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1.1 Glycosaminoglycan Structures and Biosynthesis 

 Carbohydrates are generally thought of as a fuel source for life. However, 

these molecules also function in many other roles necessary for survival including 

development, angiogenesis, and neuronal growth.1-5 In particular, carbohydrates 

at the cell surface can strongly regulate signal transduction and cellular activity. 

This feat is achieved in large part through their structural diversity, which allows 

them to selectively bind to a variety of different proteins and in turn modulate 

their functions. Unsurprisingly, the dysregulation of cell-surface carbohydrate 

production and presentation can contribute to a variety of diseases including 

inflammation and cancer progression.6, 7 Therefore, discovering relationships 

between the chemical structures of carbohydrates, the proteins to which they 

bind, and the resulting biological functions is critical both for the basic 

understanding of many physiological processes and for the prevention and 

treatment of various pathologies.  

 Cell-surface carbohydrates exist in a variety of forms and are classified based 

on their overall size, membrane anchor, monosaccharide composition, glycosidic 

connections, and further modifications of the monosaccharide residues.8 Of 

particular interest is the class of carbohydrates known as glycosaminoglycans 

(GAGs), which exist as linear polysaccharides of generally 20 to 200 repeating 

disaccharide units.8 GAGs and their attached proteins, known collectively as 

proteoglycans, are almost ubiquitously present at the cell surface either anchored 

in the cell membrane or secreted into the extracellular matrix; however, the 
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Figure 1.1 Structures of GAG family members. GAGs are made of repeating disaccharide units. 

Three of the four families can be sulfated at different hydroxyl groups along the polysaccharide. 

chemical composition of GAG structures varies significantly between cell types. 

GAGs can be subdivided into four main classes based on their monosaccharide 

components: (1) chondroitin sulfate and dermatan sulfate, (2) heparin and 

heparan sulfate, (3) keratan sulfate, and (4) hyaluronan (Figure 1-1). Chondroitin 

sulfate and dermatan sulfate (CS/DS) contain a repeating disaccharide unit of a 

hexuronic acid (GlcA for CS and both GlcA and IdoA for DS) and GalNAc. 

Heparin and heparan sulfate (hep/HS) are made of a mixture of GlcA and IdoA 

(~10% GlcA for heparin and 10-50% GlcA for HS) along with GlcNAc, which can 

be deacetylated as GlcN. Keratan sulfate (KS) exists as repeats of Gal and GlcNAc. 

These three GAG structures are synthesized in the Golgi apparatus on their 

proteoglycan cores and can also be differentially sulfated on their hydroxyl 

groups. The fourth class of GAGs, hyaluronan or hyaluronic acid (HA), is unique 

in that it is not attached to a protein structure and is generally much larger than 
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the other three classes, existing upwards of 5 MDa or more in mass and 20 µm in 

length.9 Furthermore, the repeating unit of HA (GlcA and GlcNAc) is assembled 

at the cell membrane by hyaluronic acid synthases and is completely unsulfated. 

For the purpose of brevity, only CS/DS and hep/HS will be discussed further. 

 The repeating patterns of CS/DS and hep/HS can be classified further by their 

sulfation patterns. In mammals, CS and DS can be sulfated on the GlcA/IdoA-C2, 

GalNAc-C4, and GalNAc-C6 hydroxyl positions. Hep and HS can be modified at 

the GlcA/IdoA-C2, GlcN-C3, and GlcN-C6 hydroxyl positions as well as the free 

amine on GlcN. These modifications are catalyzed by carbohydrate 

sulfotransferases that reside in the Golgi apparatus.10 Sulfate groups can be 

removed by sulfatases; however, this generally occurs in lysosomes after GAG 

internalization during degradation.11 Only two enzymes, HS 6-O-endosulfatases 

Sulf1 and Sulf2, are known to modify GAG structures once they are secreted to 

the cell surface.12 

 CS/DS and hep/HS biosynthesis follow similar pathways.13, 14 First, a common 

tetrasaccharide (Xyl-Gal-Gal-GlcA) is appended to Ser residues of various 

proteins. Usually, this occurs at Ser-Gly/Ala-X-Gly sequences;15 however, this 

motif is not universally found at all modification sites. Next, the first N-

acetylhexosamine residue is attached to the core tetrasaccharide. This step 

commits the growing strand to either CS/DS (GalNAc) or hep/HS (GlcNAc). The 

identity of the attached GAG is dependent on a number of factors including the 

protein core.16 Although certain proteins like versican and glypicans are modified 
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only by CS or HS, respectively, others like syndecans can contain both structures 

simultaneously, whereas some proteins like neuropilin-1 have different structures 

attached to the same Ser residue on different copies of the protein.17, 18 The chains 

are then elongated by a number of polymerizing enzymes. For CS, GlcA can be 

epimerized to IdoA at this point to produce regions of DS. For hep/HS, GalNAc is 

first de-N-acetylated and N-sulfated, after which GlcA residues can be epimerized 

to IdoA. Finally, sulfotransferases modify hydroxyl groups along the length of the 

carbohydrate backbone to produce the mature sulfated polysaccharide. 

Importantly, these modification reactions do not proceed to completion, 

increasing heterogeneity of the final structure. Moreover, other than substrate 

preferences exhibited by the modifying enzymes, it is relatively unclear how the 

cell orchestrates structural heterogeneity of the produced GAG polysaccharides. 

It is hypothesized that regions of high and low sulfation density exist along the 

oligosaccharide, but little structural information is directly available due to the 

difficulties in GAG sequencing.19-21 Nevertheless, it is through these different 

structures that GAGs exert their biological activity by binding to proteins. Thus, 

to fully understand the biological activity of GAGs, it is critical (1) to discover the 

interactions between proteins and specific GAG structures and (2) to design 

methods to change GAG structures at the cell surface to alter and perhaps control 

biological function. 
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1.2 GAG Binding to the Receptor Tyrosine Kinase Superfamily  

 To control intracellular activity, GAGs must interact with transmembrane 

proteins on the cell surface to transfer external information across the cell 

membrane. One of the largest groups of these proteins is the receptor tyrosine 

kinase (RTK) superfamily.22, 23 Made up of 58 receptors organized into 20 

subfamilies, RTKs are characterized by the presence of an intracellular tyrosine 

kinase domain that is activated by receptor dimerization, causing cross-

phosphorylation of tyrosine residues on opposite receptors and leading to 

downstream activation of signaling pathways.23 Their extracellular domains are 

much more structurally diverse, allowing RTKs to function in a variety of 

fundamental biological processes including cell survival and motility.23-26 

Moreover, their dysregulation has been linked to a variety of disease states 

including cancer, diabetes, and atherosclerosis.27-29 

 RTKs generally function through binding to extracellular ligands. 

Interestingly, many of the RTK subfamilies have been linked to interactions with 

GAGs – either through binding to soluble protein ligands or to the receptor 

itself.30-41 One of the most famous examples of the involvement of GAGs is the 

ternary complex formed by fibroblast growth factor 1 (FGF1), FGF receptor 1 

(FGFR1), and hep/HS.30 As illustrated by crystallographic studies, hep/HS binds 

to the receptor-ligand complex using a binding site that spans both proteins in a 

2:2:2 stoichiometric ratio, cooperating to stabilize the active receptor dimer. 

Carbohydrate microarray studies have also illustrated that FGFR1 binding to 
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hep/HS is facilitated by FGF2 binding,36 providing mechanistic evidence for 

ternary complex assembly. Other examples of GAG binding to ligands and 

receptors include the vascular endothelial growth factor 1 (VEGF1) and VEGF 

receptor 1 (VEGFR1) system.32, 42 Surface plasmon resonance (SPR) analyses 

have shown that VEGFR1 but not VEGFR2 can directly interact with hep/HS. As 

seen before with FGF2/FGFR1, VEGF1 binding to hep/HS facilitates the 

formation of a ternary complex containing VEGFR2. More recently, CS-E has 

been demonstrated to bind to members of the erythropoietin-producing human 

hepatocellular (Eph) family of receptors.40, 41 CS-E binding to EphA4 and EphB3 

can facilitate receptor activation without the canonical ephrin (Efn) ligands, 

highlighting a novel mechanism of action for RTK signal transduction mediated 

by GAG binding.  

 Together, these results illustrate only a small portion of the knowledge gained 

from the discovery of GAG-RTK interactions and their biological consequences. 

However, our understanding of the connections between GAG binding and RTK 

signaling is far from complete. Given the sheer size of the RTK superfamily and 

the diverse biological settings where they function, it is quite possible that many 

new GAG-RTK interactions with significant biological ramifications remain still 

undiscovered. 
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1.3 Altering Cell-Surface GAG Populations 

 A variety of approaches have been developed to alter GAG structures at the 

cell surface and observe the resulting biological phenotype. The majority of these 

methods are reductive, meaning that they remove GAG structures through 

biosynthetic inhibition or degradation, and occur through genetic manipulation. 

These approaches include gene deletion or knockout, gene knockdown by RNAi, 

and gene overexpression. Genetic methods offer excellent spatial and temporal 

control, enabling the precise manipulation of specific genes in a cell-specific and 

inducible manner. However, because of the linear synthesis of the GAG backbone 

and the substrate specificity of individual sulfotransferases, the genetic disruption 

of a single enzyme may lead to dramatic changes in GAG populations and are 

generally unsuitable to probe in importance of individual sulfation epitopes. For 

example, N-deacetylation and N-sulfation of GlcNAc in HS biosynthesis is critical 

for further sulfation reactions. Therefore, knockout of the responsible enzyme N-

deacetylase and N-sulfotransferase 1 (Ndst1) leads not only to decreases in N-

sulfation but also O-sulfation at all other positions.2, 43 Similarly, the production of 

the CS-E epitope by carbohydrate sulfotransferase 15 (Chst15) requires the 

activity of Chst11 to first add a sulfate group to the GalNAc-C4 hydroxyl position 

and produce the CS-A epitope. Deletion of Chst11 leads to the loss of both the CS-

A and CS-E motifs.44 Moreover, knocking out GAG enzymes can lead to 

developmental defects or embryonic lethality, which can hinder the identification 

of functions in adult organisms.45 Nonetheless, important discoveries have been 
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made regarding the necessity of GAGs for proper development using genetic 

approaches. For instance, the importance of HS in bone maturation has been 

demonstrated by the production of a mouse model deficient in HS biosynthesis 

due to a hypomorphic mutation in the HS polymerase Ext1.46 These mice 

exhibited improper endochondral ossification during development, and this 

phenotype was attributed to the importance of HS binding with the growth factor 

Indian hedgehog.  

 An alternative reductive approach is the use of GAG degrading enzymes to 

selectively remove carbohydrates at the cell surface. As with genetic approaches, 

direct delivery or transgenic expression of the enzyme can be finely controlled to 

provide spatiotemporal selectivity. However, these enzymes lack fine substrate 

specificity and will at least partially degrade all CS or HS GAGs depending on the 

enzyme used. Furthermore, the longevity of this approach depends greatly on the 

stability of the enzyme, and long-term experiments may require multiple 

deliveries of the enzyme to avoid complications from newly synthesized GAGs. 

However, GAG degrading enzymes are invaluable tools to quickly and effectively 

remove nearly all GAGs of a specific subpopulation. One promising application of 

this method has been the delivery of chondroitinase ABC (ChABC) derived from 

the bacterium Proteus vulgaris to sites of spinal cord injury.47-49 Reactive 

astrocytes produce large quantities of CS after injury to inhibit axonal 

regeneration,50 and direct injection or viral delivery of ChABC has been 

associated with neuronal regrowth and functional recovery.47, 48 
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 Recently, complementary additive approaches have been developed to 

overcome the obstacle of structural selectivity found in reductive methods. In 

these methods, known collectively as de novo glycan display, carbohydrate or 

glycomimetic structures are directly inserted into plasma membranes using 

approaches such as lipid insertion, liposomal fusion, or protein conjugation.51-56 

These techniques provide excellent control over glycan structure, allowing 

known epitopes to be displayed for functional analysis. However, exogenous 

sugars are typically displayed alongside the native glycan population, which could 

obscure the biological effects of the newly added carbohydrates. To address this 

complication, de novo glycan display methods can be used in combination with 

reductive approaches to minimize the contributions of interfering endogenous 

carbohydrates. The versatility of the technique also allows for the display of a 

wide range of carbohydrate-based structures, including glycomimetics such as 

synthetic glycopolymers, glycans appended to simplified proteins, or even the 

glycan component of glycoproteins alone. As a relatively new field, de novo glycan 

display has only been applied to a limited number of biological contexts. For 

example, anchoring of lactosyl or cellobiosyl-containing glycopolymers in the cell 

membrane by passive lipid insertion was used to examine galectin-mediated 

crosslinking and aggregation.52 However, prior to the work outlined in Chapter 2, 

the ability to elicit biological activity as a function of glycan structures at the cell 

surface was unknown. Our work53, 54, along with other, simultaneous publications 

in the field55, 56, demonstrated that the display of defined carbohydrate structures 



 

 

11 

at the cell surface could be used to drive multiple biological processes including 

immunoevasion, neuronal outgrowth, and stem cell differentiation. Together, 

these results highlight the utility of de novo glycan display as a novel tool to 

directly connect carbohydrate structure and biological function unlike other 

existing methods.  
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