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Abstract

Glycosaminoglycans (GAGs) are complex linear polysaccharides, which are covalently
attached to core proteins (except for hyaluronan) to form proteoglycans. They play key roles
in the organization of the extracellular matrix, and at the cell surface where they contribute
to the regulation of cell signaling and of cell adhesion. To explore the mechanisms and
pathways underlying their functions, we have generated an expanded dataset of 4290
interactions corresponding to 3464 unique GAG-binding proteins, four times more than the
first version of the GAG interactome (Vallet and Ricard-Blum, 2021 J Histochem Cytochem
69:93-104). The increased size of the GAG network is mostly due to the addition of GAG-
binding proteins captured from cell lysates and biological fluids by affinity chromatography
and identified by mass spectrometry. We review here the interaction repertoire of natural
GAGs and of synthetic sulfated hyaluronan, the specificity and molecular functions of GAG-
binding proteins, and the biological processes and pathways they are involved in. This dataset
is also used to investigate the differences between proteins binding to iduronic acid-
containing GAGs (dermatan sulfate and heparin/heparan sulfate) and those interacting with

GAGs lacking iduronic acid (chondroitin sulfate, hyaluronan, and keratan sulfate).

Introduction

Sulfated glycosaminoglycans (GAGs), namely chondroitin sulfate (CS), dermatan sulfate (DS)
(1, 2), keratan sulfate (KS) (3, 4), heparin (HP), and heparan sulfate (HS) (5) are linear complex
polysaccharides which are covalently attached to core proteins to form proteoglycans (6, 7).
They are mostly present at the cell surface and in the extracellular matrix (ECM), but also in
the nucleus as shown for HS (8), and in the intracellular granules of certain mast cells for CS,

DS and HP (9). The disaccharide units of these GAGs are made of a uronic acid, and an



hexosamine except for KS containing a galactose instead of a uronic acid. Hyaluronan, a large
non-sulfated GAG, does not bind covalently to proteins but links several proteoglycan
molecules to form high-molecular weight aggregates in the ECM. It has also been detected in
the cytoplasm and nucleus (10, 11). GAGs play key roles in ECM assembly, the regulation of
cell behavior and cell signaling (4, 12—-15), development (16), and diseases (17) including
cancer (12, 13, 18, 19), infectious diseases (20) and neurodegenerative diseases (21) via their
binding to a variety of proteins. Numerous interactions have been reported for CS (22, 23),
HP/HS (24-26), and KS (27). We drafted the first comprehensive version of the interactome of
the six GAGs listed above by compiling GAG-protein interactions mostly identified by
biophysical techniques and protein arrays (28). The availability of datasets of hundreds of
GAG-binding proteins (GAGBPs) identified by affinity purification followed by proteomic
analysis (AP-MS, (29) for review) drastically increased the number of GAGBPs. These proteins
identified by affinity proteomics in cell lysates or biological fluids might not all establish direct
interactions with GAGs, and the biological relevance of these interactions remains to be
determined, but these proteomic datasets provide information on intracellular GAG-binding
partners, which are often under-estimated. Furthermore, several hundreds of DS-binding
proteins which have been identified by proteomics, have not been included so far in global
GAG networks. A number of them are autoantigens, suggesting a role for DS in autoimmunity,
which remains under-investigated. This prompted us to expand the first version of the GAG
interactome by integrating those GAGBPs. This comprehensive network will be a useful
dataset of GAGBPs, which is described in the first part of this review, and will provide new
insights in the binding specificities of GAGs in association with their roles in the regulation of
biological processes and pathways, which are analyzed using computational tools and

reported in the second part of the review.



Glycosaminoglycan-binding protein dataset

We added to the first draft of the GAG interactome animal GAG-binding proteins identified by
affinity proteomics using GAGs as ligands and mass spectrometry to identify GAGBPs (30-40).
Few individual interactions were also added to the dataset (41-44). All the identifiers were
mapped to the human reviewed ones using InParanoid (45) or OrthoDB (46). BLAST and
sequence alignments were performed when needed to identify human orthologs. Human
orthologs of large murine datasets (32) were identified using UniProtKB retrieving tool by first
generating a list of the primary gene name of each murine entry, and then a list of reviewed
human proteins UniProtkB accession numbers. When no human ortholog was identified using
this approach, manual retrieval of human orthologs was carried out using the tools mentioned
above. Proteins that were not unambiguously identified were not included to the dataset. We
also updated GAGBPs annotated by the following Gene Ontology (GO) terms (G0O:0008201,
heparin binding; G0:0035374, chondroitin sulfate binding; G0O:1904399, heparan sulfate
binding; GO:0005540, hyaluronic acid binding) and SwissProt keywords (KW-0358, heparin-
binding). The GAGBP dataset designed as GAG interactome 2.0 is available in Supplemental

Table S1 (https://figshare.com/s/523df8467338eecfd4a4), which includes data sources. It

comprises 4290 GAG-mediated interactions involving 3464 unique GAG-binding proteins

(Supplemental Figure S1, https://figshare.com/s/523df8467338eecfd4a4). The GAG
interactome reported in this review contains about four times more GAGBPs than the first
GAG interactome, with a marked increase in the number of dermatan sulfate-binding proteins
(DSBPs, mostly autoantigens) (31, 35) and of heparin/heparan sulfate-binding proteins
(HP/HSBPs) (32, 33) (Table 1). We have also included in this version of the GAG interactome

the proteins binding to unnatural sulfated HA, which has pro-osteogenic effect (34). The
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interaction network of the six natural GAGs is shown in Figure 1. HP/HSBPs comprise the
largest subnetwork of GAGBPs (74.5%) followed by DSBPs (15.3%). CSBPs (3.4%), HABPs (1.1%)

and KSBPs (5.7%) represent only ~10% of the total GAGBPs (Table 1).

The number of GAGBPs binding specifically to one GAG and those shared by two, three, four
or five GAGs are shown in Figure 2 and Supplemental Figure S2

(https://figshare.com/s/523df8467338eecfd4a4), and listed in Supplemental Table S2

(https://figshare.com/s/523df8467338eecfd4a4). HP/HS and KS have the highest binding

specificity with 62 and 67% respectively of their protein partners binding specifically to them.
In contrast, only one third of the partners of CS and DS (33% and 35% respectively) interact
specifically with them whereas HA has an intermediate specificity (48%). For DS this is mostly
due to the addition of autoantigen DSBPs to the network because DS did not have any specific
binding partners in the first draft of the interactome. Sulfated HA shares only two partners
with HA, HADH and COL6A3 encoding mitochondrial hydroxyacyl-coenzyme A dehydrogenase
and the a3 chain of collagen VI respectively, and 267 with HP/HS, which suggests that sulfation
rather than the disaccharide composition plays a role in the ability of sulfated HA to interact
with these proteins. A single protein (insulin-like growth factor-binding protein 7, IGFBP7)
interacts with all the natural GAGs in the network tested (Figure 2, Supplemental Table S2,

https://figshare.com/s/523df8467338eecfd4a4). The limited number of proteins (142)

binding to both iduronic acid-containing GAGs (IdoA-GAGs: DS and HP/HS) and to non-iduronic
acid-containing GAGs (non-ldoA-GAGs: CS, HA, and KS) (Figure 3) suggests that iduronic acid

contributes to the specificity of protein binding.
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The protein domains, molecular functions, biological processes and biological pathways
significantly overrepresented in the GAGBP dataset were determined by performing
enrichment analyses using bioinformatic tools. Bioactive ECM protein fragments were
annotated according to the gene encoding the full-length protein they are derived from. For
multimeric ECM proteins, the genes encoding their different polypeptide chains were included
in the analyses. The protein domains overrepresented in GAGBPs were determined with the
Functional Enrichment analysis tool FunRich (47). There is a significant enrichment of signal
peptide (p<0.001) in all GAGs except DSBPs, KSBPs and sulfated HABPs (Supplemental Figure

S3, https://figshare.com/s/523df8467338eecfd4a4). 78% of HABPs and 56% CSBPs contain a

signal peptide and are thus secreted or membrane proteins. In contrast, only one third of
HP/HSBPs and IdoA-GAGBPs have a signal peptide, most of their partners are thus
intracellular. The most overrepresented domain in HABPs is the LINK domain. Tyrosine kinase
catalytic domain (TyrKc) and Serine/Threonine protein kinases, catalytic domain (S_TKc) are
overrepresented in KSBPs (17% and 19% respectively, Supplemental Figure S3,

https://figshare.com/s/523df8467338eecfd4a4). The most significantly enriched domain in DSBPs

is the RNA recognition motif (RRM) but it is restricted to ~8% of the proteins. This motif is
found in nuclear autoantigens, which is consistent with the fact that most DSBPs of the dataset
are autoantigens (31, 35). These results are in agreement with those obtained using the
Cytoscape App BiNGO, used to assess overrepresentation of Gene Ontology (GO) categories
in Biological Networks (BiINGO) (48). The Cellular Component GO terms "Extracellular region”,
"Extracellular region part", "Extracellular space", and/or "Extracellular matrix" were
significantly enriched in CSBPs, HABPs and HP/HSBPs. The GO terms "Membrane raft",
"Plasma membrane part", and "Cytosol" were enriched in KSBPs, and "Ribonuclear complex”,

"Macromolecular complex”, "Organelle lumen" in DSBPs. Although the results should be
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interpreted with caution due to large difference in the number of their partners, sulfated
HABPs are enriched in GO terms "Cytoplasm", "Cytoplasm part"”, "Intracellular part"”, in
contrast to HABPs which are mostly extracellular.

Molecular functions, biological processes and pathways of GAGBPs

Pathways overrepresented in GAGBPs were identified using Reactome (49). The 25 most

relevant pathways, sorted by p-value, of each GAGBP datasets are available in Supplemental

Table S3 (https://figshare.com/s/523df8467338eecfd4a4). "Extracellular matrix organization"

was a pathway enriched in all GAGBPs except for KSBPs. "Signal transduction" was enriched
in KSBPs and HP/HSBPs, "Immune system" and "Metabolism of proteins" in DSBPs, HP/HSBPs
and sulfated HABPs (Figure 4). "Immune system", "Disease, "Metabolism of proteins",
"Cellular response to stimuli", "Metabolism of RNA", "Vesicle-mediated transport", and
"Autophagy"”, and to a lesser extent "Transport of small molecules" are significantly
overrepresented in ldoA-GAGBPs but not in non-IdoA-GAGBPs (Figure 5) suggesting that both
subsets of GAGBPs have different molecular functions, and that these differences could be
explained in part by the presence of iduronic acid in the GAGs they bind to. Iduronic acid alone
does not account for these differences. DSBPs and HP/HSBPs, which both interact with IdoA-
GAGs, are involved in several common pathways but they are also associated with specific
pathways such as "Cell cycle", "Organelle biosynthesis and maintenance", and "Chromatin
organization" and "Signal transduction" to a smaller extent for CSBPs, and with "Signal

transduction" and "Transport of small molecules" for HP/HSBPs.

The overrepresented GO terms "Molecular Function" and "Biological Process" in GAGBPs were
assessed with BINGO and visualized as networks. "Protein binding" was overrepresented in

IdoA-GAGBPs (i.e., DSBPs and HP/HSBPs), and sulfated HABPs. "GAG binding" and
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"Polysaccharide binding" are overrepresented in CSBPs, HABPs, HP/HSBPs, and IdoA-GAGBPs
in contrast to non-ldoA-GABPs and KSBPs which are significantly enriched in the molecular
functions "Protein kinase activity", and "Phosphotransferase activity" (Supplemental Figure

S4, https://figshare.com/s/523df8467338eecfd4a4). The GO terms "RNA binding", "Protein

binding" and "Structural molecule activity" are enriched in DSBPs and HSBPs and "Catalytic
activity"”, "Oxidoreductase activity" in sulfated HABPs. The major overrepresented biological
processes are "Nervous system development" for CSBPs, "Gene expression" for DSBPs,
"Metabolic process", "Vesicle-mediated transport" for sulfated HABPs and HP/HSBPs and
IdoA-GAGBPs, "Localization" and "Establishment of localization" for HP/HSBPs, IdoA-GAGBPs,
and sulfated HABPs, "Cell adhesion" for HABPs, and "Protein amino acid phosphorylation for

KSBPs" (Supplemental Figure S5, https://figshare.com/s/523df8467338eecfd4a4).

Further investigation of the proteins binding to both GAGs containing IdoA and those lacking
IdoA were carried out using Reactome. These 142 proteins (Figure 3) have the same
enrichment profile than non-ldoA-GAGBPs except that they are enriched in pathways
associated with diseases and not in those involved in cell cycle (Figure 5). Their analysis using

Metascape, a gene annotation and analysis resource (https://metascape.org, (50)) shows that

they are enriched in matrisome-associated proteins, and in proteins involved in axon
guidance, signaling by tyrosine kinase receptors, regulation of proteolysis and hyaluronic acid

binding (Supplemental Figure S6, https://figshare.com/s/523df8467338eecfd4a4). Indeed,

the proteins interacting with both IdoA-GAGs and non-ldoA-GAGs include 42% of HABPs. They
are also enriched in proteins associated with glypican-1 pathway, and diseases of signal
transduction by growth factor receptors and second messengers (Supplemental Figure S6,

https://figshare.com/s/523df8467338eecfd4a4). The proteins binding only to IdoA-GAGs are
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enriched in proteins encoded by housekeeping genes, translation, focal adhesion and VEGFA-
VEGFR2 signaling pathway, whereas MAPK signaling pathway, and regulation of cell migration
are enriched in proteins binding only to non-ldoA-GAGs (Supplemental Figure S6,

https://figshare.com/s/523df8467338eecfd4a4).

Conclusions and Future Prospects

This new version of the GAG interactome includes GAGBPs identified in the extracellular
matrix, at the cell surface, and also within the cells (e.g., in the nucleus) thanks to the affinity
proteomics approach developed to identify GAGBPs in cell lysates and serum. This expanded
version of the GAG interactome includes 4,290 interactions and 3,464 unique GAGBPs, mostly
DSBPs and new HP/HSBPs. Although GAGBPs identified by affinity proteomics contribute to
the biological functions of GAGs, their direct binding to GAGs and the biological relevance of
these interactions remain to be demonstrated. The addition to the network of DSBPs
identified by proteomics has markedly increased the binding specificity of DSBPs up to 35%.
Indeed, all the DSBPs included in the first draft of the GAG interactome were able to bind to
at least one other GAG (28), which illustrates the interest of large-scale proteomic approaches
to increase the coverage of GAG interactomes in order to draw meaningful conclusions from
their analyses. The limited number of proteins binding to both iduronic acid-containing GAGs
and to non-iduronic acid-containing GAGs suggests that iduronic acid plays a role in the
specificity of protein binding. Signal transduction, developmental biology, extracellular matrix
organization, hemostasis and programmed cell death are overrepresented in both IdoA-
GAGBPs and non-ldoA-GAGBPs. Other biological pathways such as immune system, disease,
metabolism of proteins, metabolism of RNA, DNA replication, transport of small molecules and

autophagy are overrepresented in IdoA-GAGBPs but not to non-ldoA-GAGBPs. I[doA-GAGBPs,
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and sulfated HABPs to a lesser extent, are enriched in proteins associated with a large number
of biological pathways, DSBPs being involved in a higher number of pathways than HP/HSBPs.
The characterization of GAG sequences containing iduronic acid binding to proteins, and the
conformations they adopt upon binding to proteins will be crucial to determine if they share
common features accounting for the additional functions overrepresented in IdoA-GAGBPs.
The comparison of HABPs and sulfated HABPs is limited due to the large difference (~1:10
ratio) in the number of proteins in both datasets. A single Reactome pathway "Extracellular
matrix organization" is overrepresented in both HABPs and sulfated HABPs but only two
overrepresented Reactome pathways have been identified in HABPs, likely because of the
small number of HABPs included in the GAG interactome. Sulfated HABPs share some features
with HP/HSBPs including immune system, cellular response to stimuli, programmed cell death,
metabolism of proteins, and extracellular matrix organization. Interestingly, several molecular
functions and biological processes are overrepresented in lIdoA-containing GAGs and in
sulfated HABPs, suggesting that sulfation plays a role in selecting several functional categories
of GAGBPs. Synthetic chemically-modified GAGs can be used to decipher the molecular
mechanisms of biological functions and pathways, and could be of interest to target specific
pathways for therapeutic purpose. The global GAG interactome 2.0 is a scaffold to build
specific GAG subnetworks by integrating transcriptomic or proteomic data, and to prioritize
interactions within the network using parameters related to the strength (equilibrium
dissociation constant), kinetics (association and dissociation rates) and binding sites as
discussed in our recent review (29). Part of the interaction data comprising the GAG
interactome 2.0 is available in MatrixDB and IntAct databases (51, 52) and the whole dataset
will be made available in these databases after curation according to the rules of the

International Molecular Exchange consortium (53) and to the FAIR principles (54).
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Most GAG interactions, except for hyaluronan, take place in vivo when GAGs are covalently
attached to core proteins to form proteoglycans. GAG interactions should thus be
contextualized by integrating them either in global proteoglycan interactomes such as the
interactomes of decorin (55) and of the four syndecans (56) or in specific interactomes to
focus on GAG interactions in various biological contexts (e.g., the interactome of nuclear
syndecan-1 in mesothelioma cells (57)). The number of proteoglycan interactomes should
increase in the future due to the identification of new proteoglycans using glycoproteomics
including fifteen additional chondroitin sulfate proteoglycans in Caenorhabditis elegans (58),
and thirteen human CSPGs (59, 60).

The detailed characterization of binding sites at the molecular level, both in GAGs and their
protein partners, is needed to decipher the molecular mechanisms of GAG functions. This will
be achieved experimentally using for example NMR (61), and vibrational spectroscopy to
study GAG-cell membrane interactions (62). This approach has been used to generate the first
vibrational sum-frequency generation spectra of CS interacting with dipalmitoyl
phosphatidylcholine at air-liquid interface (62, 63). In addition, techniques based on NMR and
MS-hybridized technologies including ion mobility spectrometry and infrared spectroscopy
(64) will ease the sequencing of GAG oligosaccharides interacting with proteins, and the
sequencing of GAGs bound to different core proteins in various tissues and various physio-

pathological situations.
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Figure 1: Interaction network of the six natural glycosaminoglycans. Glycosaminoglycan partners
are represented as symbols, and interactions as edges. Abbreviations: CS, chondroitin sulfate (green);
DS, dermatan sulfate (pink); HA, hyaluronan (dark yellow); HP/HS, heparin/heparan sulfate (blue); KS,

keratan sulfate (light red). Partners shared by two or more GAGs are in light grey.
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Figure 2: The Venn diagram of proteins binding to natural glycosaminoglycans. The number of specific

partners of individual GAGs, and the number of the partners they share are indicated. Common and
specific partners of GAGs are listed in Supplemental Table S2

(https://figshare.com/s/523df8467338eecfd4a4). The black bold contour includes partners shared by

at least three GAGs. The gene names of the common partners are listed and color-coded according to
the protein location (grey: intracellular, pink: membrane, black: extracellular, red: intracellular and
extracellular). The diagram was built with a web-service
(http://bioinformatics.psb.ugent.be/webtools/Venn/). Abbreviations: CS, chondroitin sulfate; DS,

dermatan sulfate; HA, hyaluronan; HP, heparin; HS, heparan sulfate; KS, keratan sulfate.
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Non-IdoA
Figure 3: The Venn diagram of proteins binding to IdoA-GAGs and to non-ldoA-GAGs. The number

of their specific and common protein partners are indicated. Specific and common partners of each

GAG category are listed in Supplemental Table S2 (https://figshare.com/s/523df8467338eecfd4a4).

The diagram was built with a web-service (http://bioinformatics.psb.ugent.be/webtools/Venn/).

Abbreviations: IdoA, iduronic acid. Only unique proteins are represented in the diagram.
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Figure 4: Pathway aﬁalysis of the glycosaminoglycan-binding proteings; A) CSBPs, B) DSBPs, C) KSBPs,
D) HP/HSBPs, E) HABPs, F) Sulfated HABPs. Homo sapiens pathways represented as proportionately
packed cells, each cell representing a Reactome pathway. The cell area is proportional to the number
of proteins annotated in the pathway and its sub-pathways in humans
(https://www.ebi.ac.uk/training/online/courses/reactome-exploring-biological-
pathways/understanding-the-pathway-browser/diagram-panel/pathway-overview/). The color scale
ranges from light yellow (the smallest p-value) to dark. Accessed on February, 6" 2022, and March

16, 2022.
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Figure 5: Pathway analysis of idurorw1ic aciJ-GAGBPs and non-iduronic-GAGBPs. A) Iduronic acid-
GAGBPs, B) Non-iduronic acid-GAGBPs, C) Pathway analysis of proteins binding to both IdoA-GAGs and
non-ldoA-GAGs. Homo sapiens pathways represented as proportionately packed cells, each cell
representing a Reactome pathway. The cell area is proportional to the number of proteins annotated
in the pathway and its sub-pathways in humans
(https://www.ebi.ac.uk/training/online/courses/reactome-exploring-biological-

pathways/understanding-the-pathway-browser/diagram-panel/pathway-overview/). The color scale
ranges from light yellow (the smallest p-value) to dark. Accessed on February, 6" 2022, and March

16, 2022. IdoA, iduronic acid.

SUPPLEMENTAL MATERIAL (Supplemental Tables S1-S3 and Supplemental Figures S1-S6) are

available as a Figshare collection at https://figshare.com/s/523df8467338eecfd4a4



https://figshare.com/s/523df8467338eecfd4a4

