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SUMMARY: 14 
This protocol illustrates how to explore, compare, and interpret human protein glycomes with 15 
online resources. 16 
 17 
ABSTRACT: 18 
The Glyco@Expasy initiative was launched as a collection of interdependent databases and tools 19 
spanning several aspects of knowledge in glycobiology. In particular, it aims at highlighting 20 
interactions between glycoproteins (such as cell surface receptors) and carbohydrate-binding 21 
proteins mediated by glycans. Here, major resources of the collection are introduced through 22 
two illustrative examples centered on the N-glycome of the human Prostate Specific Antigen 23 
(PSA) and the O-glycome of human serum proteins. Through different database queries and with 24 
the help of visualization tools, this article shows how to explore and compare content in a 25 
continuum to gather and correlate otherwise scattered pieces of information. Collected data are 26 
destined to feed more elaborate scenarios of glycan function. Glycoinformatics introduced here 27 
is, therefore, proposed as a means to either strengthen, shape, or refute assumptions on the 28 
specificity of a protein glycome in a given context. 29 
 30 
INTRODUCTION: 31 
Glycans, proteins to which they are attached (glycoproteins) and proteins to which they bind 32 
(lectins or carbohydrate-binding proteins) are the main molecular actors at the cell surface1. 33 
Despite this central role in cell-cell communication, large-scale studies, including glycomics, 34 
glycoproteomics, or glycan-interactomics data are still scarce compared to their counterpart in 35 
genomics and proteomics. 36 
 37 
Until recently, methods for characterizing the branching structures of complex carbohydrates 38 
while still being conjugated to the carrier protein had not been developed. The biosynthesis of 39 
glycoproteins is a non-template-driven process in which the monosaccharide donors, the 40 
accepting glycoprotein substrates, and the glycosyltransferases and glycosidases play an 41 
interactive role. The resulting glycoproteins can bear complex structures with multiple branching 42 
points where each monosaccharide component can be one of the several types present in 43 
nature1. The non-template-driven process imposes biochemical analysis as the only option for 44 
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generating oligosaccharide structural data. The analytical process of glycan structures attached 45 
to a native protein is often challenging as it requires sensitive, quantitative, and robust 46 
technologies to determine monosaccharide composition, linkages, and branching sequences2. 47 
 48 
In this context, mass spectrometry (MS) is the most widely used technique in glycomics and 49 
glycoproteomics experiments. As time goes, these are carried out in higher throughput settings 50 
and data is now accumulating in databases. Glycan structures in various formats3, populate 51 
GlyTouCan4, the universal glycan data repository where each structure is associated with a stable 52 
identifier irrespective of the level of precision with which the glycan is defined (e.g., possibly 53 
missing linkage type or ambiguous composition). Very similar structures are collected but their 54 
minor differences are clearly reported. Glycoproteins are described and curated in GlyConnect5 55 
and GlyGen6, two databases cross-referencing each other. MS data supporting structural pieces 56 
of evidence are increasingly stored in GlycoPOST7. For a wider coverage of online resources, 57 
chapter 52 of the reference manual, Essentials of Glycobiology, is dedicated to glycoinformatics8. 58 
Interestingly, glycopeptide identification software has proliferated in recent years9,10 though not 59 
to the benefit of reproducibility. The latter concern prompted the leaders of the HUPO 60 
GlycoProteomics Initiative (HGI) to set a software challenge in 2019. The MS data obtained from 61 
processing complex mixtures of N- and O-glycosylated human serum proteins in CID, ETD, and 62 
EThcD fragmentation modes, were made available to competitors whether software users or 63 
developers. The full report on the results of this challenge11 is only outlined here. To begin with, 64 
a spread of identifications was observed. It was mainly interpreted as caused by the diversity of 65 
methods implemented in search engines, of their settings, and how outputs were filtered, and 66 
peptide “counted”. The experimental design may also have put some software and approaches 67 
at a (dis)advantage. Importantly, participants using the same software reported inconsistent 68 
results, thereby highlighting serious reproducibility issues. It was concluded by comparing 69 
different submissions that some software solutions perform better than others and some search 70 
strategies yield better results. This feedback is likely to guide the improvement of automated 71 
glycopeptide data analysis methods and will in turn, impact database content. 72 
 73 
The expansion of glycoinformatics led to creating web portals that provide information and 74 
access to multiple similar or complementing resources. The most recent and up-to-date are 75 
described in a chapter of the Comprehensive Glycoscience book series12 and through 76 
cooperation, a solution to data sharing and information exchange is offered in an open access 77 
mode. One such portal was developed which was originally called Glycomics@ExPASy13 and 78 
renamed Glyco@Expasy, following the major overhaul of the Expasy platform14 that has hosted 79 
a large collection of tools and databases used across several -omics for decades, the most popular 80 
item being UniProt15—the universal protein knowledgebase. Glyco@Expasy offers a didactic 81 
discovery of the purpose and usage of databases and tools, based on a visual categorization and 82 
a display of their interdependencies. The following protocol illustrates procedures to explore 83 
glycomics and glycoproteomics data with a selection of resources from this portal that makes the 84 
connection between glycoproteomics and glycan-interactomics explicit via glycomics. As it is, 85 
glycomics experiments produce structures where monosaccharides are fully defined and linkages 86 
partially or fully determined, but their protein site attachment is poorly, if at all, characterized. 87 
In contrast, glycoproteomics experiments generate precise site attachment information but with 88 



 

a poor resolution of glycan structures, often limited to monosaccharide compositions. This 89 
information is pieced together in the GlyConnect database. Furthermore, search tools in 90 
GlyConnect can be used to detect potential glycan ligands which are described along with the 91 
proteins recognizing them in UniLectin16, linked to GlyConnect via glycans. The protocol 92 
presented here is divided into two sections to cover questions specific to N-linked and O-linked 93 
glycans and glycoproteins. 94 
 95 
PROTOCOL: 96 
 97 
NOTE: A device with an Internet connection (larger screen preferred) and an up-to-date Web 98 
browser such as Chrome or Firefox is required. Using Safari or Edge may not be as reliable. 99 
 100 
1. From a protein N-glycome in GlyConnect to a lectin of UniLectin 101 
 102 
1.1. Accessing resources from Glyco@Expasy 103 
 104 
NOTE: The procedure described here is to access GlyConnect but can be applied to accessing any 105 
resource recorded in the platform. 106 
 107 
1.1.1. Go to https://glycoproteome.expasy.org/glycomics-expasy and consider the bubble chart 108 
on the right showing different categories such as Glycoconjugates or Glycan Binding. In the 109 
leftmost menu that reflects the categories in the bubbles, check the Glycoproteins box so that 110 
the bubble chart on the right immediately zooms in the bubble matching that category. 111 
 112 
NOTE: Green bubbles are tools and yellow bubbles are databases. Clicking on either one zooms 113 
in again to provide details on the resource. Before doing so, the user may want to understand 114 
the dependencies of that resource to others. 115 
 116 
1.1.2. To get the information on dependencies, move from the Resource Thematic Classification 117 
tab to the Resource Dependency Wheel tab. Place the mouse on GlyConnect in the wheel to 118 
check its level of integration with other sources (Figure 1). 119 
 120 
1.1.3. Go back to the Resource Thematic Classification tab to reach the GlyConnect bubble as in 121 
step 1.1.1 and click on it (Supplementary Figure 1) to display the GlyConnect homepage in a new 122 
tab that shows the statistics of the content in the latest release of the database. 123 
 124 
NOTE: A color scheme detailed in Table 1 matches the different types of information stored in 125 
the database. This color code is valid in all entity pages in GlyConnect and is consistent 126 
throughout. The homepage also displays four sections dedicated to focused datasets such as 127 
those describing the glycosylation of the Sars-Cov-2 spike protein (COVID-19) or extensively 128 
detailing human milk oligosaccharides (HMO). These will not be explored in this protocol. 129 
 130 
1.2. Exploring the contextual information of a protein N-glycome 131 
 132 

https://glycoproteome.expasy.org/glycomics-expasy


 

NOTE: All glycan structures in GlyConnect are displayed in three alternative and commonly used 133 
formats: (1) Symbol Nomenclature For Glycans (SNFG)17 (2) IUPAC condensed18, and (3) Oxford19. 134 
In contrast, there is no standard notation to express glycan composition. In GlyConnect, the 135 
following code is used: Hex for hexose, HexNAc for N-Acetylhexosamine, dHex for fucose, and 136 
NeuAc for sialic acids. For the sake of simplicity, visualizing tools rely on a condensed notation: H 137 
for hexose, N for N-Acetylhexosamine, F for fucose, and S for sialic acids. Additionally, small 138 
letters designate modifications such as “a” for acetylation, “p” for phosphorylation, and “s” for 139 
sulfation, for the most frequent of these so-called substituents. 140 
 141 
1.2.1. To view and explore the N-glycome of human Prostate Specific Antigen (PSA), from the 142 
GlyConnect homepage, proceed as follows. 143 
 144 
NOTE: The glycosylation of human PSA has been studied over the years, especially in the context 145 
of prostate cancer. The GlyConnect database stores three references20–22, which combine 146 
glycomics and glycoproteomics data. Note that the results provided here were obtained with the 147 
September 2021 release of GlyConnect. Ulterior use of the database may yield slightly different 148 
statistics due to frequent data updates. 149 
 150 
1.2.2. Select the PROTEIN button to open the protein view of the database. In the protein view 151 
page, type prostate in the search window. Look for the two entries listed in the output 152 
distinguishing two isoforms of PSA with distinct pI values. Click on 790 (Id column) corresponding 153 
to the common isoform of PSA. 154 
 155 
NOTE: Look for the top multi-colored bar that shows summary information extracted from the 156 
published work in the scheme detailed above. Several options for navigation are possible as 157 
described below. 158 
 159 
1.2.3. On the top multi-colored bar, click on the SOURCE button in green to display the sample 160 
types from which the published data were processed: Urine and Seminal Fluid. To browse this 161 
information further, click on either of these sample types. The same applies to any item that 162 
appears when clicking on a colored button. 163 
 164 
1.2.4. To check the health-related content of the database, click on the DISEASE button, which 165 
contains two items, one of which is Prostate Cancer that links to the corresponding dedicated 166 
disease page in GlyConnect. The summary for that page shows that three large-scale studies have 167 
reported 319 compositions on 1,087 sites found in 308 human proteins. 168 
 169 
1.2.5. Click on the STRUCTURE button to view the full list of 135 structures associated with PSA 170 
from glycomics data. Click on the COMPOSITION button for the associated 78 compositions 171 
determined by glycoproteomics experiments. Click on any structure or composition to obtain 172 
further details. 173 
 174 



 

NOTE: Details such as the list of alternative proteins carrying the particular structure or the list 175 
of structures matching the composition can be obtained. PSA is known to have only one N-176 
glycosylation site at Asn-69 (only one item counted for the brown SITE button). 177 
 178 
1.2.6. To reduce the ambiguity of compositions, click on SUGGESTED STRUCT below a selected 179 
composition (for example, Hex:6 HexNAc:3 NeuAc:1). A suggestion is made each time the 180 
monosaccharide count coincides with that of a structure listed above (Figure 2). 181 
 182 
NOTE: The Hex:6 HexNAc:3 NeuAc:1 composition generated by a glycoproteomics experiment is 183 
matched to four higher resolution structures from the glycomics data. In the case of PSA, there 184 
is no site ambiguity to resolve since only Asn-69 is glycosylated. 185 
 186 
1.2.7. To fully explore the protein page, view further details on the right side of the page (Figure 187 
3). 188 
 189 
1.2.7.1. View the default 3QUM PDB (Protein Data Bank23) entry for PSA that is shown with two 190 
complex glycans attached to each monomer (Figure 3) or the alternative 2ZCK entry, which is 191 
also available because of an attached carbohydrate. The second entry shows a single chain. 192 
 193 
NOTE: Both entries are visualized with the 3D LiteMol plugin24 that displays glycans in SNFG-3D 194 
notation adopted in the PDB-RCSB. 195 
 196 
1.2.7.2. Click on the corresponding links of other cross-references to explore relevant functional 197 
information from major proteomics databases, such as UniProt (Figure 3). 198 
 199 
1.3. Visualizing and correlating the contextual information of a protein N-glycome 200 
 201 
NOTE: As seen in the previous section, long lists of structures or compositions can be hard to 202 
apprehend as a whole and GlyConnect relies on two different tools to visualize key information, 203 
namely, GlyConnect Octopus and GlyConnect Compozitor (the first one expands the summary 204 
information captured in colored buttons and the second brings out structural dependencies in 205 
terms of a structure/composition being contained in another). As illustrated below, GlyConnect 206 
Octopus explores associations between the various entities stored in the database through 207 
highlighting multiple or single connections as a reflection of the database content. 208 
 209 
1.3.1. Perform a GlyConnect Octopus search to confirm the presence of common structural traits 210 
such as hybrid core structures and highly frequent sialic acid-containing structures in the diversity 211 
of glycans attached to PSA, as described below. 212 
 213 
1.3.2. Go to the Octopus homepage https://glyconnect.expasy.org/octopus/. Keep the N-linked 214 
tab selected by default. Move to the Cores subtab and click on the Hybrid icon. Move to the 215 
Properties subtab and click on the Sialylated icon. Click on the green Search button below. 216 
 217 
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NOTE: The search results are graphically displayed as relationships between three categories of 218 
items. By default, the center list matches the query for compositions, the left collection spans 219 
related proteins, and the right one spans related glycans. 220 
 221 
1.3.3. In the displayed graph of relationships, hover over H6N4F1S1 to highlight links to six 222 
proteins and three structures. Contrast this by hovering over H6N4F2S1 that singles out the two 223 
isoforms of PSA (both referred to as UniProt ID: KLK3_HUMAN) and one structure (ID: 10996). 224 
Hover over the structure ID to show its SNFG representation and click on it to open the 225 
corresponding page (Supplementary Figure 2). 226 
 227 
1.3.4. Change the nodes of the Octopus to any other topic describing the context of glycosylation. 228 
The color code remains the same as the one described earlier (see Table 1). 229 
 230 
1.3.4.1. Change the Center Nodes to Tissues to display 15 options in the middle of the graph, 231 
many of which are body fluids. Look for all the associations between proteins and glycans 232 
matching the query depending on tissue information. Place the cursor on Urine or Seminal Fluid 233 
in the middle of the graph to view different associations (Figure 4A,B). 234 
 235 
1.3.4.2. Change the Center Nodes to Disease to display 13 options, one of which is Prostate 236 
Cancer. The only protein associated is PSA (KLK3_HUMAN) (Supplementary Figure 3). 237 
 238 
NOTE: A closer look at the PSA N-glycome shown in the protein page singles out the very high 239 
frequency of a terminal NeuAc(a?-?)Gal(b?-?)GlcNAc substructure in many cases on structures 240 
with two or three antennae. Another Octopus can be generated on that basis as described below. 241 
 242 
1.3.5. Click on the Clear button to refresh the search. Move to the Properties subtab and click on 243 
the Bi-antennary icon. Move to the Determinants subtab and click on the 3-Sialyl-LN (type 2) 244 
icon. Click on the green Search button below. 245 
 246 
1.3.6. Check the Octopus-retrieved associations with bi-antennary glycans containing a terminal 247 
3-Sialyl-LN (type 2) motif, i.e., NeuAc(a1-3)Gal(b1-4)GlcNAc. Change the Center Nodes to Tissues 248 
for easier reading and hover over KLK3_HUMAN to directly connect Seminal Fluid with PSA 249 
common isoform and seven structures (Supplementary Figure 4). 250 
 251 
NOTE: The second visualization tool, GlyConnect Compozitor, performs the scan of potential 252 
relationships between each and every composition in a list thereof (see below). A relationship is 253 
defined as differing from only one monosaccharide between two compositions. These identified 254 
relationships plotted in a graph expose the (dis)continuity of a glycome. 255 
 256 
1.3.7. Use GlyConnect Compozitor to perform the scan of potential relationships between each 257 
and every composition in a list thereof, as illustrated below for the case of PSA. 258 
 259 
NOTE: GlyConnect Compozitor processes compositions in association with a context. It offers 260 
distinct tabs for querying GlyConnect, e.g., Proteins, Sources, Cell Lines, Diseases that are self-261 



 

explanatory to qualify a context. This is illustrated here with PSA as follows. 262 
 263 
1.3.8. Go back to the protein page of PSA: https://glyconnect.expasy.org/browser/proteins/790. 264 
On the right side of the PSA entry page, click on the Compozitor link. Ensure that the Compozitor 265 
search fields are pre-filled with the details of the Id 790 entry in the Protein tab (Protein: 266 
Prostate-specific Antigen, Species: Homo sapiens, and Glycan Type: N-linked). 267 
 268 
1.3.9. Click on the Add to Selection button to retrieve data from the database and display the 269 
graph of connected compositions. Deselect the Include Virtual Nodes option. Click on the 270 
Compute Graph button to display a graph showing a well-connected set of 78 compositions 271 
representing the PSA N-glycome, and a bar plot showing the main characteristics of the glycans. 272 
 273 
1.3.10.  Hover over the purple bar in the bar plot, which locates all sialylated structures in the 274 
graph to reveal an observable bias toward sialylated structures. 275 
 276 
1.3.11. Remain in the main Protein tab and select Prostate-specific antigen - high Pi isoform 277 
(psah) in the Protein (name) field.  278 
 279 
NOTE: The Glycan Type and Glycan Site fields are automatically filled. 280 
 281 
1.3.12. Click on the Add to Selection button to retrieve data from the database that amounts to 282 
57 compositions. Click on the Compute Graph button to generate the superimposed graphs of 283 
both isoforms and assess the differences in glycomes of the two PSA isoforms. Hover over node 284 
labels to prompt the display of the number of structures corresponding to the 285 
compositions/labels (Figure 5). 286 
 287 
1.4. Glycan-binding information in UniLectin 288 
 289 
NOTE: Recall the determinant tested in the Octopus, described as NeuAc(a2-3)Gal(b1-4). By 290 
definition, it is an established binding part of a glycan structure and, as such, can be searched in 291 
the UniLectin3D database25. 292 
 293 
1.4.1. Go to https://www.unilectin.eu/ and click on the UniLectin3D button. Alternatively, 294 
directly go to the page: https://www.unilectin.eu/unilectin3D/.Click on the Glycan Search button 295 
to open this page: https://www.unilectin.eu/unilectin3D/glycan_search (Supplementary Figure 296 
6). 297 
 298 
1.4.2. Click on the purple diamond representing a sialic acid, which prompts the display of all 299 
glycan-binding motifs ending with a sialic acid stored in the database. The top part of that 300 
collection of motifs contains the NeuAc(a2-3)Gal(b1-4)GlcNAc motif investigated earlier 301 
(Supplementary Figure 7). 302 
 303 
1.4.3. Click on the NeuAc(a2-3)Gal(b1-4)GlcNAc motif to prompt the display of all lectins for 304 
which a 3D structure confirming the interaction with NeuAc(a2-3)Gal(b1-4)GlcNAc is known. The 305 
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result by default shows lectins in all species. Use the Search by Field option to limit the view to 306 
human-centric information. 307 
 308 
1.4.4. Click on the Search by Field option. In the species field, type Homo sapiens. Click on the 309 
Explore X-ray Structures button to filter out the original list. Only one entry remains, i.e., the 310 
human galectin-8. Click on the View the 3D Structure and Information button on the upper-right 311 
corner of the listed item to display detailed information of human galectin-8 interacting with 312 
NeuAc(a2-3)Gal(b1-4)GlcNAc. 313 
 314 
1.4.5. Access the structural information on human galectin-8 displayed on the page with two 315 
different viewers. 316 
 317 
1.4.5.1. Hold the mouse to turn the molecule around and bring the ligand to the fore with the 318 
Litemol software26 integrated to show the lectin 3D structure. Mouse over one of the listed 319 
interactions on the left to update the view on the right and locate where that particular 320 
interaction acts in the structure with the PLIP software27 integrated to detail atomic interactions 321 
between the lectin and the ligand (Figure 6). 322 
 323 
1.4.6. Click on any green button that links to the corresponding entries in UniProt, PDB (European 324 
or American sites), and GlyConnect to explore these cross-references. 325 
 326 
2. Exploring and comparing O-glycomes in GlyConnect 327 
 328 
2.1. Browsing the HGI challenge high confidence dataset 329 
 330 
NOTE: The HGI dataset mentioned in the introduction is stored in the GlyConnect database. It 331 
contains 163 N- and 23 O-glycopeptides found in 37 glycoproteins considered as a high 332 
confidence list. GlyConnect Compozitor28 is key to assessing glycome data consistency. 333 
Importantly, Compozitor allows for virtual nodes (shown in gray) when only one intermediary 334 
step is needed to connect the isolated nodes. In that way, virtual nodes tighten the graph and 335 
can be interpreted as structures potentially missed in the experimental results. 336 
 337 
2.1.1. Browse the HGI dataset from the GlyConnect homepage by going directly to the reference 338 
page of the article: https://glyconnect.expasy.org/browser/references/2943. 339 
 340 
NOTE: The summary in the colored buttons partially reflects the figures provided in the article. 341 
Yet, if only 69 unique peptides are listed, this reflects multiple associations between peptides and 342 
sites or structures. In the article, a glycopeptide is defined as a unique combination of a peptide 343 
and a composition. In GlyConnect, glycosites are first considered, and they are described as a 344 
combination of a peptide with structures. This explains the discrepancy in figures between 345 
GlyConnect and the above citation. 346 
 347 
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2.1.2. Check the high frequency of occurrence of N-linked compositions, such as Hex:5 HexNAc:4 348 
NeuAc:2, identified on 42 sites in 43 peptides as opposed to the frequent uniqueness of most O-349 
linked compositions identified on 1 site in 1 peptide. 350 
 351 
2.1.3. Click on the Compozitor link on the right side of the reference entry page to assess the 352 
consistency of the dataset. Ensure that the Compozitor tool directly processes the DOI of the 353 
reference and fills the search field with reference=10.1101/2021.03.14.435332 in the Advanced 354 
tab of the tool. Type &glycan_type=O-linked after the DOI number to narrow down the search 355 
to O-linked glycans, so that the query becomes: 356 
reference=10.1101/2021.03.14.435332&glycan_type=O-linked 357 
 358 
2.1.4. Click on the Add to Selection button to retrieve data from the database (there are 20 O-359 
linked compositions). Keep the Include Virtual Nodes option selected. Click on the Compute 360 
Graph button to display the graph of connected compositions. This result highlights several gaps 361 
in the expected continuity of glycan biosynthesis with nine virtual nodes required to complete 362 
the graph (Figure 7). 363 
 364 
2.2. Comparing with the O-glycome of a selected serum protein in GlyConnect 365 
 366 
NOTE: To assess whether the gaps can be filled by data stored in GlyConnect, one O-glycosylated 367 
protein out of the 37 listed with the reference was selected. In the dataset, Inter-alpha-trypsin 368 
inhibitor heavy chain H4 (Q14624) is reported to be an O-glycosylated on Thr-725. 369 
 370 
2.2.1. Go to the Protein tab of GlyConnect Compozitor (see step 2.1.3). From the Protein list, 371 
select Inter-alpha-trypsin inhibitor heavy chain H4. Ensure that the Species selection is Homo 372 
sapiens by default. Deselect N-linked in the Glycan Type. Select only Thr-725 in the Site list by 373 
first clicking on the minus sign to the left of Site to deselect all the sites, and then selecting only 374 
Thr-725 from the list. 375 
 376 
2.2.2. Click on the Add to Selection button (note that six compositions are associated with Thr-377 
725). Click on the Compute Graph button to display the graph of connected compositions 378 
(Supplementary Figure 8). 379 
 380 
2.2.3. Observe the displayed graph, which shows the 17 unique compositions out of the 20 O-381 
linked compositions of the article dataset in blue and the three unique ones out of six in the 382 
database in red. In other words, the overlap between the two sources is present in three 383 
compositions that are represented in magenta. Note that a 45° rotation of the graph is generated 384 
automatically. 385 
 386 
NOTE: The number of virtual nodes is reduced by one. As it turns out, H2N2S1 missing in the 20 387 
O-linked compositions of the article dataset and represented as a virtual node is now filled with 388 
an additional composition associated with Thr-725 of Inter-alpha-trypsin inhibitor heavy chain 389 
H4 in the database. This simplifies the topology of the graph because two other virtual nodes are 390 
rendered useless since they were alternative options for filling the gap between H1N2S1 and 391 



 

H2N2S2. Yet, a second composition imported from the database would be isolated if not for the 392 
creation of two new alternative virtual nodes H2N2F1S1 and H1N2F2S1. 393 
 394 
2.2.4. To make sense of the virtual nodes, check whether the corresponding compositions are 395 
present in GlyConnect. To do this, click on the Export button below the graph. Select Virtual only 396 
by deselecting all other options. Click on the clipboard icon to copy the selection of 8 397 
compositions. 398 
 399 
2.2.5. Paste the selection in the query window of Compozitor’s Custom tab. Select O-linked in the 400 
Glycan Type field. Set the Selection Label in the Compositions field to, for example, VN to name 401 
the list of 8 compositions. Click on the Add to Selection button, and then on the Compute Graph 402 
button. All virtual nodes are now displayed as green nodes (Figure 8). 403 
 404 
REPRESENTATIVE RESULTS: 405 
The first part of the protocol (section 1) showed how to investigate the specificity or the 406 
commonality of N-glycans attached on Asn-69 of the human Prostate Specific Antigen (PSA) using 407 
the GlyConnect platform. Tissue-dependent (urine and seminal fluid), as well as isoform-408 
dependent (normal and high pI) variations in glycan expression, were emphasized using two 409 
visualizing tools (Figure 4 and Figure 5). 410 
 411 
First, GlyConnect Octopus, which displays associations between entities stored in the database, 412 
provided the opportunity to explore contextual information via (1) selecting different entities to 413 
be shown in the Octopus and (2) clicking on links to examine related entries. The outcome was 414 
distinctive associations depending on the tissue. 415 
 416 
Second, GlyConnect Compozitor, originally designed to define/refine a composition file for 417 
glycopeptide identification, was used to assess glycan expression in two known PSA isoforms 418 
(normal and high pI). The comparison of each isoform glycomes produced a well-connected graph 419 
singling out four nodes (compositions), two of which are characteristic of the high pI isoform. 420 
Even though the glycome overlap is significant, the glycan property bar chart showed a drop of 421 
sialylation from the common to the high pI isoform (Supplementary Figure 5). 422 
 423 
Furthermore, the exploration of UniLectin3D singles out galectin-8 as a possible reader of the 424 
PSA glycome since the latter contains many structures with a NeuAc(a2-3)Gal(b1-4)GlcNAc 425 
terminal epitope. This provides a lead to look into and cannot be considered as final evidence. 426 
Nonetheless, PSA and galectins are known to play an essential role in prostate cancer29 and the 427 
specific role of Galectin-8 was recently highlighted30. The first part of the protocol correlates 428 
structural (glycoproteomics) and functional (binding) data to establish a likely scenario for 429 
protein-protein interactions mediated by glycans. 430 
 431 
In the second part of the protocol (section 2), a high-quality set of O-glycan compositions 432 
associated with a particular tissue (human serum) was examined and compared to the 433 
GlyConnect database content, thereby offering the option of customizing a glycan composition 434 
file for the refined identification of glycopeptides (Figure 7 and Figure 8). It could rely on the 435 



 

minimal set of 20 compositions available from one dataset (HGI challenge results) or be enhanced 436 
with 23 to 26 items rationally collected in GlyConnect to strengthen the consistency of the set. 437 
 438 
FIGURE AND TABLE LEGENDS: 439 
Table 1: Color scheme associated with each entity of the GlyConnect database and valid 440 
throughout. 441 
 442 
Figure 1: Dependency wheel of Glyco@Expasy instantiated for GlyConnect. 443 
 444 
Figure 2: Suggested glycan structure for a selected glycan composition. Suggested glycan 445 
structure from a glycomics experiment for a glycan composition of a glycoproteomic experiment 446 
targeting the same glycoprotein, here human Prostate Specific Antigen (PSA), as proposed in the 447 
GlyConnect page for PSA (ID: 790). 448 
 449 
Figure 3: Side right menu of the GlyConnect page for PSA. Clickable cross-references to other 450 
major databases and display with LiteMol glycan plugin of existing 3D structure in the PDB. 451 
 452 
Figure 4: The output of GlyConnect Octopus showing tissue-dependent associations between 453 
proteins and glycans. The query Hybrid AND Sialylated has returned all compositions matching 454 
these criteria and each composition links together the associated information about proteins and 455 
glycans as recorded in the database. Note that by default Species is set to Homo sapiens but this 456 
option is modifiable. Here, GlyConnect Octopus displays all human proteins (left nodes) carrying 457 
hybrid and sialylated glycan structures (right nodes) with the tissues in which they are expressed 458 
(center nodes). (A) The associations with urine are highlighted showing two proteins: 459 
choriogonadotropin (GLHA_HUMAN) and PSA common isoform (KLK3_HUMAN) connected to 460 
scattered (heterogeneous) glycan structures. (B) The associations with seminal fluid are 461 
highlighted showing two protein isoforms of PSA (KLK3_HUMAN) connected to grouped (similar) 462 
glycan structures. 463 
 464 
Figure 5: The output of GlyConnect Compozitor showing the superimposed N-glycomes of the 465 
two isoforms of PSA. Compositions in condensed notation label each node. The glycans 466 
associated with the common isoform are represented as blue nodes and those of the high pI 467 
isoform as red nodes. The overlap between glycomes is shown as magenta nodes. Numbers 468 
inside the nodes represent the number of glycan structures matching the labeled composition 469 
according to the content of the GlyConnect database regarding PSA. The Compozitor graph 470 
shown has been slightly modified from the raw output to disentangle the network which is 471 
generated by the D3.js library. This is easy to do as any node can be dragged in the browser 472 
window space wherever a user wishes, and the paths can thus be shortened or stretched. User 473 
can type a specific composition in the Zoom On field in the top-right corner to zoom in and center 474 
the graph on the corresponding node. 475 
 476 
Figure 6: Summary entry of the human galectin-8 with NeuAc(a2-3)Gal(b1-4)GlcNAc binding 477 
details. Clicking on the green View the 3D Structure and Information button (indicated with a 478 



 

red ellipse) opens a new page in which a close-up on residue interactions is displayed with the 479 
PLIP application (indicated by a red arrow). 480 
 481 
Figure 7: The output of GlyConnect Compozitor showing the O-glycome of the human serum 482 
high confidence dataset of the HGI challenge. Without virtual nodes (see text), the connectivity 483 
of that graph is low. 484 
 485 
Figure 8: The output of GlyConnect Compozitor showing the possibility of completion of the O-486 
glycome of the human serum high confidence dataset of the HGI challenge, using the 487 
GlyConnect database content. Accessing the content of the entire GlyConnect database using 488 
the Compozitor’s Custom tab reveals that compositions corresponding to the virtual nodes are 489 
mapped with existing defined structures as highlighted in the node labels. The node size 490 
represents the number of references stored in the database and reporting the corresponding 491 
composition. The numeric label of nodes denotes the number of corresponding structures stored 492 
in GlyConnect. Selected compositions appear to have zero to eighteen possible matches in the 493 
database. In fact, these nodes are only virtual as a reflection of the content of experimental 494 
datasets. It is recommended to refine the information in the graph to test the realism of these 495 
additional nodes. 496 
 497 
Supplementary Figure 1: Bubble chart of the Glyco@Expasy homepage. Zooming in the bubble 498 
chart of the Glyco@Expasy homepage to focus on the glycoprotein category. Software shown in 499 
green bubbles and databases in yellow bubbles. Clicking on any bubble summarizes the purpose 500 
of the resource. 501 
 502 
Supplementary Figure 2: Octopus-retrieved associations matching the query depending on 503 
composition. Default GlyConnect Octopus display of human proteins (left nodes) carrying hybrid 504 
and sialylated glycan structures (right nodes) with matching compositions (center nodes). 505 
Composition H6N4F12S1 appears unique to both PSA isoforms (KLK3_HUMAN). Clicking on the 506 
unique structure ID (10996) opens the corresponding page with details showing that the two 507 
isoforms are indeed the only proteins carrying this particular glycan. 508 
 509 
Supplementary Figure 3: Octopus-retrieved associations matching the query depending on the 510 
disease. GlyConnect Octopus display of all human proteins (left nodes) carrying hybrid and 511 
sialylated glycan structures (right nodes) with the diseases in which they are expressed (center 512 
nodes). The associations with prostate cancer are highlighted showing the common isoform of 513 
PSA (KLK3_HUMAN). 514 
 515 
Supplementary Figure 4: Octopus-retrieved associations matching the query depending on 516 
tissue information. GlyConnect Octopus display of all human proteins (left nodes) carrying bi-517 
antennary glycan structures, including the NeuAc(a1-3)Gal(b1-4)GlcNAc motif (right nodes) with 518 
the tissues in which they are expressed (center nodes). The associations with seminal fluid are 519 
highlighted showing only the common isoform of PSA (KLK3_HUMAN) and seven structures. 520 
 521 
Supplementary Figure 5: The output of GlyConnect Compozitor showing the superimposed N-522 



 

glycomes of the two isoforms of PSA. Compositions in condensed notation are labeling each 523 
node. The glycans associated with the common isoform are represented as blue nodes and those 524 
of the high pI isoform as red nodes. The overlap between glycomes is shown as magenta nodes. 525 
Numbers inside the nodes represent the number of glycan structures matching the labeled 526 
composition according to the content of the GlyConnect database regarding PSA. Mousing over 527 
the bar chart of glycan properties shows the correspondence between the frequency and the 528 
nodes as orange bubbles. Nearly all the PSA common isoform nodes are covered. This frequency 529 
drops in the high pI isoform. 530 
 531 
Supplementary Figure 6: Glycan search interface in UniLectin3D. Clicking on the sialic acid SNFG 532 
symbol (circled in red) launches the search for all ligands that contain NeuAc, stored in 533 
UniLectin3D. 534 
 535 
Supplementary Figure 7: Excerpt of the output of the search for all ligands that contain NeuAc. 536 
The NeuAc(a2-3)Gal(b1- 4)GlcNAc motif of interest is circled in red. 537 
 538 
Supplementary Figure 8: The output of GlyConnect Compozitor showing the O-glycome of the 539 
HGI dataset superimposed with the one in GlyConnect. The output of GlyConnect Compozitor 540 
showing the O-glycome of the human serum high confidence dataset of the HGI challenge in blue 541 
superimposed with the O-glycome of one O-glycosylated protein out of the 37 listed with the 542 
reference, i.e., inter-alpha-trypsin inhibitor heavy chain H4 with additional information contained 543 
in GlyConnect. This enhances the connectivity of the graph. 544 
 545 
DISCUSSION: 546 
GlyConnect Octopus as a tool for revealing unexpected correlations 547 
GlyConnect Octopus was originally designed to query the database with a loose definition of 548 
glycans. Indeed, the literature often reports the main characteristics of glycans in a glycome such 549 
as being fucosylated or sialylated, being made of two or more antennae, etc. Furthermore, 550 
glycans whether N- or O-linked are classified in cores, as detailed in the reference manual 551 
Essentials of Glycobiology1, that are also often cited in published articles. Finally, glycan epitopes 552 
such as blood group antigens are yet another property sought in structures and potentially 553 
singled out for typing a glycan. In the end, it may be relevant to the search for common or distinct 554 
characteristics of a glycome expressed in a specific tissue or selected species. In that sense, the 555 
collected information should be used as a source of new assumptions as opposed to unique facts. 556 
 557 
GlyConnect Compozitor as a tool for shaping a glycan composition set 558 
Browsing structural information as described in a protein page has limitations because lists tend 559 
to obscure the relationships between itemized structures as well as those between compositions. 560 
GlyConnect Octopus attends to the former and GlyConnect Compozitor to the latter. A careful 561 
look at structures listed in most GlyConnect entries reveals the existence of common 562 
substructures. Yet this information is not easy to grasp visually without the help of a dedicated 563 
viewer. 564 
 565 
The content of the glycan composition file supporting the identification of the glycan moiety as 566 



 

a key parameter of glycopeptide identification software was established by analyzing the results 567 
of the HGI challenge. Most classical proteomics search engines accommodate the selection of 568 
glyco-based modifications from a collection that derives from data collected in 569 
databases/repositories or the literature. Other glycoproteomics dedicated tools use the 570 
knowledge of glycan biosynthesis. In this way, the composition file is theoretically defined as the 571 
result of expected enzymatic activity. In the end, there are as many composition files as there are 572 
search engines and the overlap between them is highly variable. Nonetheless, learning from past 573 
experience in proteomics, especially when posttranslational modifications are accounted for, 574 
reveals that the performance of search engines is correlated with limiting the search space31. 575 
Similar observations are made in glycoproteomics and GlyConnect Compozitor was designed to 576 
support educated composition data selection, the importance of which was previously 577 
discussed32. 578 
 579 
The usage of this tool was incompletely illustrated in the protocol especially regarding the 580 
Advanced tab in which queries that directly launch programmatic access to GlyConnect via its 581 
API (Application Programming Interface) can be expressed. For example, typing taxonomy=homo 582 
sapiens&glycanType=N-linked&tissue=urine&disease=prostate cancer in the query window of 583 
the Advanced tab is equivalent to filling the corresponding fields in the Source tab (selecting 584 
Homo sapiens in Species, Urine in Tissue, and N-linked in Glycan Type) and the Disease tab 585 
(selecting Homo sapiens in Species, Prostate cancer in Disease and N-linked in Glycan Type). In 586 
other words, it provides in one step a result that would require several selections. 587 
 588 
Finally, while the creation of virtual nodes is explained in the protocol, their potential redundancy 589 
needs an additional comment. Two concurrent options may be indistinguishable because the 590 
simulated action of enzymes in the graph does not account for the chronology of enzyme 591 
activities. That is why Compozitor suggests two paths through two virtual nodes to bridge two 592 
unconnected nodes corresponding to monosaccharide counts with up to two differences. The 593 
inclusion of new data often provides missing links. The user is always free to consider or dismiss 594 
virtual nodes, by (un)ticking the Include Virtual Nodes box. 595 
 596 
Known databases and software limitations 597 
Overall, as with any navigation on the Web, the protocols described above occasionally lead to a 598 
non-existent page, often due to an update of a site or a conflict of updates between two sites. In 599 
this case and, in fact, all cases where the navigation is not flowing, the easiest is to send a note 600 
to the Expasy helpdesk whose efficiency has significantly contributed to the portal’s success in 601 
the past 28 years. 602 
 603 
The content of GlyConnect is biased as a reflection of the current unbalances in the literature. 604 
The majority of publications report N-glycosylation in mammals and the database is richer in 605 
human N-glycoproteins. Nonetheless, we have been asked in the past to include lesser common 606 
datasets and to remain completely open to receiving advice and suggestions. 607 
 608 
Besides, Compozitor is currently limited to the comparison of three composition datasets. A 609 
major revision of the Determinant subtab in the Octopus is planned. Resources of Glyco@Expasy 610 



 

need regular updates and some may not be carried out in due course; nonetheless, warnings 611 
and/or announcements are published when it so happens. 612 
 613 
Partner portals, known as GlyGen (https://www.glygen.org) and GlyCosmos 614 
(https://www.glycosmos.org), provide different options and tools. Ultimately, browsing and 615 
searching information on either of the options entails a high level of subjectivity and largely 616 
depends on users’ habits and concerns. We can only hope that our solution suits a part of the 617 
community. 618 
 619 
The input of glycoscience is growing in life science projects and studies establishing the role of 620 
glycans in health issues are continuously produced. The recent focus on Sars-Cov-2 revealed yet 621 
again the importance of glycosylated proteins, especially in structural approaches33. 622 
Glycoinformatics supports glycoscientists in daily tasks of data analysis and interpretation. 623 
 624 
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2. Please rephrase the Summary to clearly describe the protocol and its applications in 

complete sentences between 10-50 words. 
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3. Please rephrase the Abstract to more clearly state the goal of the protocol in 150-300 

words. 

The abstract was doubled in size 
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66,251,259-260,270-274, 281-288,329-332,334-335,340-341,365-368,394-409. Please refer 

to the iThenticate report attached. 
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(e.g., lines 110-115) and clear instructions (e.g, lines 254-259). It is actually difficult 

at times to write completely different sentences when the basic instructions to perform 

an operation are the same. There aren’t that many ways to instruct a user to click on a 

button and even when the example is completely different, the button remains the 

same. In any event, conflict is minimal as cited sources were written by me. 
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Cannot understand what you are referring to. I only cited web browser names not 

mentioning the companies that develop them. As pointed by reviewer #1 the 

information in line 532 is essential… 

 

7. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. 

For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain 

from using bullets or dashes. 

Every step has been renumbered. I did not use any bullet or dash in the first place.  

 

8. Please ensure that all text in the protocol section is written in the imperative tense as if 

telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions 

should be described in the imperative tense in complete sentences wherever possible. Avoid 

usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. 

Any text that cannot be written in the imperative tense may be added as a “Note.” However, 

notes should be concise and used sparingly. Please include all safety procedures and use of 

hoods, etc. 

All instructions are now in the imperative tense 

 

9. Line 166-177/225-235/270-288/325-341: Please use brief notes or consider moving the 

lines to the Discussion section. The Protocol should contain only action items that direct the 

reader to do something. Please move the discussion about the protocol to the Discussion. 

The text was substantially reshuffled to comply with this recommendation. However, 

there were places where additional explanations were essential (e.g., lines 208-210) 

and text could not be removed. 

 

10. The Protocol should be made up almost entirely of discrete steps without large paragraphs 

of text between sections. Please simplify the Protocol so that individual steps contain only 2-

3 actions per step and a maximum of 4 sentences per step. 

Done this to the best of my ability not to threaten understanding 

 

11. Line 134-136: Please ensure that the Protocol section consists of numbered steps. We 

cannot have non-numbered paragraphs/steps/headings/subheadings. 

It was done in that case but a few other cases could not be solved as explained in 

point 9 

 

12. Please note that your protocol will be used to generate the script for the video and must 

contain everything that you would like shown in the video. Please add more details to your 

protocol steps. Please ensure you answer the “how” question, i.e., how is the step performed? 

Alternatively, add references to published material specifying how to perform the protocol 

action. Please add more specific details (e.g., button clicks for software actions, numerical 

values for settings, etc) to your protocol steps. There should be enough detail in each step to 

supplement the actions seen in the video so that viewers can easily replicate the protocol. 

Cannot do much more than what I did in the new version 

 

13. Please include a one-line space between each protocol step and then highlight up to 3 

pages of the Protocol (including headings and spacing) that identifies the essential steps of 

the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive 

story of the Protocol. Remember that non-highlighted Protocol steps will remain in the 

manuscript, and therefore will still be available to the reader. 



This task is currently unmanageable with all the track changes. In any event, I am not 

sure I can define steps that would be more essential than others. 

 

14. Please remove the embedded figure(s) from the manuscript. All figures should be 

uploaded separately to your Editorial Manager account. Each figure must be accompanied by 

a title and a description after the Representative Results of the manuscript text. 

I do not understand this instruction that is contradictory in itself and with the template 

that you provide 

 

15. Please remove the embedded Table from the manuscript. All tables should be uploaded 

separately to your Editorial Manager account in the form of an .xls or .xlsx file. Each table 

must be accompanied by a title and a description after the Representative Results of the 

manuscript text. 

 

16. Please submit each figure individually as a vector image file to ensure high resolution 

throughout production: (.psd, ai, .eps.). 

I do not have the means to do this. All my figures are screenshots so the resolution is 

as good as what my computer does when it captures the screen 

 

17. Please remove the titles and Figure Legends from the uploaded figures. The information 

provided in the Figure Legends after the Representative Results is sufficient. 

 Only the figure number occurs, no title no legend. Did not know what to correct. 

 

18. Please include a title and brief description for the supplementary figures/coding files in 

the Figure and Table Legends section. 

I thought that was done. I do not know what else to add 

 

19. As we are a methods journal, please revise the Discussion to explicitly cover the 

following in detail in 3-6 paragraphs with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique 

This was already the case in the first version and was completed in the corrected 

version. 

 

20. Please revise the table of the essential supplies, reagents, and equipment. The table should 

include the name, company, and catalog number of all relevant materials in separate columns 

in an xls/xlsx file. Please sort the Materials Table alphabetically by the name of the material. 

How is this relevant to this manuscript? 

 

 

 

 

____________________________________ 

Reviewers' comments: 

Reviewer #1: 
Manuscript Summary: 

As forefront glycoinformatics leader, Frederique Lisacek has provided the comprehensive 



overview on the tools available at Glyco@Expasy. The described steps are clear, concise and 

easy to follow for the researchers entering this field. 

I strongly recommend this manuscript for publication. 

 

Major Concerns: 

None 

 

Minor Concerns: 

- Possibly few references can be added for the Introduction, particularly for the lines 25 to 40 

Done 

 

- Line 56: Please correct glycans to glycopeptides. 

This line was erased to lighten the text. This level of detail was not useful in the 

introduction. 

 

- Line 111 and 113 - hexosamine should be addressed as N-acetylhexosamine to avoid 

ambiguity 

Done 

 

- Glyconnect Octopus' - Step 5: Glycan composition needs to be corrected from H6N4F1S2 

to H6N4F2S1 

Done 

 

- Author has provided information about the compatibility of the web resource in Line 532. 

But from a user perspective it would be great to have this at the start of the protocol. 

This is not my choice but guided by the template. I am happy to move this 

information upstream as suggested by the reviewer.  

 

 

 

Reviewer #2: 
Manuscript Summary: 

The manuscript talks about the glycomics and/or glyco-intrectomics resources present and 

there usage through examples. The author has explained Glyco@Expasy resource in the 

manuscript. The manuscript is well written with proper usage of examples and step wise 

instructions to use the resource. The sections are well supported by results and figures. 

The author has also talked about the limitations of the study which is helpful for the users 

while using or during interpretation of the results. 

 

Major Concerns: 

None 

 

Minor Concerns: 

It would be helpful if the interpretation of the results can be explained in detail so that it can 

help the beginners in the field. 

Additional text was input to that end  
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