteomics dataset of mouse tissues, only 896 

6% of the collected glycopeptide spectra were reliably annotated in the original study 897 

(Supplementary Table 1), a rate that lags far behind routine proteomic analysis, for 898 

which more than 70% of spectrum identification rate has been reported” in the revised 899 

manuscript (Line 54-58). 900 
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 901 

The authors need to be careful to not imply that if a spectrum does not contain a Y1 902 

then it is incorrect. In the comparison to other software they state that presence of Y1 903 

means the peptide identification is higher confidence, and they state that all the 904 

GlycoDecipher results contain a Y1, meaning the GlycoDecipher results are high 905 

confidence. The lack of a Y1 does not mean it is incorrect (although it is more likely to 906 

be). 907 

Response: Thanks for the suggestion. 908 

In the original manuscript, to assess the reliability of peptide identification of Glyco-909 

Decipher and MSFragger in glycan-independent search, we investigated the 910 

occurrences of Y1 (peptide+HexNAc) ion in the PSMs reported by Glyco-Decipher and 911 

the open search of MSFragger. The results indicated that the corresponding Y1 ions 912 

were matched in all PSMs identified by Glyco-Decipher, while were matched in only 913 

60-70% PSMs reported by MSFragger. In the revised manuscript, other Y ions of N-914 

glycan core structure were also investigated to provide an overview of the distributions 915 

of matched core structure ions for the peptide results (Supplementary Fig. 14 of the 916 

revised manuscript). And the results indicated that the other core structure ions were 917 

also matched in higher percentages of PSMs reported by Glyco-Decipher. To explain 918 

this, we investigated the peptide results of the spectra that were inconsistently identified 919 

in Glyco-Decipher and MSFragger (Fig. R4). Y1 (peptide+HexNAc) ions were 920 

matched with higher intensity in almost all of these spectra based on the peptide results 921 
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of Glyco-Decipher than that of MSFragger. Detailed analysis of the identification 922 

results from MSFragger indicated that incorrect peptides with shared peptide ions were 923 

matched in open search, which resulted in the failure in core structure ion matching. A 924 

spectrum example was presented in Fig. R4b: peptide of “VNSTELFHVER” and 925 

glycan of “Hex(9)HexNAc(2)” were matched in this spectrum by Glyco-Decipher and 926 

high intensity corresponding Y ions were matched in this spectrum. Yet the peptide with 927 

additional missed cleavage: “FSVRVNSTELFHVER” was matched by MSFragger for 928 

this glycopeptide spectrum. Note that the peptide of Glyco-Decipher is the C-term 929 

sequence of the peptide result of MSFragger and y1-y10 peptide ions are shared by the 930 

two peptides. However, due to the large MS1 mass window in open search (6,000 Da 931 

for this example), both peptides were included in the peptide candidates. Because 932 

(b/y+HexNAc) ions were also considered in N-glycan mode open search, the peptides 933 

with additional missed cleavage were matched with higher peptide score due to the 934 

interference of glycan ions (labeled in the figure). Accordingly, the glycopeptide 935 

spectrum was matched to the incorrect peptide, and resulted in the lack of 936 

corresponding Y ions of N-glycan core structure in the spectrum. Statistical analysis 937 

indicated that this kind of incorrect matches were commonly observed in the result of 938 

MSFragger for the inconsistently identified spectra (75%-85%, Fig. R4c). Instead of 939 

matching peptide candidates within wide mass windows, the fragment ions of core 940 

structure were matched by Glyco-Decipher to derive the accurate peptide mass, which 941 

largely decreased the search space and ensured reliable peptide identifications. 942 
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 943 

Similarly, they need to be careful to not equate ‘same answer by both software’ as being 944 

correct (lines 317-318; just report the agreement. 945 

Response: Thanks for the great suggestion. 946 

The high confidence statement based on identical identifications between different tools 947 

were removed in the revised manuscript. And only the consistency in identification was 948 

reported after revision (Line 318-324). 949 

 950 

Line 241: the enlarged mass range in open searching leads to a linear (not exponential) 951 

increase in search space: searching 5x larger range makes searches 5x slower. 952 

Response: Thanks for the kind suggestion. The sentence was rephrased to “leading to 953 

a substantial increase in the peptide search space” in the revised manuscript (Line 245). 954 

 955 

Figure 4A: I recommend changing ‘loss’ to ‘unique’. 956 

Response: Thank you very much. The term “loss” has been replaced with “unique” in 957 

the Fig. 4a. 958 

 959 

I agree with one of the other reviewers that there should be some comment about what 960 

types of data this software may not be as effective with. It is reliant on getting extensive 961 

coverage of the smaller Y ions and particularly Y1. These ions will often be present in 962 

stepped HCD data. However, these are not as consistently there in data acquired at only 963 
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one high collision energy, which is more common for data acquired on non-Thermo 964 

instruments, and they are also not as regularly present in EThcD data. 965 

Response: Thanks for the insightful comments on our work. 966 

Due to the high scanning speed of HCD fragmentation and the informative fragment 967 

ions generated with stepped collision energy (SCE), the SCE-HCD fragmentation is of 968 

high sensitivity and is widely used in N-glycopeptide analysis (Journal of Proteome 969 

Research 19, 3286-3301 (2020)). Therefore the current version of Glyco-Decipher was 970 

designed for analyzing the date acquired by this kind of fragmentation. Discussions on 971 

the application of our developed tool have been rephrased to: “Glyco-Decipher is 972 

currently designed for the interpretation of N-glycopeptide spectra acquired with 973 

sceHCD fragmentation and supports to accommodate other fragmentation methods and 974 

O-glycosylation analysis will be provided in the near future” in the revised manuscript 975 

(Line 532-535). 976 

 977 

Two reviewers commented that a 30 minute window for matching glycopeptides from 978 

the same peptide seems too large. In response they have produced Supplementary 979 

Figure 8, which basically confirms this is the case; there is practically no gain going 980 

above 20 minutes, and there may not be any gain going above 15 minutes. I guess the 981 

information is now there for a reader to make a decision about whether they would use 982 

the same parameters. 983 

Response: Thanks for the insightful comments on the spectrum expansion method. 984 
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Since a long LC gradient of 360 min was used in acquiring the mouse dataset, thus a 985 

wide expansion window was applied accordingly to avoid the missing of muti-986 

sialylated glycans on peptide backbones. Indeed, as Reviewer#2 and #3 has pointed out, 987 

search parameters should be selected and optimized properly to get a better 988 

identification performance. And many configuration parameters of Glyco-Decipher, e.g. 989 

expansion window and core structure ion threshold, could be modified by the users to 990 

accommodate the acquired mass spectrometry data. 991 

 992 

The authors have done a lot of data analysis, most of which is in supplementary 993 

files/figures. Some of this is of questionable value. For example, there was no need to 994 

confirm that that the ammonium salt adducts were from an exogenous source: it comes 995 

from the buffer (ammonium bicarbonate) used to elute from the HILIC column used 996 

for glycopeptide enrichment and is common to most HILIC-enriched glycopeptide 997 

datasets. How much superfluous data matters if it is mostly in the supplementary 998 

material (there is one sentence in the main manuscript on this), is open to debate. 999 

Response: Thank you very much for the kind suggestion. Supplementary Note2 has 1000 

been removed in the revised manuscript.  1001 
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Reviewer #3 (Remarks to the Author): 1002 

The authors have addressed many (but not all) of the raised points, which have 1003 

improved the manuscript. However, some weaknesses remain. For some of the points, 1004 

the authors only partially responded to or misunderstood the raised concern. Further, it 1005 

was unclear from the response letter how the authors actually addressed many of the 1006 

concerns (they only replied to me, but it was not mentioned how manuscript was 1007 

actually revised). The following issues need attention: 1008 

Response: We thank the comments from the reviewer to help us improve the 1009 

manuscript. 1010 

In revision R1, we provided a point-to-point response to address the reviewers’ 1011 

concerns. In addition, we also provided two word files with changes highlighted for the 1012 

main text and the supplementary information, respectively. During this round of 1013 

revision, we also appended an overview of the changes in manuscript and figures to 1014 

help the reviewers find the improvements of the manuscript. 1015 

 1016 

1. The revised manuscript does not clearly acknowledge the structural 1017 

uncertainty/ambiguity of the reported glycopeptides and the many shortcomings of the 1018 

software are not clearly discussed. These points need to be exhaustively addressed to 1019 

enable readers to understand what this tool can and can’t do. For example (but not 1020 

limited to): i) it needs to be mentioned that the glycan fine structures are not confidently 1021 

identified with this tool, the top ranked glycan candidates are reported and drawn, but 1022 
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these are not necessarily the correct ones. The structural information is just not available 1023 

to confidently draw a glycan with fine structural details including topology (e.g. SFig 1024 

3), ii) GlcNAc and GlcNAc-Fuc peptides cannot be recognized by this method (many 1025 

such N-glycopeptides in mouse brain, PMID: 23816992) since no Y2 ions are present 1026 

for such peptides, iii) Peptide modifications can easily be mistaken as glycan 1027 

modifications if these are labile PTMs that fall off readily in the HCD process (i.e. the 1028 

Y1 ion carries the loss of the peptide PTM). The authors did not address these important 1029 

points in the R1. 1030 

Response: We thank the useful suggestions from Reviewer#3. 1031 

It is important to let users to know the application scope and shortcomings of our 1032 

software tool. Thus we have discussed the limitations of Glyco-Decipher in the 1033 

Discussion of the revised manuscript (Line 532-543). 1034 

(1) During the identification of glycopeptide, the lack of sufficient glycan ions in 1035 

glycopeptide spectra limits the determination of glycan structures. In addition, shared 1036 

glycan ions are able to be generated by distinct glycan structures, which also hinders 1037 

the determination of fine glycan structures. Thus, the determination of fine structure of 1038 

glycans is still unable to be achieved in Glyco-Decipher and this limitation was 1039 

mentioned in Line 538. The detailed illustrations of glycan structures (e.g. location of 1040 

branch structures) were removed in the revised manuscript. 1041 

(2) We re-analyzed the data of mouse tissues and found that the identification results of 1042 

the two special glycans only accounted for a small percentage of the results: for 1043 
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example, 24,966 GPSMs were identified in the data of mouse brain by pGlyco 3.0 and 1044 

only 101 GPSMs (0.40%) of GlcNAc(1) and 77 GPSMs (0.31%) of GlcNAc(1)Fuc(1) 1045 

were reported. However, when the peptide part contains both asparagine and 1046 

serine/threonine, the glycosylation of GlcNAc might be incorrectly assigned, especially 1047 

for HCD spectra. Thus high confident identification of glycopeptides with the two 1048 

special glycans needs further work. In this study, the number threshold in core Y ion 1049 

matching was set to be three. To cover glycopeptides of the two special glycans, users 1050 

can decrease the number of core Y ions needed in glycopeptide identification (e.g. in 1051 

pGlyco 3.0, the number threshold of core Y ions is two), which can be set in the 1052 

configuration file of Glyco-Decipher. We also mentioned this in the revised manuscript 1053 

(Line 540, Line 624-627) and in the user manual of Glyco-Decipher. 1054 

(3) A labile peptide modification might be assigned as a modification on the glycan part 1055 

since it was dissociated during the fragmentation of glycan in HCD. However, this type 1056 

of modifications might be rare in the glycoproteomics analysis. For example, 1057 

phosphorylation is a typical liable PTM and the neutral loss of H3PO4 are often 1058 

happened in the mass spectra of phosphorylated peptides. In the results of mouse tissues, 1059 

phosphorylation on glycans are able to be detected by Glyco-Decipher at high 1060 

confidence (FDR<1%) with the validation of diagnostic oxonium ion at m/z 243.03. 1061 

Moreover, we also mentioned that additional work are needed to get more information 1062 

about labile modifications on glycopeptides (Line 542). 1063 

 1064 
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2. The authors must also acknowledge that a fair comparison between software may not 1065 

have been performed with this study - all engines are designed and optimized differently 1066 

in terms of data input, search settings and output filtering; the authors are experts in 1067 

using their own tool but not necessarily other’s tools. The “superior” performance the 1068 

authors are reporting should be seen in this light; claiming superior performance in the 1069 

abstract should therefore be avoided and claim moderated in the rest of the paper. This 1070 

software is instead better described as another interesting tool that is showing a potential 1071 

for comprehensive glycoproteomics using a different approach than other tools. Instead 1072 

of only focusing on coverage (number of glycoPSMs) informatics papers like this need 1073 

to also benchmark and “compete” on the accuracy of the IDs (which can only be 1074 

determined by matching against a ground truth, manually annotated spectra and/or 1075 

literature, not against output from other search engines as was performed in this work) 1076 

Response: Thank you very much for the suggestions. 1077 

(1) To ensure the fairness in performance evaluation and comparison, identical search 1078 

parameters were set in both Glyco-Decipher and other tools and detailed descriptions 1079 

of the parameters were provided in the Methods section (Line 810-875). Identical 1080 

protein database, including Homo Sapiens (containing 20,417 entries), Mus Musculus 1081 

(containing 25,243 entries) and Schizosaccharomyces Pombe (containing 5,149 entries), 1082 

are used in all tools for peptide identification. Trypsin digestion with max missed 1083 

cleavage number of 3 were set when analyzing the dataset of mouse, yeast, serum. For 1084 

the dataset of SAR-CoV-2 Spike and ACE2, a set of enzymes (trypsin, chymotrypsin, 1085 
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aLP, AspN and GluC) and their combinations described in the original publication were 1086 

set in Glyco-Decipher, StrucGP and pGlyco 3.0. In the identification of glycan, identical 1087 

glycan database, which is the GlyTouCan database (containing 1,766 entries), was used 1088 

in all tools. Specifically note that StrucGP used the built-in database of core/branch 1089 

structures. In post analysis, FDR was set to be 0.01 for Glyco-Decipher and other tools 1090 

to obtain high confidence results. In addition, we have uploaded all the raw result files 1091 

of Glyco-Decipher and other tools onto the public PRIDE repository, and these results 1092 

could be accessed via the link provided in the Data Availability section (Line 876). 1093 

(2) It is true that the glycoproteomics software tools are designed and optimized 1094 

differently. However, fine-tuning each step in the identification process, e.g. internal 1095 

spectrum pre-processing and quality control, is beyond the capability of users in using 1096 

of different software tools. Indeed, the search parameter does largely affect the 1097 

identification results, and a recently community evaluation also proved this point 1098 

1099  [redacted].  Thus,  when  using  other  software  tools  for 

comparison, we follow their user manuals and identical parameters (i.e., protein 1100 

database, glycan database, enzyme, number of missed-cleavages and mass tolerance 1101 

parameters mentioned above) were adopted in glycoproteomics analysis. We have 1102 

mentioned importance of search variables in the Introduction section: “Many glycan 1103 

database-dependent tools have been developed to analyze the glycoproteomics data 1104 

acquired via tandem mass spectrometry (MS/MS) and their performance is closely 1105 

associated with the adopted search variables including the glycan database” (Line 42). 1106 
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(3) Thanks for the suggestions in paper writing. We realized that it is inappropriate to 1107 

use “superior performance” when comparing with other software tools. The statements 1108 

in Abstract and Main text were moderated and rephrased in the revised manuscript 1109 

(Line 27). Beside focusing on the identification performance, we also discussed the 1110 

identification strategies in glycopeptide identification and the characteristics of 1111 

different glycoproteomics tools (Line 506). 1112 

(4) We strongly agree that reliability is the cornerstone of glycopeptide identification. 1113 

In addition to paired comparison with other tools, the identification confidence of 1114 

Glyco-Decipher was investigated using different datasets by comparison with 1115 

knowledge in the literature and manual annotation of glycopeptide spectra: 1116 

(4-1) Based on the biosynthesis rule, only oligo-mannose glycans with composition of 1117 

Hex(n)HexNAc(2) are modified on the glycosites of yeast proteins (Biochimica et 1118 

Biophysica Acta (BBA) - General Subjects 1426, 227-237 (1999)). Among the 1119 

identification results of Glyco-Decipher, 99.89% of the GPSMs reported byGlyco-1120 

Decipher matched oligo-mannose glycans (Fig. R1b). Note that all the 2,528 GPSMs 1121 

of ammonium adducted glycans are matched to oligo-mannose glycans, indicating the 1122 

high confidence of Glyco-Decipher in glycan assignment (Fig. R1d). 1123 

(4-2) NeuGc-containing glycans are negligible features of glycosylation in human 1124 

serum and the diagnostic oxonium ion for this type of glycans was barely detected in 1125 

the acquired serum data (Fig. R5a). The absence of NeuGc-containing glycans in 1126 

human serum has also been used as a criteria to assess the identification reliability of 1127 
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1128  glycoproteomics software tools in a recent community study [redacted] 

1129  And no glycopeptides of NeuGc-containing glycans were reported in the 

results of Glyco-Decipher (Fig. R5b). 1130 

(4-3) No NeuGc-containing glycans were matched in the results of Glyco-Decipher 1131 

from the SARS-CoV-2 spike data (the SARS-CoV-2 spike proteins were expressed in 1132 

the human derived HEK-293 cells), which is also in line with the glycosylation rule 1133 

(Supplementary Fig. 33a). 1134 

In addition to using the knowledge of glycosylation in reliability evaluation, manual 1135 

annotation of the glycopeptide spectra were performed and some spectrum examples 1136 

were presented in Supplementary Fig. 1, 2, 3, 6, 7, 8, 9, 15b, 17, 20, 21, 22, 23, 24, 28b, 1137 

33c-d, 41c, 42d and 43c-d. 1138 

 1139 

3. The authors are still using confusing glycan categories with redundancy in their 1140 

graphical elements (where does Sia+Fuc glycopeptides fit?, where does paucimannose 1141 

fit?) It is in my opinion not appropriate to argue that others have grouped glycans like 1142 

this in previous papers without the appropriate explanation. 1143 

Response: Thanks for the comments. 1144 

In the original manuscript, we referenced the classification model in a published study 1145 

(Nature Communications 10, 1311 (2019)) and classified the glycans into four 1146 

categories: high mannose glycans; complex/hybrid glycans (fucose and sialic acid free); 1147 

fucosylated glycans (sialic acid free) and sialylated glycans (with/without fucose). 1148 
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When grouping glycan types, any glycan with sialic acid was categorized as sialylated. 1149 

And the fucosylated glycan type group contains any glycan that contains a fucose 1150 

moiety and also is not sialylated. 1151 

To avoid any possible ambiguity, we classified the identified glycans with a more 1152 

universal model in the revised manuscript. The glycans were classified into three non-1153 

redundant categories based on the composition: truncated glycans of 1154 

Hex(<4)HexNAc(<3)Fuc(<2); oligo-mannose glycans of Hex(>3)HexNAc(2)Fuc(<2) 1155 

and complex/hybrid glycans. To present more composition details of the glycans, the 1156 

complex/hybrid glycans were subdivided into four non-redundant subgroups: fucose 1157 

and sialic acid free glycans (no fucose and sialic acid in glycan composition); 1158 

fucosylated but sialic acid free glycans; sialylated but fucose free glycans and glycans 1159 

containing both fucose and sialic acid (Line 766). 1160 

 1161 

4. Glycomics-assisted glycoproteomics was taken out of the revised R1 manuscript 1162 

despite this being a useful method that is being increasingly used to aid the 1163 

glycoproteomics analysis; should be reintroduced and cited appropriately. 1164 

Response: Thanks for the suggestion. Glycomics-assisted methods have been cited in 1165 

the revised manuscript (Line 538): “The determination of fine glycan structures is 1166 

unable to be achieved in Glyco-Decipher and this could be benefited from glycomics 1167 

methods, which have been increasingly used in glycosylation analysis1-3”. 1168 

References: 1169 
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1. de Haan, N., Yang, S., Cipollo, J. & Wuhrer, M. Glycomics studies using sialic acid 1170 

derivatization and mass spectrometry. Nature Reviews Chemistry 4, 229-242 (2020). 1171 

2. Yamakawa, N. et al. Systems glycomics of adult zebrafish identifies organ-specific 1172 

sialylation and glycosylation patterns. Nature Communications 9, 4647 (2018). 1173 

3. Tjondro, H.C. et al. Hyper-truncated Asn355- and Asn391-glycans modulate the 1174 

activity of neutrophil granule myeloperoxidase. Journal of Biological Chemistry 296, 1175 

100144 (2021). 1176 

 1177 

5. Incorrect Y-ion fragmentation nomenclature still present in the manuscript (as an 1178 

example, but not limited to, the intact trimannosylchitobiose core is not Y5 since it is 1179 

not a linear saccharide, see Fig 2 and main text). 1180 

Response: Thank you very much for the kind reminder. We checked the labeled Y ions 1181 

in all the figures and text of the manuscript. Moreover, the Y ions were denoted with 1182 

their definite saccharide compositions (e.g. Y-HexNAc(2) for Y2) in the revised 1183 

manuscript.  1184  
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Overview of the major changes in the revised manuscript: 1185 

1. Replaced the comparison with pGlyco 2.0 by the comparisons with StrucGP/pGlyco 1186 

3.0. 1187 

2. Classify glycans in a more universal model. 1188 

3. Added glycopeptide spectrum examples with worst PSM scores in spectrum 1189 

expansion to illustrate the utilization of peptide fragmentation pattern in identification. 1190 

4. Replaced the detailed glycan structures in figures with more conservative 1191 

presentations. 1192 

5. Added the analysis of the glycan compositions in human serum. 1193 

6. Added examples of precursor with poor isotopic pattern and +1 isotopic error of 1194 

Glyco-Decipher. 1195 

7. Added discussions on the glycopeptide identification of chimeric spectra. 1196 

8. Moderated the performance statements of Glyco-Decipher. Emphasized the 1197 

differences between Glyco-Decipher and other tools in glycopeptide identification.  1198  
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Graphical Element Description 

New Figures  

Supplementary Fig. 7-9 

Glycopeptide spectra of the peptide 

identified from is silico deglycosylation 

(GPSM with high PSM score) and 

spectrum expansion (those among worst 

scoring). 

Supplementary Fig. 14 

Distributions of matched core structure 

ions for the peptides identified by Glyco-

Decipher and MSFragger. 

Supplementary Fig. 15 

Analysis of the identification results of 

glycopeptide spectra that were 

inconsistently matched in Glyco-Decipher 

and MSFragger. 

Supplementary Fig. 26 
Analysis of the results from in silico 

deglycosylation and spectrum expansion. 

Supplementary Fig. 28 
Analysis of the differently identified 

spectra in yeast dataset. 

Supplementary Fig. 29 

Analysis of the results of Glyco-Decipher, 

StrucGP and pGlyco 3.0 on the mouse 

tissues dataset. 

Supplementary Fig. 31 
Investigation of the glycan compositions 

in human serum. 

Supplementary Fig. 34 

The performance comparison between 

Glyco-Decipher and StrucGP/pGlyco 3.0 

on the dataset of SARS-CoV-2 spike and 

ACE2. 

Supplementary Fig. 39 

Investigation of the results and relative 

occupancy rates of site-specific glycans 

on prosaposin provided by StrucGP. 

Supplementary Fig. 40 

Investigation of the results and relative 

occupancy rates of site-specific glycans 

on prosaposin provided by pGlyco 3.0. 

Supplementary Fig. 41-42 

Analysis of the identification results of 

Glyco-Decipher and pGlyco 2.0/3.0 on 

chimeric spectra in mouse dataset. 

Changed Figures  

Fig. 1, 3a, 5 
Updated the demonstration of N-glycan 

structures. 

Fig. 2a Updated the labels of Y ions. 

Fig. 2d 
Added PSM score threshold derived from 

e-value method. 
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Fig. 2e Updated the classification of glycan types. 

Fig. 4 

Removed the comparison with pGlyco 

2.0. Added the comparison with StrucGP 

and pGlyco 3.0 

Supplementary Fig. 1-3 
Updated the demonstration of N-glycan 

structures. 

Supplementary Note 2-4, Fig. 5, 12, 18, 

36 
Updated the classification of glycan types. 

Supplementary Fig. 25 

Added the time comparison with StrucGP 

and pGlyco 3.0. Removed the comparison 

between GlyTouCan database and the 

pGlyco 2.0 built-in glycan database. 

Supplementary Fig. 30 

Updated the comparison with pGlyco 2.0 

by the comparisons with StrucGP and 

pGlyco 3.0 on the human serum dataset. 

Supplementary Fig. 33 

Added the spectrum examples of 

glycopeptide with sulfated/fucosylated 

LacDiNAc terminal in glycan. 

Removed Figures/Tables in Original 

Manuscript 

Supplementary Note 2 
Analysis of the ammonium adduction on 

glycans in yeast dataset. 

Supplementary Table 4 
List of the 164 modified glycans was 

provided in Supplementary File 2. 

Supplementary Fig. 7 
Examples of PSM score distributions of 

PSMs in spectrum expansion. 

Supplementary Fig. 12 

Distribution of matched Y1 ions for 

peptide results of Glyco-Decipher and 

MSFragger. 

Supplementary Fig. 25-28 
Protein examples to demonstrate the 

performance of Glyco-Decipher. 

Supplementary Fig. 37 
Performance comparison with StrucGP 

and pGlyco 3.0 on the mouse dataset. 

Supplementary Fig. 38 

FDR analysis based on the results of 

Glyco-Decipher and pGlyco 3.0 on the 

yeast dataset. 
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REVIEWERS' COMMENTS 

 

Reviewer #1 (Remarks to the Author): 

 

The authors have carefully revised further their manuscript and tried to address all concerns raised 

by the Reviewers. As commented previously, although Glyco-Decipher is not without its own 

problems, it does compare favorably with other glycoproteomic software, with some unique aspects 

that is worth testing out by the community using a wider range of data. 

 

The main strength of a glycan library free spectrum expansion strategy is to ID as many spectra 

carrying the same peptide backbone and core Y ions but do not have a glycan mass offset (after 

subtracting the deduced Y0) matched to any entry in the glycan database used, without the need to 

consider the uncertainty in determining monoisotopic precursors. Moreover, it tolerates all kinds of 

modifications including some artifacts, and ammonium/cation adducts. As would be expected, a 

large proportion of candidate glycopeptides and spectra will not be matched as GPSM in Byonic and 

MSFraggerGlyco due to such issues (i.e. no glycan entries that would add up to the sum of a 

glycopeptide precursor). On the other hand, Byonic and MSFragger can return PSMs not constrained 

by presence of Y1, although it is arguable that a large proportion of these will be false positives due 

to incorrect assignment of peptide modification, mis-cleavages etc. The real test is whether the extra 

numbers of PSMs and peptides identified by Glyco-Decipher (as opposed to GPSMs) will actually 

translate into unique glycopeptides with meaningful and reliable glycosyl compositions (and not 

those with unknown or cation and other modifications of no real significance). 

 

In the Abstract, the authors stated that "Glyco-Decipher provides more comprehensive profiling of 

glycosylation than other existing tools (Byonic, MSFragger-Glyco, StrucGP and pGlyco 3.0) with at 

least 34% increases in the number of annotated glycopeptide spectra at high confidence. Perhaps 

limited by word counts, such statement is misleading. If understood correctly, the "34%" comes from 

using 215,010 PSM by Glyco-Decipher to compare against the respective numbers from other tools 

(as presented in Fig 4a). As better described in the Results section (ln 315): "Compared with the 

listed search tools, Glyco-Decipher reported the most PSMs and provided a 33.5%-178.5% increase 

in the number of identified glycopeptide spectra due to the glycan database-independent search and 

spectrum expansion strategy (Fig. 4a, top)." 

 

However, the numbers for MSFraggerGlyco and pGlyco3 actually referred to GPSM matched against 

entries in GlyTouCan, whereas the PSMs of GlycoDecipher can have any glycan mass including those 

that did not correspond to database entries and which carry unspecified modifications. A better 

comparison should be one using GPSM for Glyco-Decipher to compare against others. In fact, one 

should perhaps compare only the unique glycopeptides identified, without considering all the add-

 



on modifications, to get a real assessment of the performance. One can then fully acknowledge that 

additional ID of known and unknown modifications can be considered a true advantage offered by 

Glyco-Decipher. 

 

In relation to the above, the authors should also define the differences between unique or intact 

glycopeptides and site-specific glycans. 

 

Another issue to note is that the numbers presented in Fig 2e/Supplemental Fig 29 are different 

from those presented in Fig 4e. It is 16,971 vs 15,921 unique glycopeptides for Glyco-Decipher and 

pGlyco3, respectively in the former, but 20,777 and 16,078 intact glycopeptides, respectively in the 

latter. Although the actual numbers are perhaps irrelevant, it it nonetheless confusing to follow the 

data and results. 

 

 

Reviewer #2 (Remarks to the Author): 

 

I am happy with the revised version. 

 

 

Reviewer #3 (Remarks to the Author): 

 

The authors have addressed the raised concern to my satisfaction. The manuscript appears largely 

ready for publication. However, before the manuscript can be recommended for publication, the 

authors should make one minor change in figures and text by changing the use "site occupancy" to 

"site distribution" or similar wording. Site occupancy is used in the field to describe the site 

macroheterogeneity (how much of a site is occupied by any glycan, typically as a proportion of 1). 

Since the non-occupied sites were disregarded in this work due to the reliance of glycopeptide 

enrichment, the site occupancy information is lost and not considered in the analysis (a fact that 

would also be appropriate to mention in passing in the manuscript). 

 



Point-to-point response to reviewers’ comments 1 

We appreciate the reviewers for the great efforts in reviewing the manuscript. We also 2 

thank them very much for the insightful and constructive suggestions to help us improve 3 

the manuscript. In this response, the reviewers’ comments are colored in blue and our 4 

replies to the comments are colored in black.  5 

 



Reviewer #1 (Remarks to the Author): 6 

The authors have carefully revised further their manuscript and tried to address all 7 

concerns raised by the Reviewers. As commented previously, although Glyco-Decipher 8 

is not without its own problems, it does compare favorably with other glycoproteomic 9 

software, with some unique aspects that is worth testing out by the community using a 10 

wider range of data. 11 

The main strength of a glycan library free spectrum expansion strategy is to ID as many 12 

spectra carrying the same peptide backbone and core Y ions but do not have a glycan 13 

mass offset (after subtracting the deduced Y0) matched to any entry in the glycan 14 

database used, without the need to consider the uncertainty in determining 15 

monoisotopic precursors. Moreover, it tolerates all kinds of modifications including 16 

some artifacts, and ammonium/cation adducts. As would be expected, a large 17 

proportion of candidate glycopeptides and spectra will not be matched as GPSM in 18 

Byonic and MSFraggerGlyco due to such issues (i.e. no glycan entries that would add 19 

up to the sum of a glycopeptide precursor). On the other hand, Byonic and MSFragger 20 

can return PSMs not constrained by presence of Y1, although it is arguable that a large 21 

proportion of these will be false positives due to incorrect assignment of peptide 22 

modification, mis-cleavages etc. The real test is whether the extra numbers of PSMs 23 

and peptides identified by Glyco-Decipher (as opposed to GPSMs) will actually 24 

translate into unique glycopeptides with meaningful and reliable glycosyl compositions 25 

(and not those with unknown or cation and other modifications of no real significance). 26 

 



Response: We thank Reviewer#1 very much for the positive and insightful comments 27 

on our work. 28 

We agree with Reviewer#1 that the performance should also be tested when only 29 

unmodified glycosyl compositions are considered. In the original manuscript, such 30 

investigations and comparisons, in which only results with GlyTouCan glycans 31 

(without modified glycans) were considered, have been performed on the datasets of 32 

mouse tissues (Supplementary Fig. 29a-b) and human serum (Supplementary Fig. 30c-33 

d). For example, in the dataset of mouse tissues, a total of 215,010 PSMs were identified 34 

by Glyco-Decipher (Fig. 4a) and glycans in 135,840 of them were matched to 35 

GlyTouCan entries (Supplementary Fig. 29a), which are the glycosyl compositions 36 

consisting of Hex, HexNAc, NeuAc, NeuGc and Fuc without any modifications. The 37 

135,840 GPSM results translated to a total of 16,971 unique glycopeptides without the 38 

consideration of modified glycans, and introduced 51% and 7% increases in the number 39 

of glycopeptides compared to the results of StrucGP and pGlyco 3.0, respectively. More 40 

GlyTouCan glycans with complex compositions were identified by Glyco-Decipher 41 

(Supplementary Fig. 29b, Supplementary Fig. 30c-d). In contrast, high false positive 42 

rates of Byonic and MSFragger-Glyco have been reported before (PMID: 24796651; 43 

28874712; 34824474) and high proportional incorrect glycan assignments in Byonic 44 

and MSFragger-Glyco were also observed in this work, which introduced over 10% 45 

FDR in glycopeptide identification (Fig. 4b). These results suggested the improved 46 

performance of Glyco-Decipher in glycopeptide identification even results of modified 47 

 



glycans were not included. 48 

 49 

In the Abstract, the authors stated that "Glyco-Decipher provides more comprehensive 50 

profiling of glycosylation than other existing tools (Byonic, MSFragger-Glyco, 51 

StrucGP and pGlyco 3.0) with at least 34% increases in the number of annotated 52 

glycopeptide spectra at high confidence. Perhaps limited by word counts, such 53 

statement is misleading. If understood correctly, the "34%" comes from using 215,010 54 

PSM by Glyco-Decipher to compare against the respective numbers from other tools 55 

(as presented in Fig 4a). As better described in the Results section (ln 315): "Compared 56 

with the listed search tools, Glyco-Decipher reported the most PSMs and provided a 57 

33.5%-178.5% increase in the number of identified glycopeptide spectra due to the 58 

glycan database-independent search and spectrum expansion strategy (Fig. 4a, top)." 59 

However, the numbers for MSFraggerGlyco and pGlyco3 actually referred to GPSM 60 

matched against entries in GlyTouCan, whereas the PSMs of GlycoDecipher can have 61 

any glycan mass including those that did not correspond to database entries and which 62 

carry unspecified modifications. A better comparison should be one using GPSM for 63 

Glyco-Decipher to compare against others. In fact, one should perhaps compare only 64 

the unique glycopeptides identified, without considering all the add-on modifications, 65 

to get a real assessment of the performance. One can then fully acknowledge that 66 

additional ID of known and unknown modifications can be considered a true advantage 67 

offered by Glyco-Decipher. 68 

 



Response: Thanks for the insightful comments and the constructive suggestion. 69 

(1) We now realized that the original statement in the Abstract might be confusing. It 70 

has been replaced by “Glyco-Decipher reported the most peptide-spectrum matches 71 

than other existing tools (Byonic, MSFragger-Glyco, StrucGP and pGlyco 3.0) with a 72 

33.5%-178.5% increase in the number of identified glycopeptide spectra” (Line 26) for 73 

more accurate description. As pointed by Reviewer#1, one main strength of Glyco-74 

Decipher is the glycan database-independent spectrum expansion strategy, which 75 

enables the interpretation of glycopeptide spectra that failed to be identified in other 76 

tools. Therefore, the comparison of the glycopeptide spectra that were annotated by 77 

each tool is reasonable. The revised statement is more in line with the features of Glyco-78 

Decipher and more suitable for the context of the Abstract. Due to word limit, it is hard 79 

to describe the performance of our software in all aspects in the Abstract. And the 80 

systematical evaluations of Glyco-Decipher and comparison with other tools were 81 

described in the main text in various aspects, including search time, FDR analysis, and 82 

comparisons of spectrum/peptide/glycan/glycopeptide results (Fig. 4; Line 307-440; 83 

Supplementary Fig. 25-34). 84 

(2) In the original manuscript, comparisons based on GlyTouCan glycans (without 85 

modified glycans) have been performed on the datasets of mouse tissues 86 

(Supplementary Fig. 29a-b) and human serum (Supplementary Fig. 30c-d). And the 87 

results indicate that Glyco-Decipher exhibits better identification performance even 88 

when the results of modified glycans are excluded. Benefit from glycan database-89 

 



independent peptide searching and monosaccharide stepping, glycopeptides with 90 

unexpected glycans are additional gain in glycopeptide identification and provided 91 

deeper insight into micro-heterogeneity of glycosylation. 92 

 93 

In relation to the above, the authors should also define the differences between unique 94 

or intact glycopeptides and site-specific glycans. 95 

Response: Thanks for the suggestion. 96 

In the original manuscript, the definition of intact glycopeptide in this work was stated: 97 

“Unique (intact) glycopeptides refer to unique peptide backbones and attached glycans 98 

linked on them; that is, glycopeptides with identical peptide backbone but different 99 

glycans refer to different intact glycopeptide identifications” (Line 770 after revision). 100 

In this revision, we added the definition of site-specific glycan in the Method section: 101 

“Unique site-specific glycans refer to unique combinations of glycosites and glycans 102 

linked on them; that is, site-specific glycans with identical glycosite but different 103 

glycans refer to different site-specific glycans.” (Line 772 in the revised manuscript). 104 

 105 

Another issue to note is that the numbers presented in Fig 2e/Supplemental Fig 29 are 106 

different from those presented in Fig 4e. It is 16,971 vs 15,921 unique glycopeptides 107 

for Glyco-Decipher and pGlyco3, respectively in the former, but 20,777 and 16,078 108 

intact glycopeptides, respectively in the latter. Although the actual numbers are perhaps 109 

irrelevant, it is nonetheless confusing to follow the data and results. 110 

 



Response: Thanks to Reviewer#1 for the careful review. 111 

We have checked the identification results of Glyco-Decipher and pGlyco 3.0 on the 112 

dataset of mouse tissues, for which the results were presented in Fig. 2e and 113 

Supplementary Fig. 29, and ensured that the numbers of intact glycopeptides are correct. 114 

(1) In Fig. 2e (top) and Supplementary Fig. 29a, the presented results are the 115 

glycopeptides with GlyTouCan glycans, which are 16,971 glycopeptides for Glyco-116 

Decipher and 15,921 glycopeptides for pGlyco 3.0. And the corresponding information 117 

is mentioned in the original manuscript: In Fig. 2e, “GlyTouCan” was labeled in the x-118 

axis, and “the glycans in glycopeptide spectra were matched to the downloaded 119 

GlyTouCan database” was mentioned in Line 178 of main text (Line 177 after revision). 120 

In the legend of Supplementary Fig. 29a, we mentioned that “only identification results 121 

of GlyTouCan glycans were considered”. 122 

(2) Benefit from glycan database-independent peptide searching and monosaccharide 123 

stepping, Glyco-Decipher enables the discovery of unexpected modified glycans and 124 

modification moiety on them. In the dataset of mouse tissues, a total of 164 modified 125 

glycans with 27 diverse modification moieties were unveiled by Glyco-Decipher, which 126 

introduced 3,806 glycopeptide identifications with modified glycans (16,971 + 3,806 = 127 

20,777 glycopeptides for Glyco-Decipher). In pGlyco 3.0, glycopeptides with modified 128 

glycans could only be searched by enumerating user-provided monosaccharide 129 

modification. And Mannose-6-Phosphate (M6P) glycopeptides were searched by 130 

setting phosphorylation on Hex in pGlyco 3.0 to investigate the performance of 131 

 



modified glycopeptide identification (Fig. 4f) and 157 M6P glycopeptides were 132 

identified (15,921 + 157 = 16,078 glycopeptides for pGlyco 3.0). In Fig. 4e, the 133 

presented results contain both glycopeptides with GlyTouCan glycans and those with 134 

modified glycans. We also mentioned this information in the original manuscript: 135 

“Combined with the results of discovered modified glycan” (Line 372, which is Line 136 

373 after revision).  137 

 



Reviewer #2 (Remarks to the Author): 138 

I am happy with the revised version. 139 

Response: We appreciate Reviewer#2 for the great efforts in reviewing the manuscript 140 

and are pleased to hear that our revision addressed the raised issues.  141 

 



Reviewer #3 (Remarks to the Author): 142 

The authors have addressed the raised concern to my satisfaction. The manuscript 143 

appears largely ready for publication. However, before the manuscript can be 144 

recommended for publication, the authors should make one minor change in figures 145 

and text by changing the use "site occupancy" to "site distribution" or similar wording. 146 

Site occupancy is used in the field to describe the site macroheterogeneity (how much 147 

of a site is occupied by any glycan, typically as a proportion of 1). Since the non-148 

occupied sites were disregarded in this work due to the reliance of glycopeptide 149 

enrichment, the site occupancy information is lost and not considered in the analysis (a 150 

fact that would also be appropriate to mention in passing in the manuscript). 151 

Response: We are pleased that Reviewer#3 found that our responses addressed the 152 

raised concerns. 153 

We thank the helpful suggestion from Reviewer#3 and we have mentioned that the site 154 

occupancy information was not applicable due to glycopeptide enrichment in the 155 

revised manuscript (Line 760). In addition, we have replaced the term “site occupancy” 156 

with “site-specific glycan distribution” in the revised manuscript (Line 461, and Fig. 5). 157 
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