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Discovery and Classification of Glycan-Binding Proteins
Glycans serve a variety of biological functions by virtue of their mass, shape, charge,
and other physical properties. Many of their more specific biological roles are
mediated via recognition by complementary glycan-binding proteins (GBPs). Nature
has taken advantage of the diversity of glycans expressed in organisms by evolving
protein modules to recognize discrete glycans that mediate specific physiological or
pathological processes. This chapter provides a general classification and overview
of naturally occurring GBPs, the history of their discovery, some of their biological
functions and ways in which new GBPs are identified. Chapters that follow describe
the analysis of glycan–protein interactions (Chapter 29), the physical principles
involved (Chapter 30) and the structures and biological functions of several GBPs
subclasses (Chapters 31-38).

TWO DISTINCT CLASSES OF GBPs
GBPs are found in all living organisms, and fall into two overarching groups – lectins
and sulfated glycosaminoglycan(GAG)-binding proteins (online Appendix 28A).
Lectins are further classified into evolutionarily-related families identified by
“carbohydrate-recognition domains” (CRDs) based on primary amino acid and/or
three-dimensional structural similarities (Figure 28.1). CRDs can exist as standalone proteins or as domains within larger multi-domain proteins. They typically
recognize terminal groups on glycans, which fit into shallow but well-defined
binding pockets (Chapters 29, 30). In contrast, proteins that bind to sulfated GAGs
(heparan, chondroitin, dermatan and keratan sulfates, Chapter 17) do so via clusters
of positively charged amino acids that bind specific arrangements of carboxylic acid
and sulfate groups along GAG chains (Chapter 38). Most of these proteins are
evolutionarily unrelated. GBPs that bind to the non-sulfated GAG hyaluronic acid
(hyaladherins) share an evolutionarily conserved fold that binds to short segments
of the invariant hyaluronan repeating disaccharide (Chapter 16), so are best
classified as lectins rather than grouped with sulfated GAG-binding proteins. The
rest of this chapter considers lectins, different families of which are detailed in
Chapters 31-37.

DISCOVERY AND HISTORY OF LECTINS
Lectins were discovered in plants in 1888 when extracts of castor bean seeds were
found to agglutinate animal red blood cells. Subsequently seeds of many plants were
found to contain such "agglutinins", later renamed lectins (Latin for “select”) when
they were found to distinguish human ABO blood groups (Chapter 14) important for
blood transfusions. Lectins are particularly common in the seeds of leguminous
plants and these "L-type" lectins, including concanavalin A and phytohemagglutinin,
have been extensively studied. Although their specific glycan-binding activities
make plant lectins extremely useful scientific tools, their biological functions in
plants remain mostly unknown.

The first animal lectin discovered was the asialoglycoprotein receptor (ASGPR)
identified by Anatol Morell and Gilbert Ashwell in the late 1960’s during their
investigations of the turnover of a serum glycoprotein, ceruloplasmin. Like most
glycoproteins circulating in blood, ceruloplasmin has complex N-glycans with sialic
acid termini. To prepare radiolabeled ceruloplasmin, the terminal sialic acids were
removed, leaving an exposed galactose. Surprisingly, asialoceruloplasmin had a
circulation half-life (in rabbits) of minutes whereas intact ceruloplasmin remained
in the blood for hours. Glycoproteins with exposed Gal residues were rapidly
cleared into liver cells via an endocytic cell surface receptor that specifically bound
to terminal β-linked Gal or GalNAc. ASGPR was purified by affinity chromatography
using a column of immobilized asialoglycoprotein.
Other glycan-specific receptors involved in glycoprotein clearance and targeting
were subsequently discovered, including mannose 6-phosphate receptors for
targeting lysosomal enzymes to the lysosomes and mannose receptors that clear
glycoproteins with terminal mannose or GlcNAc residues from the blood. Small
soluble lectins specific for β-linked galactose (now called “galectins”, Chapter 36)
were isolated by affinity chromatography in extracts from many biological sources
ranging from the slime mold Dictyostelium discoideum to mammalian tissues. By the
1980’s, the concept of vertebrate lectins that recognize specific glycans was well
established. Although the first animal lectins identified were specific for endogenous
glycans, many lectins specific for exogenous glycans of microorganisms were later
found. Lectins recognizing exogenous glycans include soluble proteins that circulate
in the blood of many species as well as membrane-bound receptors on cells of the
immune system.
Lectins are also widespread in microorganisms, although they tend to be called by
other names such as hemagglutinins and adhesins. The influenza virus
hemagglutinin, which binds to sialic acid on host cells (Chapter 15) was the first GBP
isolated from a microorganism. The viral hemagglutinins, like many plant lectins,
can agglutinate red blood cells. Many bacterial lectins have been described. They fall
into two general classes: adhesins on bacterial surfaces that recognize glycans on
host cell membrane glycolipids or glycoproteins to facilitate bacterial adhesion and
colonization, and secreted bacterial toxins (Chapter 37).

DISCOVERY OF SULFATED GAG-BINDING PROTEINS
A large group of GBPs that defy classification based on sequence or structure
recognize sulfated GAGs (Chapter 38). The best-studied example is the interaction of
heparin with antithrombin. Heparin was discovered in 1916 by Jay McLean, a
medical student, but it was not until 1939 that heparin was shown to be an
anticoagulant in the presence of “heparin cofactor”, which was then identified as
antithrombin in the 1950s. Many other sulfated GAG-binding proteins were later
discovered by affinity chromatography on columns of immobilized heparin. Growth
factors and cytokines bearing clusters of positively charged amino acids along their

protein surface interact with sulfated GAGs in a looser fashion—i.e., they do not
always show the high specificity seen with antithrombin. However, in some cases,
specific GAG sequences mediate the formation of higher-order complexes, acting as
a template for oligomerization or positioning of proteins such as FGF and its cell
surface receptor.

MAJOR BIOLOGICAL FUNCTIONS OF GBPs
GBPs function in communication between cells in multicellular organisms and in
interactions between microbes and hosts and can also be involved in binding
growth factors or cytokines. These interactions can take various forms, resulting in
movement of molecules, cells, and information.

Trafficking, targeting and clearance of proteins
Directing movement of glycoproteins within and between cells is a common
function for lectins in many organisms. In eukaryotic cells, including yeast as well as
higher eukaryotes, several groups of lectins are important in glycoprotein
biosynthesis and intracellular movement (Chapter 39). In the endoplasmic
reticulum (ER), two lectins, calnexin and calreticulin bind monoglucosylated high
mannose glycans present on newly synthesized glycoproteins, forming part of a
quality control system for protein folding. Binding to calnexin or calreticulin keeps
proteins in the ER until they are correctly folded. Other groups of lectins in the ER,
including M-type lectins and proteins containing mannose 6-phosphate receptor
homology domains take part in the process of ER-associated glycoprotein
degradation (ERAD), binding partially processed high mannose glycans on
terminally misfolded glycoproteins, causing them to be retrotranslocated into the
cytoplasm for deglycosylation, followed by degradation in the proteasome. One of
the best characterized functions of GBPs is in delivery of newly synthesized
lysosomal enzymes from the trans-Golgi to lysosomes by P-type lectins (Chapter 33)
that recognize mannose 6-phosphate residues that have been added to N-glycans on
lysosomal enzymes in the Golgi apparatus, targetting them to endosomes for fusion
with lysosomes.
Once released from cells, glycoproteins can also be taken up for degradation in
lysosomes. As noted above, the ASGPR on mammalian hepatocytes controls
turnover of many serum glycoproteins by recognition of terminal Gal or GalNAc
residues. Similarly, the mannose receptor on macrophages and sinusoidal cells of
the liver binds and clears glycoproteins with oligomannose N-glycans that are
released from cells during inflammation and tissue damage.
Not all GBP-mediated targeting leads to degradation. Glycan-binding subunits of
secreted bacterial and plant toxins target them to glycolipids on cell surfaces and
facilitate entry of the toxins into cells (Chapter 37). Many enzymes contain glycanbinding domains that bring another domain with enzyme activity into close

proximity with its substrates. One notable group includes bacterial cellulases in
which cellulose-binding modules position the enzymatic domain for optimal
degradation of cellulose fibers. Using a similar principle, GalNAc-binding domains in
polypeptide-N-acetylgalactosaminyltransferases that initiate O-linked glycosylation
in animals position these enzymes to add further GalNAc residues to regions of
polypeptides that already bear O-glycans (Chapter 10).

Cell adhesion
Distinctive glycans on the surfaces of different cells, both eukaryotic and
prokaryotic, make them targets for GBPs. Binding of glycans on the surface of one
cell by GBPs on another cell can induce recognition and adhesion, whereas
crosslinking glycans on different cells by multivalent soluble GBPs provides an
alternative mechanism. Such interactions are exploited in specialized situations
exemplified by transient contacts between moving cells. The selectins, three
receptors that function in interactions between white blood cells, platelets and
endothelia, provide the best characterized example of lectin-glycan interactions in
cell-cell adhesion (Chapter 34). For example, L-selectin on lymphocytes binds
glycans on the specialized endothelial cells of lymph nodes to induce lymphocytehoming, wherein circulating lymphocytes leave the blood stream and enter the
lymph node. Other mammalian GBPs that mediate binding of cells to each other or
that crosslink ligands on the same cell surface include Siglecs (Chapter 35) and
galectins (Chapter 36). Lectins in multicellular organisms also form interactions
between cells and the extracellular matrix and support the organization of matrix
components. For example, proteins containing “link modules” that bind specifically
to hyaluronan in cartilage (and other tissues) are essential for structuring the
extracellular matrix (Chapter 38) and other extracellular proteins bind to sulfated
GAGs to organize cell-cell and cell-matrix interactions (Chapter 38).
Many bacteria also use lectins to adhere to glycans on host cells in situations in
which they would otherwise get washed away. The lectins are usually present at the
ends of long structures called pili or fimbriae that project from the surface of the
bacteria (Chapter 37). Adhesion can be part of the infection process. For example, a
mannose-specific adhesin on pathogenic strains of Escherichia coli that cause
urinary infections binds to epithelial cells of the urinary tract. Other glycan-protein
interactions between host cells and bacteria provide a normal mechanism of coexistence. Several bacterial species that are part of the normal gut flora including
non-pathogen E. coli use adhesins to bind to glycolipids present on cells lining the
large intestine.

Immunity and infection
Many lectins are involved in immune responses, in “lower” vertebrates and
invertebrates as well as in mammals. Differences in glycans on host and microbial
cell surfaces are commonly the basis for innate immune responses. Phagocytosis is a
common outcome of the binding of glycan-specific receptors on macrophages to
glycans common to bacteria, fungi and viruses. Other lectins circulating in the blood,

such as serum mannose-binding protein and ficolins, bind to pathogen cell surfaces
and activate the complement cascade, leading to complement-mediated killing.
Binding of glycans to lectins on immune cells can also trigger intracellular signaling
that activates or suppresses cellular responses. Receptors that recognize selfglycans such as sialic acid, as well as several that are specific for glycans
characteristic of micro-organisms can initiate such signaling. For example, binding
of α2-6 linked sialic sacid to CD22, a member of the Siglec family of vertebrate
lectins found on B lymphocytes, initiates signaling that inhibits activation to prevent
self-reactivity (Chapter 35). In contrast, binding of trehalose dimycolate, a glycolipid
found in the cell wall of Mycobacterium tuberculosis to the macrophage C-type lectin
mincle, induces a signaling pathway that causes the macrophage to secrete
proinflammatory cytokines.
Finally, viruses often use GBPs to attach to host cells during infection (Chapter 37).
Proteins on virus surfaces, including those on influenza virus, reovirus, Sendai virus,
and polyomavirus, bind to sialic acids. In addition to bringing the virus into contact
with their cell targets, these hemagglutinins typically induce membrane fusion,
facilitating virus entry and delivery of nucleic acids into the cytosol. Glycan-binding
receptors on viruses are often highly specific for a particular linkage; human
influenza virus binds to sialic acids linked α2-6 to Gal, whereas bird influenza virus
binds to α2-3 linked sialic acid. Other viruses, such as herpes simplex virus, have
GAG-binding proteins that bind to heparan sulfate proteoglycans on cell surfaces.

ORGANIZATION OF LECTINS
An important concept in identifying, defining and classifying lectins is that sugarbinding activity is embodied in discrete protein modules or domains, referred to as
carbohydrate-recognition domains (CRDs). CRDs are typically independently folding
segments of proteins; often one can separate the sugar-binding activity from other
activities of the protein by expressing its CRD in isolation. In some cases, the CRDs
constitute the entire GBP (Figure 28.2).
When a lectin is comprised simply of its CRD, its functions often are dependent on
multivalency, which endows lectins with the ability to cross-link sugar-containing
structures. This arrangement explains the ability of many plant lectins to agglutinate
cells and to cluster glycoproteins on cell surfaces, which can induce mitogenesis.
Other GBPs that function this way include the galectins, which can bridge glycans on
one cell surface or between cells. Sometimes other activities are encoded within the
structure of the same domain that binds sugars; some cytokines comprised of a
single folded domain may have distinct sites for binding glycans and other target
receptors. More commonly, other activities of lectins reside in separate modules in
multi-domain proteins (Figure 28.2). Such arrangements are widespread and the
domains associated with CRDs perform many different functions, including binding
other types of ligands, performing enzymatic reactions, anchoring proteins to

membranes and directing oligomerization. GBPs often contain multiple modules,
combining several functions in one protein.
Membrane anchors in lectins can take multiple forms, but they often span the
membrane, linking extracellular CRDs with cytoplasmic domains. This arrangement
facilitates the flow of information between glycan-binding sites on the extracellular
surface and the cytoplasm. Simple sequence motifs in the cytoplasmic domains of
transmembrane lectins often control trafficking of receptors and their bound glycan
ligands. Common functions of such intracellular movements are internalization of
cell surface receptors, directing bound ligands to endosomes and lysosomes, and
movement through intracellular compartments such as the endoplasmic reticulum
and Golgi apparatus to the cell surface. Flow of information in the opposite direction
can lead to stimulation of signaling complexes on the cytoplasmic side of the
membrane in response to binding of glycans at the cell surface.
Clustering of glycan-binding sites (multivalency) is often critical to both recognition
and biological functions of lectins. Clustering of sites is achieved in different ways,
by formation of simple oligomers of CRDs, as a result of the presence of multiple
CRDs in a single receptor polypeptide and through association of CRD-containing
polypeptides through independent oligomerization domains. Some oligomers are
stable, while others, such as those formed by some galectins, are in equilibrium with
monomers. These arrangements facilitate multivalent binding to increase avidity
and direct the geometrical arrangement of binding sites. Multiple CRDs may face in
the same direction for surface recognition or in opposite directions to facilitate
crosslinking. Multivalent CRDs may have fixed spacing or flexible spacing to
accommodate different target glycans. In some cases, oligomerization domains also
form structural features, servings as stalks that project CRDs from the cell surface.
Oligomerization domains can also embody other functions, such as the proteasebinding sites in the collagen-like domains of mannose-binding protein.

CLASSIFICATION OF LECTINS BASED ON STRUCTURAL
SIMILARITIES
It is convenient to classify lectins based on the structures of the CRDs that they
contain (Figure 28.3). CRDs are found in a large number of different structural
categories, indicating that many different protein folds can accommodate glycan
binding (Chapter 30). Based on this observation, sugar-recognition must have
evolved independently many times and the diversity of CRD structures must have
arisen to address a diversity of functions.
GBPs appear across all kingdoms of life, but the types of lectins in each kingdom
vary considerably. Several families appear in both prokaryotes and eukaryotes, but
their distributions suggest different evolutionary histories. The malectin domain,
although conserved in structure and widely distributed in prokaryotes, plants and

animals, is found in proteins with distinct domain organization and different
functions in the three groups. Animal malectin is a membrane-anchored CRD of the
endoplasmic reticulum that binds N-linked glycans during glycoprotein
biosynthesis. In plants, the malectin CRD is expressed at the cell surface and is
linked to a cytoplasmic kinase domain. Bacterial malectins consist of CRDs
associated with glycohydrolase domains. Similarly, R-type CRDs (Chapter 31) in
plants form the cell surface-binding component of toxins such as ricin and are linked
to glycohydrolase genes in bacteria, but in animals they appear in two distinct
contexts: in polypeptide-N-acetylgalactosaminyltransferases that initiate O-GalNAc
glycans (Chapter 10) and in the mannose receptor family. Although these CRDs have
been adapted to serve different functions in different kingdoms, a sugar-binding
function appears to have evolved early and been preserved in subsequent lineages.
In contrast to CRDs with broad evolutionary distribution, two other groups of
lectins have sporadic distributions. B-lectin domains are broadly distributed in
bacteria in association with hydrolase domains, are found as isolated or tandem
CRDs in monocot plants but not in other plants, in bony fishes but not in other
animals, and in and some fungi. The F-type lectins appear in bacteria and in a
limited number of animal species. In these cases, the presence of related domains in
evolutionarily distant species may reflect lateral gene transfer rather than the
presence of a precursor lectin in the distant common ancestor that they share. A
different pattern of evolution is observed for PA14 domains, the only other type of
CRD found in both bacteria and eukaryotes. Although the PA14 fold is relatively
widespread, suggesting that it originated early and was retained across species, only
a subset have been shown to have sugar-binding activity: CRDs associated with
bacterial glycohydrolases and in adhesins and flocculation factors on the surface of
yeast.
The intracellular sorting lectins mentioned earlier, such as calnexin, calreticulin, and
M-type lectins, are the most broadly distributed lectins that evolved from a common
eukaryotic ancestor. Their distribution and the conservation of their functions
probably reflect an ancient and conserved role in intracellular trafficking of
glycoproteins in eukaryotes. Two other groups of CRDs appear to be found in
metazoans but not simpler eukaryotes. The L-type CRDs have diverged in function
between animals, where they function in intracellular glycoprotein sorting and
trafficking, and plants, where they serve a protective function (Chapter 32).
Chitinase-like sugar-binding domains across a range of species retain the ability to
bind polymers of GlcNAc, but their biological functions are not well understood, so it
is unclear if they have shared roles in plants and animals.
In addition to the widely distributed families, certain CRD families are evolutionarily
restricted. In addition to animal-specific and vertebrate-specific lectin groups, there
are also groups such as the I-type lectins found only in mammals (Chapter 35). The
pattern of evolution of animal-specific lectins varies. Galectins seem to be similar in
organization in vertebrates and invertebrates and it may be possible to identify
orthologs in quite diverse species (Chapter 36). In contrast, C-type CRDs have

undergone independent radiation in vertebrates and invertebrates, and identifying
orthologs even between mouse and human proteins in some cases is difficult
(Chapter 34). Of the twelve different protein folds found in plant lectins, nine appear
to be unique to plants. It is also noteworthy that viruses seem to have developed
their own approaches to binding glycans rather than borrowing from hosts (Chapter
37).
In addition to families of proteins that share evolutionarily related CRDs, there are
individual proteins that bind sugars through domains that are not related to CRDs in
other proteins. Examples include proteins with dedicated sugar binding domains,
such as some laminin G domains, which recognize glycans on α-dystroglycan
(Chapter 45), pentraxins, which bind modified and phosphorylated sugars, and
macrophage αMβ2 integrin, which binds fungal glucans and exposed GlcNAc residues
on glycoproteins. Other proteins bind to sugars through domains that also have
other ligands: annexin V binds bisecting GlcNAc residues as well as phospholipids
and several cytokines have been reported to bind sugars as well as their target
receptors. Sulfated-GAG binding proteins have also largely evolved by convergent
evolution.

IDENTIFYING GBPs BY BIOLOGICAL AND BIOCHEMICAL FUNCTION
AND STRUCTURAL SIMILARITY
There are multiple ways in which glycan recognition can be implicated in specific
biological processes. One common approach is to demonstrate the ability of simple
monosaccharides or small glycans to compete with a process. Information can often
also be gained by modifying sugars on cells and glycoproteins with enzymes that
add or remove sugars, by genetic manipulation, and by chemical inhibitors of glycan
metabolism. These strategies have provided information about the glycans involved,
for example those needed for virus or toxin binding or those required for
endocytosis of glycoproteins. Based on this information, it is then possible to look
for GBPs that target these particular sugars and which can then be linked to the
biological process.
The ability to bind specific sugars, assessed in various biochemical assays, has often
been the basis for direct identification of novel GBPs without reference to a
particular biological function. In addition to forming a basis for binding and
competition assays, the binding activity is commonly used as a means of isolating
these proteins by employing affinity chromatography on appropriate immobilized
glycan ligands. A wide variety of methods for coupling monosaccharides and
complex glycans to create affinity resins have been developed. As mentioned above,
many sulfated-GAG binding proteins have been discovered by affinity
chromatography on immobilized GAG chains. A limitation of these approaches is
that binding activity does not directly indicate a biological function and the roles of
many well-characterized GBPs have not been fully determined.

The observation that many lectins fall into structural families provides an
alternative way to identify novel GBPs through analysis of protein sequences.
Sequence motifs characteristic of CRDs are routinely used to screen sequences from
whole genome sequencing. These motifs can also be used to screen specific cDNA
and gene sequences of interest because of their association with biological
functions. Detection of an appropriate motif suggests the presence of a functional
CRD, and structural knowledge of known sugar-binding sites can suggest whether a
novel protein is likely to retain glycan-binding activity. In some cases, it can even
suggest potential ligands. Such predictions often motivate testing for sugar binding
activity, either by specifically examining binding to predicted ligands or by
screening more generally using glycan arrays.
Although structure-based predictions do not directly yield information about
biological function, the organization of CRDs and their association with other
domains often provide information about potential functions. This type of top-down
analysis is limited to discovery of GBPs that contain domains resembling known
CRDs. As glycan array screening becomes more widely accessible, more broad-based
screening can be envisioned.

NATURAL LIGANDS FOR GBPs
Monosaccharides or small oligosaccharides in isolation tend to be low-affinity
ligands for GBPs, often with dissociation constants in the millimolar range. These
intrinsic affinities are enhanced in several ways (Figure 28.4). At the level of
individual glycans, affinity can be enhanced by linking the sugar to other types of
structures. Typical conjugation of glycans to proteins and lipids can lead to
enhanced CRD binding. For example, some GBPs such as the macrophage receptor
mincle bind to glycolipids with much higher affinity than they bind to free
oligosaccharides. In this case, enhanced affinity can result from the presence of an
extended or accessory binding site in a CRD adjacent to the sugar-binding site,
which is able to accommodate the hydrophobic tail of the lipid. Other GBPs bind
selectively to a particular glycan conjugated to a specific polypeptide motif. Optimal
binding of P-selectin to the ligand PSGL-1 requires an O-linked glycan bearing a
sialyl Lewisx structure on a peptide with adjacent acidic residues and sulfated
tyrosines (Chapter 34). In yet other cases, glycan recognition is combined with other
binding domains on a protein. The mannose receptor contains C-type CRDs that
bind high mannose oligosaccharides and a fibronectin type II repeat that binds to
triple helical polypeptides. Together, these two modalities facilitate binding to
fragments of collagen released at sites of inflammation.
A major determinant of binding to natural ligands is the interaction of multivalent
glycans with clustered CRDs, resulting in high avidity binding. Clustering of ligands
can result from the presence of multiple binding epitopes in a single oligosaccharide
or polysaccharide, the presence of multiple glycans attached to a single protein
scaffold or the presence of adjacent glycoproteins or glycolipids in a cell membrane.
Similarly, clustering of CRDs can reflect the presence of multiple CRDs in a single

polypeptide, formation of oligomers of polypeptide that each contains a single CRD
and from clustering of CRD-containing proteins in the cell membrane. Each of these
levels of organization of CRDs has the potential to place geometrical constraints on
the optimal arrangement of ligands, depending on the degree to which CRDs are
held in a fixed arrangement or are flexibly linked. Clustering of glycans attached to a
single polypeptide, particularly in heavily O-glycosylated proteins such as mucins,
can also affect their ability to take on different conformations. Since GBPs typically
interact with a single conformation, selecting one of multiple accessible
conformations, there is an entropic penalty associated with binding which may be
reduced when the glycan has fewer potential conformations. In vitro biochemical
assays, including glycan arrays, reflect only some of these types of clustering of
CRDs and ligands, so they must be interpreted with some caution. In some cases,
binding of a CRD to isolated glycans may be essentially undetectable even though
binding of the intact CRD-containing protein to its endogenous glycoconjugate may
be highly selective and quite strong. Care must also be exercised in use of the term
ligand, to distinguish the glycan part of a ligand from the entire natural
glycoconjugate or even cell surface.

TERMINOLOGY FOR SPECIFIC GBP LIGANDS
Based on the above considerations, GBPs may bind selectively to a particular glycan
only when it is conjugated to a particular glycoprotein. The GBP ligand is neither the
glycan itself nor the protein itself. Examples include P-selectin binding to sialyl
Lewisx on PSGL-1 (see above) and E-selectin binding to the same glycan (sialyl
Lewisx) carried on a variant form of the protein CD44. There is at present no
consistent way to designate a glycan on particular protein as a ligand for a specific
lectin. Saying that sialyl Lewisx or that PSGL-1 (protein) is the “ligand” for P-Selectin
is not accurate. The E-selectin-binding form of CD44 was given a different name
(HCELL, hematopoietic stem cell ligand for E-selectin) that fails to identify the
polypeptide carrier. This matter has yet to be resolved, especially when a single
protein might be the required polypeptide scaffold that carries glycans for different
GBPs. At this point, the concept that glycans are often ligands for GBPs only in the
context of their protein or lipid carriers has been well established.

FIGURE LEGENDS

FIGURE 28.1. Representative structures from four common animal lectin families.
The emphasis is on the extracellular domain structure and topology. The following
are the defined carbohydrate-binding domains (CRDs) shown: (CL) C-type lectin;
(GL) Galectin; (MP) P-type lectin; (IL) I-type lectin. Other domains are (EG) EGF-like
domain; (IG2) immunoglobulin C2-set domain; (TM) transmembrane domain; and
(C3) complement regulatory repeat. The number of domains accompanying the CRD
varies among family members.

FIGURE 28.2. Arrangements of carbohydrate-recognition domains (CRDs) in GBPs.
Proteins containing just CRDs or CRDs associated with other types of functional
domains, with membrane anchors or with oligomerization domains are depicted
schematically. A single GBP can contain all of these additional domains.

agglutinin; EDEM, Endoplasmic reticulum-associated degradation-enhancing αmannosidase-like proteins; GH, glycohydrolase; MRH, mannose receptor homology.

FIGURE 28.4. Sources of enhanced binding of natural ligands to GBPs. Within
individual CRDs, secondary interactions beyond the primary binding site can be
with sugar, protein or lipid portions of glycoconjugate ligands. Multivalent
interactions can reflect interaction of single branched oligosaccharides or multiple
oligosaccharides attached to a glycoprotein with multiple CRDs brought together
within receptor oligomers or in GBP clusters on the cell surface.
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Table 1. Appendix 26A
Comparison of two major classes of glycan-binding proteins
Lectinsa
Shared evolutionary origins
Shared structural features
Defining AA residues
involved in binding
Type of glycans recognized

yes (within each group)
yes (within each group)
often typical for each group

Glycosaminoglycan-binding
proteinsb
no
no
patch of basic amino acid residues

N-glycans, O-glycans,
different types of sulfated glycosaminoglycans
glycosphingolipids (a few
also recognize sulfated
glycosaminoglycans)
Location of cognate residues typically in sequences at
typically in sequences internal to an extended
within glycans
outer ends of glycan chains
sulfated glycosaminoglycan chain
Specificity for glycans
stereospecificity high for
often recognize a range of related sulfated
recognized
specific glycan structures
glycosaminoglycan structures
Single-site binding affinity
often low; high avidity
often moderate to high
generated by multivalency
Valency of binding sites
multivalency common
often monovalent
(either within native
structure or by clustering)
Subgroups
C-type lectins, galectins, Pheparan sulfate–binding proteins, chondroitin
type lectins, I-type lectins, L- sulfate–binding proteins, dermatan sulfate–
type lectins, R-type lectins
binding proteins
etc.
Types of glycans recognized
can be similar (e.g.,
classification itself is based on type of
within each group
galectins) or variable (e.g.,
glycosaminoglycan chain recognized
C-type lectins)
Modified from Varki A. and Angata T. 2006. Glycobiology 16: 1R–27R.
a There

are other animal proteins that recognize glycans in a lectin-like manner and do not appear to fall into one
of the well-recognized classes (e.g., various cytokines).
b Hyaluronan

(HA)-binding proteins (hyaloadherins) fall in between these two classes. On the one hand, some
(but not all) of the hyaloadherins have shared evolutionary origins. On the other hand, recognition involves
internal regions of HA, which is a nonsulfated glycosaminoglycan.
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Glycosaminoglycans bind to many different classes of proteins mostly through
electrostatic interactions between negatively charged sulfate groups and uronic
acids and positively charged amino acids in the protein. This chapter focuses on
examples of glycosaminoglycan-binding proteins, methods for measuring
glycosaminoglycan-protein interaction, and information about three-dimensional
structures of the complexes.

GLYCOSAMINOGLYCAN-BINDING PROTEINS ARE COMMON
Several hundred glycosaminoglycan (GAG)-binding proteins have been discovered,
which make up the GAG-interactome and fall into the broad classes presented in
Table 38.1. To a large extent, studies of the GAG-interactome have focused on
protein interactions with heparin, a more highly sulfated, iduronic acid (IdoA)-rich
form of heparan sulfate (HS; Chapter 17). This bias reflects in part the commercial
availability of heparin and heparin-Sepharose, which are frequently used for
fractionation studies, and the assumption that binding to heparin mimics binding to
HS present on cell surfaces and in the extracellular matrix. In comparison, relatively
few proteins are known to interact with chondroitin sulfate (CS) or keratan sulfate
(KS) with comparable avidity and affinity. In some cases, CS and the related GAG,
dermatan sulfate (DS), may be physiologically relevant binding partners because
these GAGs predominate in many tissues. Determining the physiological relevance
of these interactions is a major area of research.
In contrast to lectins, which tend to fall into evolutionarily conserved families
(Chapters 28-37), GAG-binding proteins do not have common folds and instead
appear to have evolved by convergent evolution. As shown in Table 38.1, the
interaction between GAGs and proteins can have profound physiological effects on
processes such as hemostasis, lipid transport and absorption, cell growth and
migration, and development. Binding to GAGs can result in immobilization of
proteins at their sites of production or in the extracellular matrix for future
mobilization; regulation of enzyme activity; binding of ligands to their receptors;
protein oligomerization; and protection of proteins against degradation. In some
cases, the interaction may reflect complementarity of charge (e.g., histone-heparin
interactions) rather than any specific biologically relevant interaction. In other
cases, the interaction has been shown to depend on rare but very specific sequences
of modified sugars in the GAG chain (e.g., antithrombin binding).

METHODS FOR MEASURING GLYCOSAMINOGLYCAN-PROTEIN
BINDING
Numerous methods are available for analyzing GAG-protein interactions, and some
provide a direct measurement of Kd values. A common method involves affinity
fractionation of proteins on Sepharose columns containing covalently linked GAG
chains, usually heparin. The bound proteins are eluted with different concentrations
of sodium chloride, and the concentration required for elution is generally
proportional to the Kd. High-affinity interactions require at least 1 M NaCl to
displace bound ligand, which translates into Kd values of 10−7–10−9 M (determined
under physiological salt concentrations by equilibrium binding). Proteins with low
affinity (10−4–10−6 M) either do not bind under “normal” conditions (0.15 M NaCl) or
require only 0.3–0.5 M NaCl to elute. This method is based on the assumption that
GAG-protein interaction is entirely ionic, which is not entirely correct. Nevertheless,
it can provide an assessment of relative affinity, when comparing different GAGbinding proteins.
A number of more sophisticated methods are now in use that provide detailed
thermodynamic data (ΔH [change in enthalpy], ΔS [change in entropy], ΔCp [change
in molar heat capacity], etc.), kinetic data (association and dissociation rates), and
high-resolution data on atomic contacts in GAG-protein interactions (Table 38.2).
Regardless of the technique one uses, it must be kept in mind that in vitro binding
measurements are not likely to be the same as those when the protein binds to
proteoglycans on the cell surface or in the extracellular matrix, where the density
and variety of GAG-binding proteins, proteoglycans and other interacting factors
varies greatly. To determine the physiological relevance of the interaction, one
should consider measuring binding under conditions that can lead to a biological
response. For example, one can measure binding to cells with altered GAG
composition (Chapter 49) or after treatment with specific lyases to remove GAG
chains from the cell surface (Chapter 17) and then determine whether the same
response occurs as observed in the presence of GAG chains. The interaction can then
be studied more intensively using the in vitro assays described above.

CONFORMATIONAL AND SEQUENCE CONSIDERATIONS
As mentioned above, most GAG-binding proteins interact with HS or heparin. The
likely basis for this preference is greater sequence heterogeneity and more variable
sulfation , compared to other GAGs. The unusual conformational flexibility of
iduronic acid, which is found in heparin, HS, and DS, also has a role in their ability to
bind proteins. GAGs are linear helical structures, consisting of alternating residues
of N-acetylglucosamine (GlcNAc) or N-acetylgalactosamine (GalNAc) with
glucuronic acid (GlcA) or iduronic acid (IdoA) (with the exception of keratan

sulfates, which consist of alternating GlcNAc and galactose residues; Chapter 17).
Inspection of heparin oligosaccharides containing highly modified domains
([GlcNS6S-IdoA2S]n) shows that the N-sulfo and 6-O-sulfo groups of each
disaccharide repeat lie on opposite sides of the helix from the 2-O-sulfo and
carboxyl groups (Figure 38.1). Analysis of the conformation of individual sugars
shows that GlcNAc and GlcA residues assume a preferred conformation in solution,
designated 4C1 (indicating that carbon 4 is above the plane defined by carbons 2, 3,
and 5 and the ring oxygen, and that carbon 1 is below the plane; Chapter 2). In
contrast, IdoA2S assumes the 1C4 or the 2SO conformation (Figure 38.1), which
reorients the position of the sulfo substituents, thereby creating a different
orientation of charged groups. In many cases when a protein binds to an HS chain, it
induces a change in conformation of the IdoA2S residue resulting in a better fit and
enhanced binding. IdoA2S residues have always been found in domains rich in Nsulfo and O-sulfo groups (for biosynthetic reasons; Chapter 17), which is also where
proteins usually bind. Thus, the greater degree of conformational flexibility in these
modified regions may explain why so many more proteins bind with high affinity to
heparin, HS, and DS than to other GAGs. The presence of an N-acetyl group in an
GlcNAc residue changes the preferred conformation of the neighboring IdoA2S
residue, showing that even minor modifications can influence conformation and
chain flexibility. Binding to GAGs that have a low degree of sulfation may require
larger domains in the protein to interact with longer stretches of an oligosaccharide.
Molecular dynamic simulations on large heparin oligosaccharides are possible with
the availability of supercomputers (see Simulation 35.1 on the accompanying
website). Such simulations can be used to predict the conformational flexibility of
different domains within the chain and when combined with recent advances in
protein-GAG docking, can provide additional insights into GAG-protein interactions.

HOW SPECIFIC ARE GLYCOSAMINOGLYCAN-PROTEIN
INTERACTIONS?
The discovery of multiple GAG-binding proteins led a number of investigators to
examine whether there is a consensus amino acid sequence for GAG binding. In
retrospect, this strategy was overly simplistic because it assumed that all GAGbinding proteins would recognize the same oligosaccharide sequence within
heparin, or at least, sequences that would share many common features. We now
know that some GAG-binding proteins interact with different oligosaccharide
sequences. The binding sites in the protein always contain basic amino acids (lysine
and arginine) whose positive charges presumably interact with the negatively
charged sulfates and carboxylates of the GAG chains. However, the arrangement of
these basic amino acids can be quite variable, consistent with the variable
positioning of sulfo groups in the GAG partner.

Most proteins are formed from α-helices, β-strands, and loops. Therefore, to engage
a linear GAG chain, the positively charged amino acid residues must align along the
same side of the protein segment. α-Helices have periodicities of 3.4 residues per
turn, which would require the basic residues to occur every third or fourth position
along the helix in order to align with an oligosaccharide. In β-strands, the side
chains alternate sides every other residue. Thus, to bind a GAG chain, the positively
charged residues in a β-strand would be located quite differently than in an α-helix.
On the basis of the structure of several heparin-binding proteins that were available
in 1991, Alan Cardin and Herschel Weintraub proposed that typical heparin-binding
sites had the sequence XBBXBX or XBBBXXBX, where B is lysine or arginine and X is
any other amino acid. From the structural arguments provided above, it should be
obvious that only some of the basic residues in these sequences could participate in
GAG binding, the actual number being determined by whether the peptide sequence
exists as an α-helix or a β-sheet. We now know that the presence of these sequences
in a protein merely suggests a possible interaction with heparin (or another GAG
chain), but it does not prove that the interaction occurs under physiological
conditions. In fact, the predicted binding sites for heparin in fibroblast growth factor
2 (FGF2) turned out to be incorrect once the crystal structure was determined. It is
likely that binding involves multiple protein segments that juxtapose positively
charged residues into a three-dimensional turn-rich recognition site. In many cases
the binding involves loops which make the positioning more variable. An example of
this phenomenon is observed in the chemokine CCL5, which contains a BBXB motif
in a loop. The specific arrangement of residues should vary according to the type
and fine structure of those oligosaccharides involved in binding.
In plant and animal lectins, and in antibodies that recognize glycans, the glycan
recognition domains are typically shallow pockets that engage the terminal sugars
of the oligosaccharide chain (Chapters 29, 30 and 37). In GAG-binding proteins, the
protein usually binds to sugar residues that lie within the chain or near the
terminus. Therefore, the binding sites in GAG-binding proteins consist of clefts or
sets of juxtaposed surface residues rather than pockets. These GAG-binding sites on
the protein surface give rise to more rapid GAG-protein binding kinetics than are
typically observed for protein-protein interactions. Given that GAG chains generally
exist in a helical conformation, only those residues on the face toward the protein
interact with amino acid residues; the ones on the other side of the helix are
potentially free to interact with a second ligand (e.g., as observed in FGF dimers).
Alternatively, residues in a binding cleft could interact with both sides of the helix
(e.g. in dengue envelope protein). Finally, one should keep in mind that binding
occurs to only a small segment of the GAG chain. Thus, a single GAG chain can
potentially bind multiple protein ligands facilitating cooperative binding that can
lead to protein oligomerization (e.g. some chemokines).

ANTITHROMBIN-HEPARIN: A PARADIGM FOR STUDYING
GLYCOSAMINOGLYCAN-BINDING PROTEINS
Perhaps the best-studied example of protein-GAG interaction is the binding of
antithrombin to heparin and HS (see cover image and Figure 38.2). This interaction
is of great pharmacological importance because heparin is used clinically as an
anticoagulant. Binding of antithrombin to heparin has a dual effect: First, it causes a
conformational change in the protein and activation of the protease inhibiting
action, resulting in a 1000-fold enhancement in the rate at which it inactivates
thrombin and Factor Xa. Second, the heparin chain acts as a template, enhancing the
physical apposition of thrombin and antithrombin. Thus, both the protease
(thrombin) and the inhibitor have GAG-binding sites. Heparin acts as a catalyst in
these reactions by enhancing the rate of the reaction through apposition of
substrates and conformational change. After the inactivation of thrombin by
antithrombin occurs, the complex loses affinity for heparin and dissociates. The
heparin is then available to participate in another activation/inactivation cycle.
Antithrombin is a member of the serpin family of protease inhibitors, many of which
bind to heparin.
Early studies using affinity fractionation schemes showed that only about one-third
of the chains in a heparin preparation actually bind with high affinity to
antithrombin. Comparing the sequence of the bound chains with those that did not
bind failed to reveal any substantial differences in composition, consistent with the
later discovery that the binding site consists of only five sugar residues (Figure
38.2) (the average heparin chain is about 50 sugar residues). This observation can
be extended to virtually all GAG-binding proteins, inferring that the binding sites
represent a very small segment of the chains.
Crystals of antithrombin were prepared and analyzed by X-ray diffraction to 2.6-Å
resolution. The docking site for the heparin pentasaccharide is formed by the
apposition of helices A and D, which both contain critical arginine and lysine
residues at the interface. The sequence in the D helix
(124AKLNCRLYRKANKSSKLVSANR145) places many of the positively charged
residues on one face of the helix, in proximity to the arginine residues in the A helix
(41PEATNRRVW49) (Figure 38.2). The pentasaccharide is sufficient to activate
antithrombin binding toward Factor Xa, but it will not facilitate the inactivation of
thrombin. For this to occur, a larger oligosaccharide of at least 18 residues is
needed. As mentioned above, thrombin also contains a heparin-binding site, and the
larger heparin oligosaccharide is thought to act as a template for the formation of a
ternary complex with thrombin and antithrombin. In contrast to antithrombin,
thrombin exhibits little oligosaccharide specificity. As might be expected, adding
high concentrations of heparin actually inhibits the reaction, because the formation
of binary complexes of heparin and thrombin or heparin and antithrombin
predominate. This important principle of “activation at low concentrations and

inhibition at high concentrations” also occurs in other systems where ternary
complexes form (Chapters 29 and 30).
Heparin is a pharmaceutical formulation produced by partial fractionation of
natural GAGs derived primarily from porcine intestines (Chapter 17). Mast cells are
known to produce a highly sulfated version of HS that resembles heparin; highly
sulfated, iduronic acid–rich heparin oligosaccharides are also present in HS isolated
from other tissues as well, especially the skin. Although heparin has proven to be of
great therapeutic use, its role in vivo remains unclear. Heparin and chondroitin
sulfate are often found in storage granules along with biogenic amines, proteases,
and other proteins, possibly enabling efficient storage. Mast cells degranulate in
response to specific antigen stimulation, resulting in release of stored heparin,
histamine, and proteases. When this occurs, local anticoagulation might occur, but
localized coagulation defects have not been described in animals bearing mutations
that alter mast cells or heparin. A small percentage of endothelial cell HS contains
antithrombin-binding sequences as well. However, these binding sites appear to be
located on the abluminal side of blood vessels, and mice lacking the central 3-Osulfated GlcNS unit, a hallmark of the antithrombin-binding sequence (Figure 38.2),
do not exhibit any systemic coagulopathy after birth. Nevertheless, antithrombin
deficiency causes massive disseminated coagulopathy. Perhaps these findings
indicate that lower-affinity binding sequences are sufficient to activate
antithrombin. This system illustrates an important caveat: one cannot necessarily
ascribe functions to endogenous proteoglycans based on the effects of GAGs added
in vitro to experimental systems.

FGF-HEPARIN INTERACTIONS ENHANCE STIMULATION OF FGF
RECEPTOR SIGNAL TRANSDUCTION
A large number of growth factors can be purified based on their affinity for heparin.
The heparin-binding family of fibroblast growth factors has grown to more than 22
members and includes the prototype FGF2, otherwise known as basic fibroblast
growth factor. FGF2 has a very high affinity for heparin (Kd ~ 10−9 M) and requires
1.5–2 M NaCl to elute from heparin-Sepharose. FGF2 has potent mitogenic activity in
cells that express one of the FGF signaling receptors (four FGFR genes are known
and multiple splice variants exist). Cell-surface HS binds to both FGF2 and FGFR,
facilitating the formation of a ternary complex. Both binding and the mitogenic
response are greatly stimulated by heparin or HS, whichs promote dimerization of
the ligand-receptor complex.
The costimulatory role of HS (and heparin) in this system is reminiscent of the
heparin/antithrombin/thrombin story. Indeed, the minimal binding sequence for
FGF2 also consists of a pentasaccharide. However, this pentasaccharide is not
sufficient to trigger a biological response (mitogenesis). For this to occur, a longer

oligosaccharide (10 mer) containing the minimal sequence and additional 6-O-sulfo
groups are needed to bind FGFR. The sequence that binds to both FGF2 and FGFR is
prevalent in heparin but rare in HS. The requirement for this rare binding sequence
reduces the probability of finding this particular arrangement in naturally occurring
HS chains. Thus, some preparations of HS are inactive in mitogenesis, and those
containing only one half of the bipartite binding sequence are actually inhibitory.
The structure of FGF2 cocrystallized with a heparin hexasaccharide has since been
obtained (Figure 38.3). The heparin fragment ([GlcNS6Sα1-4IdoA2Sα1-4]3) was
helical and bound to a turn-rich heparin-binding site on the surface of FGF2. Only
one N-sulfo group and the 2-O-sulfo group from the adjacent iduronic acid are
bound to the growth factor in the turn-rich binding domain, and the next GlcNS
residue is bound to a second site, consistent with the minimal binding sequence
determined with oligosaccharide fragments. No significant conformational change in
FGF2 occurs upon heparin binding, consistent with the idea that heparin primarily
serves to dimerize FGF2 and juxtapose components of the FGF signal-transduction
pathway. The crystal structure of acidic FGF (FGF1) has also been solved and shows
similar sequences on its surface. However, the oligosaccharide sequence that binds
with high affinity to FGF1 contains 6-O-sulfo groups.
The cocrystal structure of the complex of (FGF2-FGFR)2, first solved in the absence
of heparin/HS ligand, showed a canyon of positively charged amino acid residues,
suggestive of an unoccupied heparin-binding site. Subsequently, the heparinoligosaccharide-containing complex was solved after introduction of heparin
oligosaccharides, suggesting a 2:2:2 complex of FGF2:FGFR:HS (Figure 38.3).
Another important feature of this complex is the orientation of the non-reducing
ends of the HS chains that terminate in an N-sulfoglucosamine residue, which arises
by endolytic cleavage of chains by the enzyme heparanase (Chapter 17). The
structure of the FGF-FGFR-HS complex is not without controversy; structural
analysis of complexes formed in solution and purified by gel filtration has suggested
a very different structure consisting of a 2:2:1 complex (Figure 38.3).

OTHER ATTRIBUTES OF GLYCOSAMINOGLYCAN-PROTEIN
INTERACTIONS
In some cases, the interaction of GAG chains with proteins may depend on metal
cofactors. For example, L- and P-selectins have been shown to bind to a subfraction
of HS chains and heparin in a divalent-cation-dependent manner. This observation
raises the possibility that other examples of cation-dependent interactions with GAG
chains may exist. GAG binding to L-selectin helps in leukocyte rolling. Furthermore,
the interaction can be pharmacologically manipulated by exogenous heparin,
including chemically modified derivatives that lack anticoagulant activity.

CS proteoglycans in the central nervous system (CNS) influence cell migration and
axon pathfinding and regulate neurite outgrowth. The interaction of rare, highly
sulfated disaccharide sequences in CS chains with morphogens and growth factors
impact CNS development and play roles in CNS pathology.
HS proteoglycans are often expressed in a spatially and temporally limited fashion.
The temporary placement of an HS proteoglycan at a specific tissue site might or
might not coincide with the presence of its appropriate protein ligand. Furthermore,
if the binding partner has no access to the HS proteoglycan, it cannot interact—
adding an additional level of specificity. Recent studies demonstrate that the fine
structure of HS chains also changes during development, thus enabling or disabling
specific associations between ligands and receptors.
Gradients of morphogens, factors that determine cell fates based on concentration,
also determine the patterns of cell and tissue organization during development
(Chapter 27). The mechanism of morphogen gradient formation is controversial, but
interestingly, virtually all morphogens can interact with heparin and HS. These
interactions can affect transport of ligands, receptor interactions, endocytosis, and
degradation, which together may have a role in determining the robustness of the
gradient. The GAG chains of proteoglycans also offer a linear domain over which
proteins can diffuse. By limiting the space available to these proteins from the threedimensional space of extracellular fluids and the extracellular matrix to onedimensional space along the chains, the chance of encounters among heparinbinding proteins, such as FGF and its receptor (FGFR), may be enhanced. Thus, the
critical role of HS proteoglycans may be in controlling the kinetics of protein–
protein interactions rather than the thermodynamics of such encounters.
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Figure Legends

FIGURE 38.1. Conformation of heparin oligosaccharides. (A) Glucosamine (GlcN) and
glucuronic acid (GlcA) exist in the 4C1 conformation, whereas iduronic acid (IdoA)
exists in equally energetic conformations designated 1C4 and 2S0. (B) Space-filling
model of a heparin oligosaccharide (14 mer) deduced by nuclear magnetic
resonance. (C) The same structure in stick representation. The renderings in B and C
were made with RASMOL using data from the Molecular Modeling Database (MMDB
Id: 3448) at the National Center for Biotechnology Information (NCBI).

FIGURE 38.2. Crystal structure of the antithrombin-pentasaccharide complex (from
Protein Data Bank). (A,D) α-Helices that make contact with heparin; (RCL) the
reactive center loop that inactivates thrombin and Factor X; (F) another α-helix in
the protein. (Lower panel) Interactions between key amino acid residues and
individual elements in the pentasaccharide. (Solid lines) Electrostatic interactions
between positively charged residues and sulfate groups; (broken lines) hydrogen
bonds; (alternately broken and solid line) bridging water molecule.

FIGURE 38.3. Crystal and NMR solution structures of GAG-protein complexes. (A)
Crystal structure of the 2:2:2 FGF2:FGFR1:heparin complex (side view) and a 2:2:1
complex; (B) Structure of the dimeric V-C1 domains of RAGE (receptor for advanced
glycation end products) (PDB 4IM8). The dodecasaccharide is manually modeled
into the structure on the basis of the observed partial electron density; (C) Structure
of the dimeric E2 domain of amyloid precursor–like protein 1 (APLP-1) and bound
oligosaccharide (PDB 3QMK); (D) Structure of dimeric interleukin-8 (PDB 2IL8) and
a modeled oligosaccharide (degree of polymerization: 20); (E) A representative
frame from the most energetically favored models of the CCL5-chondroitin sulfate
complex deduced by NMR. The ribbon representation of the complex with side
chains of selective amino acids is shown in gray. The chondroitin-4-sulfate (dp6)
ligand is shown in the stick representation with the non-reducing end and the
reducing end sugar labeled GlcA1 and GalNAc3, respectively (from Deshauer et al.
(2015) Structure 23, 1066–1077)

TABLE 38.1 Examples of glycosaminoglycan-binding proteins and their
biological activity
Physiological/pathophysiological
Class
Examples
effects of binding
Enzymes
glycosaminoglycan
multiple
biosynthetic enzymes,
thrombin and coagulation
factors (proteases),
complement proteins
(esterases), extracellular
superoxide dismutase,
lipases
Enzyme
antithrombin III, heparin
coagulation, inflammation,
inhibitors
cofactor II, secretory
complement regulation
leukocyte proteinase
inhibitor, C1-esterase
inhibitor
Cell adhesion
P-selectin, L-selectin, some cell adhesion, inflammation,
proteins
integrins
metastasis
Extracellular
laminin, fibronectin,
cell adhesion, matrix organization
matrix
collagens, thrombospondin,
proteins
vitronectin, tenascin
Chemokines
platelet factor IV, γ- and β- chemotaxis, signaling, inflammation
interferons, interleukins
Growth factors fibroblast growth factors,
mitogenesis, cell migration
hepatocyte growth factor,
vascular endothelial
growth factor, insulin-like
growth factor–binding
proteins, TGF-β-binding
proteins
Morphogens
hedgehogs, TGF-β family
cell specification, tissue
members, wnts
differentiation, development
Guidance
Slits, ROBO receptors,
axon guidance, endothelial tube
factors
neuropilins
formation
Tyrosinefibroblast growth factor
Mitogenesis, axon guidance,
kinase growth receptors, vascular
inflammation
factor
endothelium growth factor
receptors and receptor, receptor for
coreceptors
advanced glycation
endproducts (RAGE),
receptor protein tyrosine
phosphatases (RPTPs)
Lipid-binding
apolipoproteins E and B,
lipid metabolism, cell membrane
proteins
lipoprotein lipase, hepatic
functions

Plaque
proteins
Nuclear
proteins
Pathogen
surface
proteins
Viral envelope
proteins

lipase, annexins
prion proteins, amyloid
proteins
histones, transcription
factors
malaria circumsporozoite
protein
herpes simplex virus,
dengue virus, human
immunodeficiency virus,
hepatitis C virus, vaccinia
virus complement control
protein (VCP)

plaque formation
unknown
pathogen infections
viral infections

TABLE 38.2 Methods to measure glycosaminoglycan-protein interaction
Method
Type Throughput Principle
Affinity
M
H/I
immobilized ligand or
chromatography
glycosaminoglycan chains on column
matrix
Affinity
M/S I
gel retardation through proteincoelectrophoresis
impregnated gel
Analytical
S
L
equilibrium sedimentation at
ultracentrifugation
different carbohydrate:protein ratios
Circular dichroism
S
I/L
change in rotation of plane-polarized
light upon binding
Competition ELISA
M
H
solution- and solid-phase ligands
compete for binding
Computational
S
L
calculates complex structure and
binding energy
Fluorescence
S
H
conformational change, ligand binding
spectroscopy
induces change in fluorescence
Ion mobility mass
G
I/L
Measures complex shape and
spectrometry
stoichiometry
Isothermal titration
S
I
measures enthalpy of binding directly
calorimetry
and Kd values
Laser light scattering
S
I
intrinsic scattering intensities of
carbohydrate-protein complex used
to calculate stoichiometry
Nuclear magnetic
S
L
chemical shift, coupling constant, and
resonance
nuclear Overhauser effect to
determine contact points, distances,
and conformation

Surface plasmon
resonance

M

H/I

X ray

M

L

mass-induced refractive index change
in real time for direct measurement of
association and dissociation rate
constants
solid state cocrystal structure

(M) Mixed phase; (S) solution phase; (G) gas phase; (H) high; (I) intermediate; (L) low.
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