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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 (GAG)-binding proteins, methods for measuring GAG–protein
interaction, and information about three-dimensional structures of the complexes.

GAG-BINDING PROTEINS ARE COMMON
Several hundred 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 partially incorrect 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. Interactions between
GAGs and proteins can have profound physiological effects on processes such as hemostasis, lipid transport and
absorption, cell growth and migration, and development (Table 38.1). 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 GAG–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
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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 GAG-binding 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 with 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 Nacetylgalactosamine (GalNAc) with glucuronic acid (GlcA) or IdoA (with the exception of KSs, 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 N-sulfo 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 a 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 (Online Appendix 38A). 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 GAG–PROTEIN INTERACTIONS?
The discovery of multiple GAG-binding proteins led a number of investigators to examine whether there is a
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consensus amino acid sequence for GAG binding. In retrospect, this strategy was overly simplistic because it assumed
that all GAG-binding proteins have a common evolutionary origin, and would recognize the same oligosaccharide
sequence within heparin, or at least, sequences that would share many common features. It is now known that the
convergently evolved 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 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 αhelix.
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. It is now known 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 threedimensional 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 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 GAG-BINDING PROTEINS
Perhaps the best-studied example of a 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 widely used
https://www.ncbi.nlm.nih.gov/books/NBK453026/?report=printable
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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 shows 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 in which ternary complexes form (Chapters 29 and 30).
Heparin is a pharmaceutical formulation produced by partial fractionation of natural GAGs derived primarily from
porcine intestines or bovine lungs (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 CS 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-O-sulfated
GlcNS unit, a hallmark of the antithrombin-binding sequence (Figure 38.2), do not show 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.
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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
FGFs 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
(FGFRs; 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, which promotes 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 on 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 heparin–oligosaccharide-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 nonreducing 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 GAG–PROTEIN INTERACTIONS
In some cases, the interaction of GAG chains with proteins may depend on metal cofactors. For example, L- and Pselectins 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
inhibited by exogenous heparin at clinically acceptable doses, and also by chemically modified derivatives that lack
https://www.ncbi.nlm.nih.gov/books/NBK453026/?report=printable
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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 show 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 (Chapters 25–27). 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 three-dimensional space of
extracellular fluids and the extracellular matrix to one-dimensional space along the chains, the chance of encounters
among heparin-binding 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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Figures

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).
Download Teaching Slide (PPTX, 2.0M)
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FIGURE 38.2.
(Top) Crystal structure of the antithrombin–pentasaccharide complex (from Protein Data Bank). A and D are αhelices that make contact with heparin; RCL is the reactive center loop that inactivates thrombin and factor X; and
F is another α-helix in the protein. (Bottom) Interactions between key amino acid residues and individual elements
in the pentasaccharide. (Solid lines) electrostatic interactions between positively charged residues and sulfate
groups; (short dashed lines) hydrogen bonds; (long dashed line) water-mediated hydrogen bond. (Modified from
Li et al. 2004. Nat Struct Mol Biol 11: 857–862.)
Download Teaching Slide (PPTX, 1.9M)
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FIGURE 38.3.
Crystal and nuclear magnetic resonance (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-CS 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 nonreducing end and the reducing
end sugar labeled GlcA1 and GalNAc3, respectively. (E, Reprinted, with permission, from Deshauer C, et al.
2015. Structure 23: 1066–1077.)
Download Teaching Slide (PPTX, 2.2M)
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Tables
TABLE 38.1.
Examples of glycosaminoglycan (GAG)-binding proteins and their biological activity
Class

Examples

Physiological/pathophysiological
effects of binding

Enzymes

GAG biosynthetic enzymes, thrombin and coagulation
factors (proteases), complement proteins (esterases),
extracellular superoxide dismutase, lipases

multiple

Enzyme inhibitors

antithrombin III, heparin cofactor II, secretory leukocyte
proteinase inhibitor, C1-esterase inhibitor

coagulation, inflammation,
complement regulation

Cell adhesion
proteins

P-selectin, L-selectin, some integrins

cell adhesion, inflammation,
metastasis

Extracellular matrix
proteins

laminin, fibronectin, collagens, thrombospondin,
vitronectin, tenascin

cell adhesion, matrix organization

Chemokines

platelet factor IV, γ- and β-interferons, interleukins

chemotaxis, signaling,
inflammation

Growth factors

fibroblast growth factors, hepatocyte growth factor,
vascular endothelial growth factor, insulin-like growth
factor–binding proteins, TGF-β-binding proteins

mitogenesis, cell migration

Morphogens

hedgehogs, TGF-β family members, wnts

cell specification, tissue
differentiation, development

Guidance factors

slits, ROBO receptors, neuropilins

axon guidance, endothelial tube
formation

Tyrosine-kinase
growth factor
receptors and
coreceptors

fibroblast growth factor receptors, vascular endothelium
growth factor receptor, RAGE, RPTPs

mitogenesis, axon guidance,
inflammation

Lipid-binding
proteins

apolipoproteins B, E, and A–V, lipoprotein lipase, hepatic lipid metabolism, cell membrane
lipase, annexins
functions

Plaque proteins

prion proteins, amyloid proteins

plaque formation

Nuclear proteins

histones, transcription factors

unknown

Pathogen surface
proteins

malaria circumsporozoite protein

pathogen infections

Viral envelope
proteins

herpes simplex virus, dengue virus, Zika virus, human
immunodeficiency virus, hepatitis C virus, VCP

viral infections
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TGF-β, tumor necrosis factor-β; ROBO, roundabout; RAGE, receptor for advanced glycation end products; RPTPs, receptor protein
tyrosine phosphatases; VCP, vaccinia virus complement control protein.
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TABLE 38.2.
Methods to measure glycosaminoglycan (GAG)–protein interaction
Method

Type Throughput Principle

Affinity
chromatography

M

Affinity coelectrophoresis

M/S I

gel retardation through protein-impregnated gel

Analytical
ultracentrifugation

S

L

equilibrium sedimentation at different carbohydrate/protein ratios

Circular dichroism

S

I/L

change in rotation of plane-polarized light upon binding

Çompetition ELISA M

H

solution- and solid-phase ligands compete for binding

Computational

S

L

calculates complex structure and binding energy

Fluorescence
spectroscopy

S

H

conformational change, ligand binding induces change in fluorescence

Ion mobility mass
spectrometry

G

I/L

measures complex shape and stoichiometry

Isothermal titration
calorimetry

S

I

measures enthalpy of binding directly and Kd values

Laser light
scattering

S

I

intrinsic scattering intensities of GAG–protein complex used to calculate
stoichiometry

NMR

S

L

chemical shift, coupling constant, and nuclear Overhauser effect to
determine contact points, distances, and conformation

Surface plasmon
resonance

M

H/I

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

X ray

M

L

solid state cocrystal structure

H/I

immobilized ligand or GAG chains on column matrix

M, mixed phase; S, solution phase; G, gas phase; H, high; I, intermediate; L, low; ELISA, enzyme-linked immunoabsorbent assay;
NMR, nuclear magnetic resonance.
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