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Abstract

Characteristically, cells must sense and respond to environmental cues. Despite the importance of 

cell-cell communication, our understanding remains limited and often lacks glycans. Glycans 

decorate proteins and cell membranes at the cell-environment interface, and modulate intercellular 

communication, from development to pathogenesis. Providing further challenges, glycan 

biosynthesis and cellular behavior are co-regulating systems. Here, we discuss how glycosylation 

contributes to extracellular responses and signaling. We further organize approaches for 

disentangling the roles of glycans in multicellular interactions using newly available datasets and 

tools, including glycan biosynthesis models, omics datasets, and systems-level analyses. Thus, 

emerging tools in big data analytics and systems biology are facilitating novel insights on glycans 

and their relationship with multicellular behavior.
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Extracellular glycans influence intercellular behavior

Every cell and many viruses are wrapped in a sugar-coating of functional glycan epitopes 
(see Glossary) and glycoconjugates that helps modulate cell-cell communication, the 
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glycocalyx. Glycans are bound to peptide or lipid glycoconjugates and matured in the 

endomembrane system. They then reside on the cell-surface or diffuse into the extracellular 

matrix (ECM). The emergence, recycling and dispersion of glycans is often slow, variable 

and glycoconjugate dependent (2-1000 hours), therefore environmentally-responsive nascent 

glycans do not transform the cell surface immediately [1,2]. Instead, the glycocalyx 

constitutes a composite memory of recent and current responses to intercellular exchanges. 

Together, the glycocalyx, the communication-modulating glycans and glycoconjugates 

between conversing cells form a rich resource that can be leveraged to improve our 

understanding of how cells communicate (Figure 1).

ECM glycans are voluminous, ubiquitous and diverse, extending 2-3x the cell diameter [3]. 

With 4,549 of 20,365 reviewed human proteins (UniProtKB) corresponding to 

approximately 250,000 proteoforms per cell-type [4], there are approximately 50 glycoforms 

for every glycoprotein. Glycan metabolism uses 342 documented [5] human 

glycosyltransferases and glycosidases, each performing interdependent and distinct 

monosaccharide additions and removals. Borrowing from epigenetics, lectins, 

glycosyltransferases, and glycosidases have been described as the “readers,” “writers,” and 

“erasures” of the glycocalyx [6,7]. These encapsulating carbohydrates moderate many 

cellular responses, including development, growth, differentiation, migration, signaling, and 

morphogenesis (Table 1) making few biological discussions complete outside the glycan 

context (Figure 2) [8].

Today, we are seeing glycan essentiality and neglect in the study of severe acute respiratory 

syndrome coronavirus 2(SARS-CoV-2), the COVID-19 causative agent (Figure 2C). 

Because cells and viruses are wrapped in glycans, glycans moderate the first host-pathogen 

interactions including immune evasion through viral glycosylation [9,10] and host-cell 

targeting through Heparan Sulfate (HS) binding [11]. The SARS-CoV-2 spike glycoprotein 

has over 20 glycosylation sites [12,13] covering nearly 50% of the protein, shielding 

predominantly immune targets [14]. Two sites are implicated in stabilizing the ACE2-

binding receptor binding domain [15]. Considering glycosaminoglycans, tissue-specific HS 

sulfation patterns are necessary for SARS-CoV-2 attachment and infection thereby clarifying 

tissue tropism unexplainable by ACE2 and TMPRSS2 presentation alone [16]. Consistently, 

HS-consuming commensal bacteria can prevent SARS-CoV-2 attachment and are depleted 

in infected and higher-risk individuals [17]. Unfortunately, only 2 of 15 vaccine 

development and SARS-CoV-2 immune response manuscripts we examined considered 

glycosylation in their analysis [18,19].

Beyond virology, glycans are both regulators and targets in systems-level regulatory events 

(Figure 1 A). They modify molecules involved in intercellular communication, thereby 

helping to regulate cell-state (Figure 3, Table 1). Here we explore specific (Table 1) and 

theoretical (Figure 3) examples of glycans regulating downstream processes [8]. As evidence 

of their systems-level role, glycogenes are often selected or enriched in glycan-agnostic 

omics studies (Figure 3C.i-ii) including micro RNA (miRNA) in granulosa-hormone 

response [20], autoinflammatory diseases [21], and type-I interferon response [22]. Indeed, 

glycans can regulate many systems-level cellular phenotypes. They change protein structure 

and function, impacting antibody-dependent cellular cytotoxicity [23] and integrin-
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fibronectin-proteoglycan complex formation [24]. Glycan co-receptors facilitate receptor 

binding modulating notch signaling [25] and SARS-CoV-2 spike-ACE2 complex formation 

[13]. Glycosaminoglycans (GAGs) act as co-receptors, peptide recruiters and spatial 

directions in chemotaxis, cancer, and development [26]. Glycans are essential for self/non-

self recognition [8,27] and inter/intra organismal coordination as they define blood group 

antigens, modulate neural adhesion [28], facilitate sperm egress [29], and regulate the gut 

microbiome [30]. O-GlcNAc regulates metabolism and competes with phosphorylation to 

regulate kinase activity and histone accessibility, impacting multiple cancers and 

neurodegenerative diseases [31]. Because of their systems-level impact, glycans show 

clinical promise. Glycan mimetics can inhibit influenza escape (i.e. Tamiflu® and 

Relenza®) [32], facilitate anticoagulation (i.e., heparin) [33] and block SARS-CoV-2 Spike-

ACE2 binding [34,35]. HMOs are associated with increased survival in preterm infants [36] 

and decreased risk of necrotising enterocolitis [37], and glycosylation is being incorporated 

into vaccine development [38]. The global impact of glycosylation is undeniable.

However, the ECM is commonly depicted as a mesh of collagen fibers and fibronectin, 

bound to cells through cytoskeleton-associated integrins. While depictions are often brushed 

with the tinsel of proteoglycans (Figure 2A), it is uncommon to see a representation of 

glycan diversity at the cell-cell interface [39] (Figure 2B). Similarly, while technologies exist 

to query protein-protein interactions (PPIs) in native environments with appropriate 

glycosylation [40-44], many large-scale cell-to-cell and single-cell analyses use PPIs 

observed in non-native cellular environments with erroneous glycosylation (e.g. Yeast-2-

Hybrid (Y2H)). Thus, both small-and large-scale explorations of intercellular interactions 

are at risk of being misled by under-descriptive or inaccurate glycosylation (Figure 2).

Here we will (1) discuss how glycans are made and how glycan biosynthesis is modelled, 

(Figure 1B), and (2) examine the tools, infrastructure and databases that facilitate 

examination of these systems in tandem (interacting systems, Figure 1C). Finally, (3) we 

provide initial recommendations for how to apply these tools and concepts in research to 

interrogate how glycan biosynthesis and intercellular communication regulate each other 

(Figure 1).

Models of glycan biosynthesis

The phenotypic and clinical relevance of glycans emphasizes the importance of 

understanding their biosynthesis. Glycosylation is a system of interrelated biosynthetic 

pathways that give rise to these diverse (Figure 2B) and impactful (Figure 3) 

macromolecules. Here, we describe general biosynthesis principles (Figure 3), and discuss 

the complexities of the system; how small alterations of single steps can lead to subtle or 

substantial compositional and functional change across the cell surface (Figure 3).

Mechanistic models of glycan biosynthesis

Mechanistic models have enhanced our understanding of glycan biosynthesis. These 

models organize the steps of glycosylation into explicit synthetic pathways. To build these 

models, information on glycosyltransferase (GT) specificity is obtained to determine 

reaction rules; kinetics can be tuned for each GT in multiple conditions or organisms. 
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Using a reaction rule set, a reaction network can be outlined [45]. Depending on the method 

of construction, the network must be trimmed to remove irrelevant or impossible reactions 

then parameterized to model data and predict future behavior.

Several published models of glycan biosynthesis are detailed nonlinear kinetic models 
(Figure 4.i) of N-glycosylation [45-49]. These models describe reaction kinetics and 

therefore require multiple parameters for each reaction. These parameters are often obtained 

from the literature and extensive databases, which aggregate the information from diverse 

studies on many organisms, cell types, and cellular environments. Many kinetic reaction 

parameters, however, remain unmeasured and must be estimated [47,50]. Kinetic models are 

useful for simulating the dynamics of glycosylation to provide insights into temporal 

variation [46,51,52]. Small, highly parameterized kinetic models are invaluable for 

highlighting the dynamics and behaviors of a system, such as bistability [53] and limiting 

factors like nucleotide sugar availability [54,55]. Nonlinear models are challenging to 

construct and fit but accommodate a broader diversity of relations, a higher degree of 

specificity, and a multiplicity of dynamics inaccessible in other modeling approaches.

Introducing simplifying assumptions (e.g., assuming the system is at a steady-state) enables 

the development of more generalizable linear models [56]. Simplified Linear models 
(Figure 4.ii) can be used for studying glycosylation. These models perform well and capture 

many of the same predictions as nonlinear kinetic models, aside from predictions of network 

dynamics [52,57]. Their value, however, is seen in their ability to handle larger networks 

with minimal parameterization. The low parameterization and scalability of these models 

accommodate diverse approaches to compute fluxes, such as flux balance modeling, 

probabilistic learning [58,59], multi-omic comparison [60], and other linearized approaches 

[61]. The reduced complexity of linearized glycan biosynthesis models allows for the 

simulation of multiple glycogene knockouts [62], tolerance of glycan structure and reaction 

uncertainty [60], and analysis of many types of glycosylation including human milk 

oligosaccharide biosynthesis [60,63], O-linked glycans [50,64], GAGs [58], and glycolipids 

[65]. The simplicity of these models makes otherwise computationally taxing questions 

feasible.

Other models aim to approach a complete description of the systems they model and have 

included glycosylation. Such comprehensive models can include multiple linear and non-

linear models which exchange inputs and outputs. One comprehensive model integrated 

processes throughout the endomembrane system including translation and translocation, 

post-translational modifications, metabolism, and simplified glycosylation [55]. There are 

many glycoconjugate-specific factors, both known and suspected, that may influence 

glycosylation that could be included in future comprehensive models. These include (1) 

glycoconjugates-specific availability and flow through the ER and Golgi compartments [59], 

(2) glycoconjugate-specific dependencies on transient enzymes and substrates [54,66,67], 

and (3) considering the impact of glycoconjugate diversity on flow and processing during 

glycosylation [54].

Building the highly detailed nonlinear or comprehensive models can generate invaluable 

insight into specific systems. However, they are hard to build and parameterize. Linear 
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models, due to their simplicity are easier to build and can be more generalizable. However, 

more parsimonious frameworks for exploring glycan biosynthesis have been developed 

through principle-based abstraction.

Abstract glycan biosynthesis analysis

In contrast to detailed biochemical mechanistic models, more abstract approaches can model 

glycan biosynthesis by constraining analyses around the system principles. These 

approaches are more statistically driven than mechanistic models while retaining knowledge 

of the system through biosynthetic principles (e.g., hierarchical, or non-converging); these 

principle-constraints mitigate errors characteristic to variance-driven “black-box” 

approaches. While abstract analyses can be more error-prone, they can also be more 

generalizable. The tradeoff is between the high-specificity mechanistic models, which may 

fail due to over-specification or overfitting, and more abstract principle-driven analyses, 

which are less exact and more generalizable, is one that must be weighed by a user 

depending on their objectives. Here, we will explore those concepts and how they have been 

employed and explored in abstract analyses in glycan biosynthesis.

Within glycan biosynthesis, both glycosyltransferase availability and sugar-donor 

availability are necessary. Glycan biosynthesis can be analyzed based on gene availability 
(Figure 4.iii), as measured by the expression (proteome and transcriptome), accessibility 

(epigenome), or presence (genome) of glycogenes. Gene expression defines which reactions 

could be active in the biosynthetic network. Absolute and differential-expression of 

glycogenes have been used to predict differential glycosylation [68-71]. As expression 

modulators, histone methylation and acetylation can also predict glycosylation [72-74]. 

Similarly, expression modulating miRNAs are also a useful proxy for glycan biosynthesis 

[75,76]. The ability of a genome to express a glycan has been predicted from glycogene 

presence in minimally characterized organisms and states like bacteria and archaea [77], 

CHO cells [61], and cells with GT knockouts [64]. Novel glycan-glycogene relationships 

have been elucidated using a genome-wide association study of serum glycosylation [78]. 

The power of gene availability analysis is its performance in minimally characterized 

systems.

The glycan structure (Figure 4.iv) also provides insights into glycan biosynthesis and can 

be used to constrain abstract models. In a recent exploration of the glycan structure-

biosynthesis dichotomy, we found that because certain glycosidic bonds implicate the 

activity of specific glycosyltransferases, much of the glycan biosynthesis network is encoded 

in the glycan structure [79]. Glycan substructure-oriented analysis has facilitated 

comprehensive “fingerprint” encoding [80], substructure comparison [81], substructure 

relations (GNOme, unpublished), glycan alignment [82], motif enrichment from datasets 

like glycan microarrays [78,83-86], glycoprofile reconstruction [87-90], and as a means of 

sterics-based glycan-receptor binding generalization [86]. Substructure-oriented 

computation and generalization has been codified in formal attempts to represent glycan 

classes using boolean logic [91] and uncertainty operators [92]. Fingerprint encodings have 

been combined with implicit structural alignment and glycan assembly to improve clustering 

and clarity while mitigating sparsity in glycoprofiles [93]. Substructure-level representations 
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have been used with biosynthetic networks to predict novel reactions [94]. Recent work has 

also examined the inter-substructure distances and co-occurrence in fingerprint encodings to 

reveal functional similarities between glycans [95]. In our work, we combined the logic of 

these recent works and developed a biosynthetically cognizant substructure encoding. As a 

result, we were able to improve clustering, increase statistical power, discover novel 

reactions, and make novel insights about flux through the biosynthetic network [79]. The 

strength of a structural approach to biosynthesis modeling is that it limits reliance on prior 

knowledge and characteristics of known reactions without discarding easily accessible 

structural records of biosynthesis.

Metabolite availability (Figure 4.vi), also constrains monosaccharide addition. Nucleotide 

sugar biosynthesis and transport can affect glycosylation [96] since they are necessary 

substrates for growing glycans. While many mechanistic models assume sufficient 

nucleotide sugar availability, some models account for their impact directly. One approach 

defined a nucleotide-sugar metabolism and transport network wherein nucleotide sugars are 

synthesized and transported into the endomembrane system. This allowed the prediction of 

the impact of media composition on glycosylation [49]. Another model found that 

specifying the metabolic precursors of glycosylation allowed more accurate descriptions of 

glycosyltransferase dependencies [97]. Another hybrid model used nucleotide and central 

metabolism models to parameterize a neural network predicting glycosylation [67]. Overall, 

metabolism imposes a limit on the complexity and diversity achievable at a specific 

glycosylation site. Because of the processivity of glycan biosynthesis, the effect of a single 

monosaccharide shortage early in biosynthesis cascades throughout the system, as 

precursors may be depleted and competitive branch-points may become unbalanced. 

Overall, upstream metabolism is an impactful regulator of glycan structure and occupancy.

Protein structure (Figure 4.v) is another potential constraint on glycosylation. Glycoprotein 

structure, including secondary structure [98], can sterically interact with glycosyltransferases 

to promote or inhibit the addition of specific monosaccharides to a growing glycan. A meta-

analysis of site-specific glycosylation revealed changes in core fucosylation and branching at 

low-accessibility sites [99]. Site-specific kinetics for glycosyltransferases have also been 

observed [47], further showing that local protein structure can inform glycosylation. It is still 

unclear exactly what role protein structure plays in glycosylation but its importance is 

evident.

Model-derived and validated principles of glycosylation

The mechanistic and statistical models provide new insights into glycan biosynthesis 

extending our initial understanding: (1) glycans are made by glycosyltransferases adding 

single monosaccharides to a growing polysaccharide in a glycosidic bond. (2) Glycan 

biosynthesis is predominantly hierarchical, involving the addition of one monosaccharide at 

a time [64,79]. The hierarchical assumption neglects, N-glycan mannosidase reactions in the 

cis and medial Golgi, reconvergence due to the lateral transfer of partial structures [100] and 

other Golgi-resident glycosidases [101]. While these limitations are important to 

acknowledge, they do not appear to be first-order effects and therefore models making these 

assumptions are still effective. (3) Linear models have demonstrated that assumptions of 
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linearity in glycan biosynthesis are appropriate and sufficient to capture major trends 

[52,57,59,61,62]. (4) Considering the additional insight provided by more detailed nonlinear 

kinetic models, such as the bistability in galactosylation [53] and competitive inhibition 

[102], there are important nonlinear trends to observe within glycan biosynthesis. (5) Some 

analyses have demonstrated competitive inhibition [52] as a dynamic process of glycan 

biosynthesis. (6) Glycan biosynthesis is limited by precursors like nucleotide-sugar 

availability [54], protein structure and GT-accessibility [47,98,99], and enzyme presence 

[61,64,68-72,75-77]. (7) Segregation of glycosyltransferases and nucleotide sugar 

transporters into separate Golgi compartments and the rate at which glycoconjugates flow 

through these compartments is an important contributor to glycan diversity [59,97]. (8) 
glycoconjugate identity, diversity and volume can all impact glycosylation [54,66]. As these 

principles are further defined, they will lead to more accurate models and facilitate the 

interpretation of glycomics data.

Big data glycomics in glycan biosynthesis

Intuitively, “big data” should be large to reveal elusive or global trends. Glycomics datasets 

are small relative to RNA-Seq and negligible relative to astrophysics data. Thus, we have 

much to gain from modest increases in dataset size. Here, we describe the measurement, 

aggregation, and distribution of many glycomics datasets into “big” glycomics datasets. The 

structural and analytical integration of these datasets reveal invaluable insights into 

multicellular behaviors (Figure 1C).

High-throughput measurement of glycomes

Multiple high-throughput technologies provide temporal, spatial and systematic 

measurements of glycan abundance and interactions. These can identify glycans and glycan 

motifs that interact with a lectin of interest. Mass spectrometry (MS) based approaches can 

identify and quantify glycan structure. Tandem mass spectrometry can rapidly identify 

glycan structures and the sites of glycan linkages [103]. Highly accurate structures on 

glycoproteins are obtained using combined technologies such as MS, coupled with 

enzymatic digestion [104]. MALDI-imaging MS can recover spatial resolution of enzyme-

released glycans on tissue slides [105]. Liquid Chromatography (LC) can increase the 

resolution of MS [106], and stand-alone LC methods [107] provide highly reproducible bulk 

characterization of N-glycome variability and pathology. It has been used to characterize 

immunoglobulin [106] and glycosylation, specifying variation in isolated populations [108], 

and distinguishing pathology in rheumatoid arthritis [109].

Glycan arrays can quantify glycan-protein interactions. Glycans are covalently bound to a 

slide and then incubated with a fluorescently-tagged protein believed to interact with the 

glycans. To capture diversity in under-characterized glycomes, shotgun glycomics 

approaches bind glycan fragments to arrays, followed by tagging with fluorescent lectins 

[110] and computational reassembly of targets [84]. Glycan arrays and variations on the 

approach can elucidate mechanisms of viral and microbial specificities and resistance 

[111-113]. Advances such as bead-based diffusible glycosylation probes could further 

provide insight into the spatiotemporal glycosylation.
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Lectin arrays invert the focus of glycan arrays to identify the binding affinities of glycans to 

multiple lectins simultaneously. These arrays consist of lectins that are covalently bound to a 

slide, and fluorescent or mimetic glycans incubated on the arrays to identify specific lectin-

glycan interactions [114]. Lectin arrays are notably scalable as demonstrated by the lectin-

specificity characterization of glycans in the NCI-60 [75] and multiple mouse tissues [115]. 

This approach has been deployed on a microfluidics device to improve the reproducibility 

[116]. These technologies provide a high-throughput approach to the simultaneous 

characterization of glycans and glycan-protein interactions defining cell-cell 

communications.

A more comprehensive view of glycan-dependent phenotypes can be obtained by collecting 

multi-omic datasets that examine the interplay between molecular classes. For example, 

RNA-Seq data were collected in tandem with glycoprofiles to parameterize biosynthesis 

models on the expression of glycosyltransferases [117]. Similarly, genomic variation data 

were integrated with serum N-glycosylation to identify genomic elements associated with 

the abundance of each glycan, yielding insights into novel biosynthesis reactions [94] and 

regulators [78]. These large-scale multi-omic analyses have found new reactions [94] and 

new transcriptional regulators [78].

Glycan collections and analytics of glycan measurement are growing in diversity, 
magnitude, regularity, and FAIRness

The development of high-throughput glycomics methods have resulted in a rapid expansion 

of the amount of glycosylation data. International collaboration and computational 

infrastructure for the storage, integration, and distribution of these datasets have accelerated 

over the last decade to facilitate queries and answer fundamental questions in glycobiology. 

Finally, the community is becoming increasingly open-source and standardized in its 

nomenclature making it easier to reproduce, extend and generalize mechanistic models and 

biosynthetically constrained analyses. With this emerging ecosystem of Findable, 

Accessible, Interoperable and Reusable (FAIR) datasets and tools [118], we are closer than 

ever to exploring the dynamic co-regulation of glycan biosynthesis and intercellular signal 

transduction essential to multicellularity.

New data collections are published frequently and often integrate diverse glycosylation-

related data including comprehensive glycan structures (GlyTouCan [119]), richly curated 

bacterial and fungal structures [120], MS glycoprofiles UniCarbDR-GlycoPost [121], and 

observed masses (UniCarbDB [122]). Glycoprofiles across various tissues, conditions, 

organisms, and cell-types can be downloaded from the Consortium for Functional 

Glycomics [123]. Site-specific glycosylation events can be queried through GlyConnect 

[124] or UniCarbKB [125]. Even glycan-mediated ECM [126] and host-pathogen [127] 

interactions are registered. To increase the utility and interoperability, efforts are underway 

to unify datasets throughout the Glycomics@ExPASy [128], GlyGen [129], and GlyCosmos 

[130] datahubs as the GlyspaceAliance [131]. Despite this progress, consistent formats have 

yet to be globally adopted hindering data sharing and collaboration within glycobiology and 

with adjacent collaborators in proteomics; there is still no standard format for quantitative 

glycoproteomics in most popular proteomics databases where glycan data is either non-
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canonically formatted or inaccessible. However, with the emergence and adoption of data 

sharing protocols like UniCarbDR-GlycoPost and mass aggregations led by the 

GlyspaceAliance, common formatting standards should become more prevalent making it 

easier for proteomics and other downstream databases to welcome glycosylation data in the 

near future.

Predecessors of and participants in the GlyspaceAlliance have invested considerable effort 

deciding formats and standards that their platforms will support and advance [121]; Minimal 

Information Required for a Glycoproteomics Experiment (MIRAGE) for representing 

metadata, and GlycoRDF for representing the data itself. The MIRAGEproject has created 

metadata standards for sample collection [132] and data storage for glycomics data 

measured in mass-spectrometry [133], glycan arrays [134] and liquid-chromatography 

[121,135]. Compliance with metadata standards makes data more findable but once it is 

found, it too must be readable. As such, the implementation of semantic web technologies--

which have tamed several -omics datatypes [136], lead to the development of an ontology-

based glycosylation datatype, GlycoRDF [137]; yet another major step toward defining such 

a standard. Though MIRAGE and GlycoRDF are well established, adoption is not yet 

ubiquitous posing a challenge to findability, interoperability, and reusability; each requires 

uniform metadata and/or common data representations.

The creation of these standards is essential to reproducibility and comparability across 

experiments and is essential to interoperability across platforms and analysis pipelines. 

Standards databases like UnicarbDB [122], common pipelines like GlycoWorkBench [138] 

and pGlyco [139], and open-source comparative analytics [79,140,141] allow for consistent 

analysis across laboratory setups to facilitate inter-lab interoperability [121]. Due to diverse 

methods for measuring glycans, cross platform comparison can be challenging. But, with the 

growing number of comparison and standardization projects [106,109,142] and the growing 

NIST standards project [143], we are learning about the respective power, biases, limitations 

and interoperability of various platforms. Increasingly standardized data, curation, and data 

formats [67,79,140,141] facilitate transfer of glycoprofiles to flexible yet standardized 

modeling platforms [45,76,79,94,144]. The regularization of data and subsequent analyses, 

from quantification to modeling, has positioned the community to make coordinated and 

sustainable progress.

A variety of high-throughput methods exist. While the diversity of methods challenges 

cross-platform comparisons, it is not an impassable challenge with the help of FAIR 

principles; rather FAIRness provides an answer to these challenges. FAIR data are a 

collection with rich metadata; going beyond the type of method (e.g. MALDI) and 

expanding into extreme detail (e.g. the exact model of mass spectrometer, the intended and 

true concentrations of adducts and the order of their addition). Many details are required by 

MIRAGE guidelines. The combination of rich metadata (MIRAGE), readable data 

(glycoRDF), and platform-specific effects (NIST) could provide the necessary covariates 

and validation data to make informed cross platform comparisons similar to those in gene 

expression analysis methods for cross-platform comparisons [145], and compression or 

removal [146] of known confounders.
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The cost of glycan-naive interactome studies

Modifying one of several glycans on a protein can impact structure, function, interactions, 

and ultimately cell state. Since glycosylation is organism-specific, the measurement of PPIs 

in a non-native context can deviate substantially from the native interactions. While use of 

non-native Y2H is still popular, new environment-cognizant PPI methods with realistic 

glycosylation exist. These include proximity labeling approaches [40,41], native adaptations 

of Y2H [43], and Surface Plasmon Resonance (SPR). SPR is highly reproducible and goes 

beyond PPI to measure many other intermolecular interactions [42]. The MatrixDB project 

[126] used SPR, and integrated glycomics, transcriptomics and interactions from matrisome 

[147] to explore several phenomena including aberrant aggregation in Alzheimer's Disease 

[148]. The success of MatrixDB further demonstrates the importance of these molecules to 

extracellular questions and the power of glycan-cognizant interactome techniques.

Exploring glycan biosynthesis, cellular communication, and cellular state 

interactions through data integration

As glycomics increase in popularity, meaningful data-integration is essential for leveraging 

these datasets and furthering our understanding. Here we suggest approaches to leverage 

emerging tools in big-data glycomics. (Figure 1, Figure 5)

Synthesis Model Selection

A selected model or analysis can be mechanistic or abstract (Figure 5B). To determine 

which glycans can be produced in an organism, cell-type, or condition, simple models can 

be constrained on genome annotation or transcriptomics. Linear mechanistic models 

increase prediction accuracy and specificity with limited additional curation by leveraging a 

small set of canonical reactions extrapolated into a complete biosynthetic network. Finally, 

exploring biosynthesis dynamics requires curation and tuning each reaction to condition-

specific kinetic parameters. Given a glycoprofile, measured or predicted, the question shifts 

to interpretation and relating those glycans to context-relevant insights.

Extracting important glycan substructures

Glycan substructures can be analyzed to highlight functional elements of a glycoprofile. 

Phenotype-associated motifs can be extracted from lectin or lectin arrays [82-86,149,150], 

and glycomes [79,82-86,93,140,149]. Selected substructures can be interpreted for meaning 

and potential impact using databases of glycan interactions and subsequent experiments.

Interpreting and generalizing selected glycan substructures

Glycoprofiles can be interpreted through selected substructure annotation using functional 

databases (Figure 5C). Selected substructures can be identified as virulence factors through 

glycan-lectin networks [151] or annotated in SugarBindDB [127]. Predictive and empirical 

protein-glycan databases (e.g. UniLectin [152] and MatrixDB [126]) can connect motifs to 

signal transduction events. A sterics-based approach, GLY-SPEC [86], can interrogate and 

generalize lectin-motif interaction to provide corroborative and additional glycan-lectin 

Kellman and Lewis Page 10

Trends Biochem Sci. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interactions. Ultimately, the novel insights from such analyses provide invaluable hypotheses 

to drive validation experiments.

Applying these tools to better understand multicellular phenotypes

With sufficient resources, we can contextualize and propagate differential glycosylation data 

(Figure 5D). Motifs of interest with functional relevance can generate new and generalizable 

insights. Differential glycosylation could become a constraint for a glycan biosynthesis 

model by (1) connecting differentially abundant motifs to intercellular-communication-

modulating lectin-glycan interactions [86,126,152], and (2) identifying gene expression 

signatures corresponding to the differential activation of those lectins. Finally, (3) given 

regulated glycogenes, a gene availability (Figure 4.iii) analysis could predict the impact of 

differential glycosylation on extracellular signaling, and the subsequent impacts on 

glycosylation (Figure 5D). Now the analysis can be repeated with an updated glycan 

biosynthesis model. Once that chain of predictions is possible, interrogation of 

glycosylation-communication dynamics will be feasible.

Concluding Remarks

A protein without its glycans is like a molecule without hydrogen or a plate without food; 

i.e. structurally specified but functionally augmented. Though it can be challenging to find a 

truly glycan-independent biological process, much of biology under-represents these 

molecules due to the challenges of measuring and integrating glycosylation data. 

Fortunately, we are entering an era of FAIR and open modeling, data and functional 

associations in glycomics that, en masse, provide an opportunity for feasible and affordable 

integration of glycosylation into many analyses. Forward progress will depend on the 

continued construction and observance of standards (see Outstanding Questions). With FAIR 

and effective infrastructure we can more easily examine global trends in glycan biosynthesis, 

regulatory constraints imposed by and respondent to glycans and finally expose intercellular 

regulations regulated by and regulating glycosylation (see Outstanding Questions).
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Glossary

Endomembrane System
The system of membranes suspended in the cytoplasm of a eukaryotic cell. Membranes 

separate functional compartments often involving secretion including the nuclear envelope, 

endoplasmic reticulum, Golgi apparatus, secretory vesicles, lysosome, and plasma 

membrane.

Kellman and Lewis Page 11

Trends Biochem Sci. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Epitope
A functional and/or conserved glycan structure, typically at the non-reducing end of 

branching glycans.

Gene Availability
Information indicating if a gene participates in a system. Includes information in the 

presence of the gene in the genome, epigenetic promotion or inhibition, splicing, 

transcription, and translation.

Glycan
A polymer of glycosidically-linked monosaccharides. Glycans can be linked to a protein or 

lipid, or unconjugated. They can be branched or linear. They are made in the Golgi by 

glycosyltransferases (glycan “writers”), they are typically active in the extracellular space by 

lectins (glycan “readers”) or through the augmentation of an extracellular element, they are 

broken down in the lysosome by glycosidases (glycan “erasers”) [6].

Glycan co-receptor
Describing a receptor-bound glycan and its capacity to modify the binding affinity of the 

receptor with its target as a direct participant in the binding event rather than through 

modification of the protein structure

Glycan substructures
combinations of connected monosaccharides found within a glycan. Ambiguous 

monosaccharides and linkages can be used to specify substructures where monosaccharide 

or linkage is not specified.

Glycocalyx
translates to “sugar” “coat,” is the predominantly sugar encasing of one cell protruding into 

the extracellular matrix (ECM). Distinct from the glycocalyx of another cell which will 

protrude into the ECM and even touch another cell surface.

Glycoconjugate
Typically a protein or lipid to which a glycan is bound.

Glycogene
Genes known to regulate glycan biosynthesis or degradation including glycosyltransferases, 

glycosidases, and nucleotide-sugar transporters.

Glycoprofile
The relative or absolute abundance of glycans observed on a cell surface or at a specific 

glycosylation site.

Glycosidase
The “erasers” of glycosylation [6]. These enzymes are just as specific as the 

glycosyltransferases, removing only specific monosaccharides participating in specific 

linkages.

Glycosyltransferase
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The “writers” of glycosylation [6]. These Golgi-resident enzymes are highly specific to add 

one monosaccharide (glucose, galactose, fucose,…) at a time to a particular carbon of a 

monosaccharide on a growing glycan polymer. biosynthesis proceeds from the protein or 

lipid bound monosaccharide out.

Lectin
An extracellular “readers,” typically a protein in the extracellular space that binds with a 

glycan directly or forms a co-complex with the glycan and cell-surface receptor [6].

Linear Models
Linear models apply assumptions like temporal invariance and subsequent equilibrium, or 

the “steady-state” assumption.

Mechanistic Model
A model of an event that prioritizes detailed molecular mechanisms.

Nonlinear Models
Nonlinear models account for complex enzymatic behaviors like variation in time and 

complex behavior at saturation.

Reaction Rules
A collection of generalized reactions that may, in some order, simulate glycan biosynthesis.

Substructure-abundance
The aggregation of abundance data over substructures to determine some feature of the 

substructure. For example, when all substructures have a common reducing end, the sum of 

abundances for all glycans containing a substructure gives a substructure abundance 

indicative of the total number of times that substructure was synthesized [79].

Substructure-Oriented Analysis
Using structures within a glycan to orient analysis, database query and functional analysis of 

a glycan. This allows greater generalization than whole-glycan analysis by avoiding 

distraction by irrelevant variation outside the functionally relevant substructure.
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Outstanding Questions

1. Within glycan biosynthesis, which glycans can be synthesized in an 

uncharacterized cellular state? Can the impact on different glycosylation sites 

be predicted? Which lectins will target new glycans thereby inducing cell-

state stabilization or transformation?

2. How can we reach a consensus on data and model formatting to incentivize 

external development and tool integration? Will our journals and funders 

begin to require data-sharing in GlycoRDF format with MIRAGE standards 

met? Will our community unite behind a common open-source parser to 

streamline and regularize interaction with these data?

3. Within intercellular communication, which cellular pathways are impacted by 

changes in glycosylation? Which host-pathogen interactions require 

glycosylation? How does glycosylation change in response to a pathogenic 

challenge?

4. Within immunity, how man organisms accurately distinguish “self” from 

“non-self” when glycan targets are made by systems with similar 

glycosyltransferases? Are functional motifs prioritized? Is the processivity of 

glycosylation leveraged to distinguish between similar glycan biosynthetic 

systems?

5. Regarding the dynamic interdependence between inter-cellular 

communication and glycan synthesis, do glycans filter or modify 

environmental stimuli? Is their action active or passive? How extensively do 

glycans regulate communication, and which intercellular communications 

regulate glycosylation? If they co-regulate, what are the relative co-regulatory 

timescales?

6. What fundamentally challenging multicellular or multi-organism interactions 

could be simplified or explained by glycan augmentation? Could vaccine 

design become more successful with increased glycan consideration? Could 

neuron migratory paths become clearer?
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Highlights

• Glycans are essential ECM components and are important for modulating 

intercellular communication.

• As modulators of intercellular communication, glycans impact interaction at 

levels ranging from protein-protein interactions to that of whole cells, whole 

tissues, whole organisms, and even multi-organisms.

• Glycans are synthesized by a complex system of reactions.

• Glycan biosynthesis and other systems affected by intercellular 

communication regulate and modify each other through signal accessibility 

and glycogene expression.

• Using big-data glycomics, we can predict new models of glycan structures 

and substructures to better understand the dynamic relationship between 

glycosylation and the broader biological systems.
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Figure 1 (Key figure) - The feedback between glycan dependent receptor sensing and glycan 
biosynthesis regulate cellular communication and environmental response.
Here we discuss (A) the system-level impacts of glycosylation, (B) tools to study glycan 

biosynthesis given various data types, and (C) databases and analytical strategies to explore 

the dynamic co-regulatory systems of glycan biosynthesis and intercellular communication. 

Diverse bioinformatics approaches and resources are now making it easier to consider 

glycosylation in diverse research fields.
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Figure 2 - The Glycocalyx extends into the extracellular matrix.
(A) Common depictions of glycans and glycoconjugates in the extracellular matrix often 

censor structural and functional diversity. Panel B mirrors panel A with the structural detail 

unmasked glycoproteins describe proteins with branched N-or O-glycans, where carbon one 

of the first monosaccharide is covalently linked to the asparagine amine(N-), or serine/

threonine hydroxyl(O-). Proteoglycans describe large linear glycosaminoglycans (GAGs) 

covalently bound to either a secretory granule protein, a protein with a transmembrane (e.g. 

syndecans) or glycosylphosphatidylinositol (GPI) anchor (e.g. glypicans), a pericellular 

protein or a Hyaluronan binding extracellular protein; GAGs like heparan and chondroitin 

sulfate present functional groupings of sulfation patterns. Hyaluronan-bound chondroitin 

sulfate proteoglycans are shown connecting two collagen fibers. Other common O-type 

glycans include glycolipids--mono or oligosaccharides often bound to glycerol or 

sphingosine backbones, and unconjugated lactation-secreted oligosaccharides. Each class is 

synthesized a little differently, for example, the acceptor for N-glycans, many O-glycans and 

GAGs is an amino acid while the conjugate for a glycolipid is a ceramide. Despite these 

distinctions, each of these classes follow general principles of glycan biosynthesis. Inside the 

cell, an O-GlcNAc modified a serine residue phosphorylation site. (C) A current example of 
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glycans involved in SARS-CoV-2 attachment Heparan Sulfate facilitates target-cell 

attachment, while both the Spike protein and ACE2 are glycosylated; details cryo-EM 

struggles to resolve. Partially glycosylated (dark-blue) closed cryo-EM structure [19], 3D 

model of the open structure showing glycan range of motion (purple, green, orange, yellow) 

[14], and a simulation of the complete structure with and without glycans (dark-blue) [15] 

were adapted with permission.
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Figure 3 - Glycans & glycoconjugates mediate multiple types of interactions modulating cell 
state.
(A) Transitions between cell states (tan and brown) can be modulated by differential 

glycosylation (e.g. cell-cycle or epithelial-mesenchymal transition [75,76,153,154]). (B) 
Transition between two cell states with low or high MAN2A1 (mannosidase necessary to 

escape the hybrid glycan) expression could result in differential abundance of hybrid and 

complex glycans respectively. Differential glycosylation could modulate cell state in an 

oscillatory fashion (C). For example, differential expression of alpha-mannosidase II 

(MAN2A1; i & vi) would change both mannosylation and complexity of N-linked glycans 

[155,156]. As a result, each cell state produces a different dominant glycan: a hybrid 

biantennary structure (ii) and a sialylated biantennary structure (vii). The production of 

different glycans could result in the differential attachment of fibronectin to the integrin 

[24,157] thereby facilitating (iii) or disrupting (viii) ligand recruitment [16,158-160]. 

Differential glycosylation of a receptor can also directly impact receptor-ligand binding by 

changing receptor conformation (iv & ix) [23,25,161]. Differential receptor activation can 

induce the activation (v) or inhibition (x) of pathways and transcription factors (red circles 

are activated signalling cascade elements, blue circles are inactive elements) ultimately 

inducing differential expression of MAN2A1 (i & vi). In this theoretical system, 

transcription of MAN2A1 (vi) will move the cell to the complex-glycan state (vi-x) and this 

state ultimately leads to the inactivation of the signal transduction (x) and the subsequent 

inhibition of MAN2A expression (i) moving the cell back to the hybrid state (i-v). Thus, 

through basic principles of cell function and glycosylation, we have constructed a theoretical 

glycan-modulated oscillating cell-state system.
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Figure 4 - Characteristics of glycan biosynthesis.
Generally, glycans are covalently bound to a glycoconjugate and built by iterative addition, 

and occasional removal, of monosaccharides by highly-specific glycosyltransferases (GT), 

as the glycoconjugate passes through the endoplasmic reticulum (ER) and Golgi; most 

glycan products reactants for later reactions. GTs are retained in different endomembrane 

compartments thereby increasing biosynthetic diversity and control. N-glycosylation occurs 

in approximately 3 stages: addition and pruning of a large oligomannose structure in the ER, 

further pruning and GIcNAc-capping in the cis/medial Golgi, and GlcNAc-capped branch 

maturation. In specific models, (i) nonlinear kinetics can capture complex reaction behavior 

and incorporate variation over time (ii) In the absence of temporal data, simpler reaction 

behaviors can be adequately described with linear kinetics. (iii) Glycogenes like 

glycosyltransferases, nucleotide-sugar biosynthesis, and transport proteins must be present 

in the genome, epigenetically accessible, expressed and translated to perform their functions. 

Both linear and nonlinear models can be improved by including information on the 

availability of glycogenes. Other models can be created using only information on the 

availability of glycogenes. (iv) Glycan structure can also be used to supplement 

comprehensive modeling because the glycan structure is a complete description of every 

biosynthesis reaction a glycan undergoes. (v) New evidence suggests that steric interactions 

between glycoproteins and glycosyltransferases add additional constraints to glycan 

biosynthesis; sterics can decide which glycosyltransferases can access a growing glycan. (vi) 
Finally, metabolism can determine the availability of monosaccharide precursors thereby 

limiting the diversity of additions that may occur.
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Figure 5 - The progression of model complexity and predictions appropriate, given various 
common data types.
(A) Various datatypes of increasing complexity and rarity necessary to train different 

models. (B) The relationship between model specificity and model complexity. As the 

complexity increases and the magnitude and rarity of input data increases, so does the 

specificity of the model. Though lower complexity models are not as specific, they can be 

beneficially generalizable. (C) Finally, once the glycoprofile predictions are complete, they 

can be compared to lectin and substructure databases to predict what receptor-ligand 

interactions the differential glycosylation may impact. Panel D describes two theoretical 

cells (Figure 3C) co-regulating through differential glycosylation. If a reasonable differential 

expression signature can be inferred (due to differential interference or promotion of a 

receptor-ligand interaction), we can generate a “gene-availability” based prediction of 

updated glycosylation, thus exploring the sustainability of a glycosylation pattern. Labels A, 

B, and C correspond to methods illustrated in panels in A, B, and C respectively: (A) The 

omics assessment of the intracellular environment, (B) modeling of the glycan biosynthetic 

implications of the intracellular environment, (C) differential glycosylation of peptides and 

receptors and (A-C) the propagation of that information to the intercellular interface.
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Table 1 -

Examples of Ligand-Receptor Interactions modified by glycan.

MECHANISM LIGAND RECEPTOR TYPE ALT. GLYCOSYLATION GLYCAN IMPACT REF.

Co-reception Delta & 
Serrate

Notch EGF1- 10, 
12, 14, 16, 17, 20, 
22-32, 35 motif

O Presence/Absence of 
Glycan

Boundary Formation, T-cell 
and marginal zone B-cell 
development

[25]

Co-reception CD48 2B4 (CD244) N & O Differential Sialylation Proper glycosylation 
necessary for binding

[162]

Co-reception NMDA NMDAR N Differential Mannosylation Binding affinity [161]

Structural Antigen IgG1 N Core Fucosylation Antibody-dependent cell-
mediated cytotoxicity 
(ADCC)

[23,163]

Structural Fibronectin Integrin N Removal of glycosylation 
sites

Integrin Assembly and 
Activity

[24,157]

Structural ACE2 SARS-CoV-2 Spike N Maturation of oligomannose Destabilization of the Spike 
RBD

[15]

Ligand Guiding VEGF-C VEGFR3 GAG Differential Sulfation on 
Heparin Sulfate

Inhibition of Lymphogenesis [159]

Ligand Guiding BMP, FGF Smad1/5, Erk1/2 GAG Differential Sulfation Cartilage degradation and 
repair

[160]

Multiple Multiple NCAM N Differential Polysialylation Cerebellum Formation & 
Glioblastoma Migration

[28,164]
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