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ABSTRACT

Tumor necrosis factor stimulated gene-6 (TSG-6) is a glycosaminoglycan
(GAG) binding protein expressed in inflammatory diseases and inflammatory-like
processes. The Link module, one domain of TSG-6, is well known for its interactions
with hyaluronan (HA), which play important roles in protecting against cartilage matrix
destruction during inflammation and stabilizing the HA-rich extracellular matrix (ECM)
during owvulation. Interactions with HA, and to some extent heparin/heparan sulfate
(Hp/HS), have been structurally studied, indicating that HA and Hp/HS interact with the
Link module at totally different binding sites. However, its interactions with chondroitin
sulfate (CS) have yet to be adequately described. In this thesis, we isolated a well-
defined homogeneous hexasaccharides of CS using enzymatic digestions followed by
chromatographic separation and determined their structures using Nuclear Magnetic
Resonance (NMR) methods. A spin-labeled analog of a CS hexasaccharide was
synthesized as well. These, in turn, were used in further binding studies with the Link

module. The interactions between the Link module and CSs were monitored by NMR



chemical shift perturbation (CSP), suggesting possible CS binding sites and multiple
binding modes for the Link module. The production of a Link dimer during the binding
process was confirmed by measuring relaxation rates of *°N sites in the Link module as
well as by dynamic light scattering (DLS) measurements. Paramagnetic relaxation
enhancement (PRE) data from *H-""N heteronuclear single quantum coherence (HSQC)
spectra of the Link module in the absence and presence of the spin labeled analog of CS
added to binding site definition. A solution structure of the induced dimer of the Link
module was produced, using triple resonance assignment methods for NMR resonance
assignments and Nuclear Overhause Effect (NOE) and Residual Dipolar Coupling (RDC)
data for structural constraints. Finally, a dimer model of Link module with the 4,4,4
sulfated, TEMPO adduct of a CS hexasaccharide bound was generated using CSP, PRE,
and RDC restraints in docking program (HADDOCK). This provides insights into the
cross-linking of CS in the ECM that can play an additional role in the remodeling and

stabilization of the ECM during inflammation.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
1.1 Overview

This dissertation is mostly about a protein structure determination of our target
protein in its ligand bound state in solution. To determine the structure, we have relied
on NMR methodology and utilize other techniques as necessary.

TSG-6 (Tumor necrosis factor stimulated gene-6) is secreted as a 35 kDa
glycoprotein and its expression is found at the site of inflammation and injury (1-3). It
consists mainly of two domains, Link module and CUB (Complement subcomponents
C1r/C1s, Uegf, BMP-1) module. It interacts with various proteins and ligands, such as
inter-a-inhibitor, thrombospondin-1, glycosaminoglycans (GAGs), which has important
roles in inflammation related diseases and ovulation (4-8). These bind to the Link
module of TSG-6 that is also classified as a hyaladherin responsible for HA-binding.
Most previous structural and biological studies of the Link module of human TSG-6 have
been conducted using hyaluronan (HA) and heparin/herapran sulfate (Hp/HS).
Chondroitin sulfate (CS) is uncommonly used though in vitro data suggest that the Link
module binds to 4-sulfated CS better than that of 6-sulfated isomers (7). Moreover, early
studies of the interactions between CS and the Link module demonstrate that 4-sulfated
CS isomers could bind to the Link module with a similar affinity to that of HA at pH 5.8
(7). However, later studies showed that 4- and 4,6- sulfated chondroitin sulfates have

affinities for TSG-6 similar to HA for interacting with TSG-6 under physiological



conditions (9). 6-sulfated chondroitin sulfate can bind to the protein, but the binding
affinity is slightly lower than 4- and 4,6-sulfated chondroitin sulfates (9). This has
significant physiological implications since CSs, among other roles, are critical structural
components of cartilage. Here they often occur as chains covalently linked to the
proteoglycan, aggrecan. The proteolytic attack of aggrecan results in cartilage erosion
and promotes arthritis. Mouse models demonstrate that TSG-6 produces a
chondroprotective effect during inflammation (10,11). In addition, experimental models
of arthritis indicate that CS may be responsible for localization in cartilage and may
directly inhibit aggrecan degradation (9). Even though competition binding assays
between HA and CS suggest that CSs may bind to the Link module at the HA binding
surface (7), detailed structural information about the interaction of the Link module with
CSs does not exist. This is a significant gap since CSs play significant roles in the
stabilization of ECM during inflammation.

This study describes a method for optimizing the production of a homogeneous
target CS using enzyme degradation of polysaccharides of chondroitin sulfate-A.
Enzyme treated samples were subjected to size-exclusion chromatography (SEC)
followed by strong anion exchange (SAX) chromatography with heterogeneous
hexasaccharides of CS separated by SEC. Several homogeneous CS isomers were
separated and their structures were assigned using NMR experiments (COSY, TOCSY
NOESY, and *C-HSQC). Detailed experimental procedures and data are described in
Chapter 2. Our studies confirm that the lyase product, Achondroitin 4,4,4 sulfated CS
(AC444S), where A indicate the unsaturation left at the cleavage site, binds to the Link

module with greater affinity than other isomers and that binding sites for CS overlap with



those of HA. Our studies also indicate that CS may induce dimerization of the protein
and that the interface of the dimer could be part of the heparin binding surface. Given
these two binding tendencies of the Link module, it is possible that the Link module has
multiple modes of binding with CS under physiological conditions.

We employed several NMR applications to investigate interactions between the
Link module of TSG-6 and AC444S and the multiple binding modes of Link module in
the presence of sugar: chemical shift perturbations (CSP), relaxation rate measurements,
paramagnetic relaxation enhancements (PREs), residual dipolar couplings (RDCs),
coupled with non-NMR based data, including dynamic light scattering (DLS), and
HADDOCK. These are described in Chapter 4. In Chapter 3, a newly determined Link
module structure in the presence of AC444S using triple resonance experiments is
introduced because the existing structures of Link-TSG-6 could not fit RDC data, and the
binding sites for CS are not identical to that for HA. The induction of dimerization of the
Link module by AC444S is a novel discovery and suggests a need for the development of
a new model to illustrate accurately the mechanism underlying the Link module’s affinity
for and binding to CS.

1.2 Interaction between GAGs and GAG binding proteins

The interactions between glycosaminoglycans (GAGSs) and proteins have been
studied extensively because they make significant contributions to biological processes
such as growth (12,13), cell adhesion (14), development (15-19), coagulation/thrombosis
(20,21), angiogenesis, cancer (22-25), microbial pathogenesis (26-30), and inflammation
(31-34). This biological activity of GAGs is generally potentiated through the

localization, stabilization, activation or deactivation of corresponding proteins.



GAGs are linear polysaccharides composed of repeating disaccharide units of
uronic acid (glucuronic acid or iduronic acid) or galactose and an amino sugar (N-
acetylglucosamine or N-acetylgalactosamine). There are two main types of GAGs, non-
sulfated and sulfated. The major non-sulfated GAG is hyaluronic acid (HA) whereas
sulfated GAGs include heparin/heparan sulfate (HS), chondroitin sulfate (CS), dermatan
sulfate (DS), and keratan sulfate (KS). Structures for these GAGs are provided in Table
1.1.

Table 1.1: Different classes of glycosaminoglycans and their repeating units.

GAGs Structures Disaccharide units
OH
-00C o
Hyaluronic acid | ™ oMo GlcA-B(1-3)-GleNAc-a(1-4)
o]
HO on NHAC O~
OR
-00C
AN © 0
o o GlcA-B(1-4)-GlcNAc-a(1-4)
HO
Heparan sulfate/ or "9 NHR~ 0~
Heparin OR
\O/;ro Om IdoA-B(1-4)-GleNAc-a(1-4)
Ho cooor O NHR 0~
or OR
L. -00C
o)
ch;;:l(g?;tm \O/m»ho GleA-p(1-3)-GalNAc-B(1-4)
~
HO Y NHAc
or OR
o
Dermatan sulfate | ™\ o 0 o IdoA-B(1-3)-GalNAc-B(1-4)
o) ~
HO cooon NHAc
OR
HO OR
o]
Keratan sulfate ﬁ": o~ Gal-B(1-4)-GaINAc-B(1-3)
0 o NHAC O™

OR: OH or OSO3
NHR: NHCOCH; or NHOSO5

Structural diversity can be created by modifying the residues in these GAGs; sulfation at
a uronic acid and hexosamine can be used to produce a highly negatively charged

property. For example, heparan sulfates potentially may contain up to 48 distinct



disaccharide building blocks in contrast to DNA which contains 4 building blocks and
proteins which contain 20 building blocks. Given this biological diversity of GAGs, it is
not surprising that GAGs are involved in numerous physiological processes.

GAG polymers are made from nucleotide sugars synthesized in the cytosol and
transported to the Golgi with a final stage in the trans-Golgi to complete the
polymerization in GAG polymers where they are simultaneously modified by enzymes
such as sulfotransferases and epimerases. Then, at the end, those are localized in the
extracellular membrane for interaction with various proteins and giving physical strength
to maintain the extracellular matrix (ECM).

Most examples of GAG-protein interactions in recent literature focus on those
with Hp/HS due to their clinical significance and ready availability of Hp as an HS mimic.
Other GAGs, namely CS, DS, and KS have been studied less extensively. Table 1.2 lists
protein-GAG interactions and their biological significance. Hp has well-documented anti-
coagulant properties and is used in a standard pharmaceutical treatment for thrombosis,
thrombophlebitis, and embolism. Moreover, structures of heparin that are highly
conserved in a broad range of vertebrate and invertebrate organisms (35) are easily
accessed. From the known Hp/HS binding protein structures, amino acid consensus
sequences for Hp-binding sites have been described as XBBXBX or XBBBXXBX,
where B is a lysine or arginine and X is a hydropathic residue (36). Interactions between
Hp and fibroblast growth factors (FGF-1, and -2) have been thoroughly studied, and
show Hp stabilizes the resulting complexes. Those interactions and binding sites have
been studied by crystallography. In the case of Antithrombin 111 (AT-IIIl) heparin

pentasaccharide binding induces a conformational change of the protein that leads to the



expulsion of the reactive site loop of AT-IIl. The result is an increased binding affinity
for Factor Xa (37). In several cases, for instance FMDV, annexin V, the NK1 domain of
HGF, and VCP, crystal structures of the sugars at the binding surface have been
documented. These studies show that heparin-protein complexes vary based on
conformational changes, GAG sulfation patterns, the presence or absence of metal ions
and the effect of pH on binding affinity (38). This reinforces the necessity of obtaining
structural information to better understand the underlying geometry of protein-GAG
binding.

CCL5, RANTES (regulated on activation, normal T cell expressed and secreted),
is a common example that demonstrates the advantage of conducting structural
investigations of protein-GAG complexes. CCL5 is a chemokine that interacts with
GAGs found on the proteoglycan components of the cell surface and ECM. Immobilized
chemokines interact with its receptor on leukocytes. The concentration gradient of
chemokines allows the cell to penetrate the cell surface and reach inflammatory sites. The
binding of GAGs to CCLS5 is important for establishing a haptotactic chemokine gradient
on the cell surface (39-41). Utilizing structural investigation tools such as, nuclear
magnetic resonance (NMR), small-angle X-ray scattering (SAXS) and mass spectrometry
(MS), the tetramer structure of CCL5 was determined, and the mechanism underlying the
interaction between GAG, CCL5 and the protein-protein complex was explained (42).

One final example of GAG-protein interaction is the DBL3x domain in the
VAR2CSA protein encoded by the vars2csa gene, which is expressed in and transformed
on the surface of infected erythrocytes from Palcimodium falciparum. This organism is

known to cause malaria and the interaction with CS is responsible for adhesion to the



placenta of pregnant women. Placental adhesion of DBL3x causes the sequestration of
mature infected erythrocytes in placental blood, leading to maternal anemia (43) and
underweight neonates (44).

Table 1.2: Biological relevance of GAG-protein interactions.

Protein GAG Biological roles
NCAM HS Adhesion protein
Fibronectin HS Adhesion protein
IL-8 Hp Chemokine
PF-4 Hp Chemokine
RANTES Hp/HS Chemokine
Annexin V Hp Extracellular protein
Annexin A2 Hp Extracellular protein
Amyloid P (AP) Hp Glycoprotein
Fibroblast growth factors-1,2 HS Growth factors
FGF receptors HS Growth factor/receptor
HB-GAM Hp Growth factor
Thrombin Hp Protease
SLPI Hp Protease
AT-III Hp Serpin
AT-Ill/factor Xa Hp Serpin/protease
Cardiotoxin A3, A5, M4, and M1 | Hp/HS Toxin
HIV-1-gp-120 Hp Viral pathogen
Dengue viral envelope protein Hp/HS Viral pathogen
FMDV Hp Viral pathogen
VCP Hp Viral pathogen
HGF DS Viral pathogen
Midkine CS Viral pathogen
Pleotrophin CS Viral pathogen
DBL CS Viral pathogen
FGF-2,7 DS Growth factor
Heparin cofactor-I1 DS Anticoagulant
Link module HA Cell adhesion
lal HA Protease inhibitor




X-ray structures in the presence of CSA have been produced and several CSA binding
sites have been suggested based on in vitro experiments (45). These putative CSA
binding sites provide insights into the binding mechanism and have led to the
development of better vaccines to prevent malaria during pregnancy.

Even though there are well-established techniques for measuring affinities and
distinguishing binding sites, the mechanism of protein-GAG interactions remains unclear
due to a lack of structural information. NMR applications and other analytical techniques
can provide this sort of detailed structural information to better understand how a GAG-
protein complex functions. Employing these methods to study interactions between the
Link module domain of human TSG-6 and chondroitin sulfate are discussed below.

1.3 The Link module as a GAG binding protein

As stated previously, the interaction between GAGs and GAG binding proteins is
an important physiological process in the ECM. This study focuses on the Link module
of human tumor necrosis factor stimulated gene-6 (TSG-6). The Link module binds to
hyaluronan, a non-sulfated GAG and for this reason, a protein that contains Link module
is called a “hyalahedrin”. There are three types of superfamily of Link module
containing proteins according to the size of the HA-binding domain (46). The type A
domain contains a single folded Link module; TSG-6 is a typical example (47,48). The
type B domain is also formed from a single Link module but the B-strand is extended by
N- and C-terminal flanking sequences that are essential for the correct folding and
functioning of the protein (49). CD44, a cell surface receptor for HA, belongs to this
domain. Type C consists of two contiguous Link modules, HA-binding domains

(HABDs) and a G1 domain of a chondroitin sulfate proteoglycan (CSPG); aggrecan,



versican, neurocan, and brevican are classified as type C (46,50).

TSG-6 is a 35 kDa protein composed of two contiguous modules, Link and CUB
(Fig. 1.1). This protein maps to human chromosome 2g23.3 (51,52) and was originally
identified as a cDNA prepared from TNF-treated human fibroblasts (1,53). It is not
constitutively expressed in healthy adult tissues, but its protein expression is induced in
response to inflammatory mediators and growth factors that are tightly associated with
numerous disease and physiological processes. These include Rheumatoid arthritis and
osteoarthritis (54,55), Kawasaki disease (56), systemic lupus erythematosus (57), and
asthma (58). In mouse models of arthritic inflammation TSG-6 exhibits potent anti-
inflammatory effects that are protective against cartilage matrix destruction (59-61).
TSG-6 also is a potent inhibitor of osteoclast-mediated bone erosion (2,62) and proffers
cardioprotective effects during myocardial infarction (63). Moreover, TSG-6 appears to
play a role in the reduction of inflammatory corneal damage following injury (64) and the
attenuation of zymosan-induced peritonitis (65). Recent studies of direct interaction
between TSG-6 and the chemokine CXCL8 demonstrated that TSG-6 inhibits CXCL8-

induced transendothelial migration of human neutrophils (66).

1 19 277

,' = Link module (36-133) CUB module (134-248) , ,

Signal peptide  N- C-terminal region

terminal | 35GyYHREARSGKYKLTYAEAKAVCEFEGGHLA

sequence| TYKQLEAARKIGFHVCAAGWMAKGRVGYPIV

KPGPNCGFGKTGIIDYGIRLNRSERWDAYCYN
PHAK133

Figure 1.1: Full length TSG-6 showing the signal peptide (1-19), N-terminal sequence
(20-35), Link module (36-133), and CUB module (134-248) followed by C-terminal
region (249-277).



Inflammation-like processes such as blood vessel wall injury (67), ovulation (67-
71), and cervical ripening (72) also have been known to induce the expression of TSG-6
in a normal physiological environment. The interaction of TSG-6 with inter-a-inhibitor
(Ial), a serine protease inhibitor, is well known and an important factor in female fertility.
TSG-6 is critical for the cumulus matrix expansion, the assembly of an HA-rich ECM
around the oocyte prior to ovulation (69,71). Ial consists of three polypeptides (heavy
chain 1, 2 and bikunin) and TSG-6 acts as a cofactor that transfers heavy chains onto HA
(73) at inflammation sites (54,58)

TSG-6 interacts with several components of the ECM via the Link module, such
as hyaluronan (HA) (5,7,74-76), heparin and chondroitin sulfate (7), the G1 domain of
aggrecan (77), and pentraxin-3 (52,69,71,73,78-80). Most structural studies of the Link
module of TSG-6 utilize HA as a main binding partner although in a physiological
system there are many binding molecules. 3D presentations of the Link module
generated by x-ray crystallography without HA (2PF5.pdb) (81) and solution NMR in the
absence and presence of HA octasaccharide (107B.pdb and 107C.pdb respectively) (75)
are shown in Fig. 1.2.

The Link module is a domain of 98 amino acid residues and forms a compact
structure comprised of two P-sheets flanked by two a-helices in a correct folding.
According to existing structural studies, the main binding forces of HA and the Link
module are CH-x stacking interactions between sugar rings and two adjacent tyrosine
residues of the Link module, and salt bridges between glucuronic acids in the sugars and
basic residues of the protein. As HA binds to the protein, the structure opens to create a

shallow binding groove (75), which may occur due to the movement of the C47-C68
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disulfide bridge and a rearrangement of the B4/B5 loop which exposes tyrosine residues
that are necessary for HA binding (81). In addition to the structural data given above,
site-directed mutagenesis data confirm that K11, Y12, Y59, Y78, and R81 are the key

HA-binding residues within the groove of the Link module.

A

Figure 1.2: 3D structures of Link-TSG-6 determined by x-ray crystallography (A) and
NMR spectroscopy (B). A: Five chains in a unit cell are shown - red (chain A), orange
(chain B), yellow (chain C), blue (chain D), and purple (chain E) (2PF5.pdb). B: 20
deposited structures are drawn with magenta colored ribbons (107C.pdb).

The binding affinity of the HA octasaccharide for the Link module is approximately
17.83 uM. In addition to HA, Hp is often studied with the Link module because it is

known to accommodate the Link module using a different binding mechanism. Site-

directed mutagenesis and docking predictions show that, unlike HA, the Hp binding site
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houses K20, K34, R40, K41, K54, R56 and R84 (5). This binding site is distinct from the
HA binding surface. Not surprisingly, the interaction between the Link module and
heparin likely involves extensive electrostatic contacts because heparin includes many
sulfate moieties that give the sugar a highly negatively charged character. The binding
affinity of Link-TSG-6 to Hp octasaccharide is ~ 6-fold higher (3.14 uM) than its
interaction with the HA octasaccharide under the same conditions (5). However, HA and
Hp are unable to bind to the Link module simultaneously even though their binding
surfaces are distinct from one another and do not overlap. This might be due to allosteric
effects. One possible explanation is that once Hp binds to Link-TSG-6 it induces a
conformational change in the closed state that makes HA-binding residues less accessible
for interactions with HA (75). Conversely, HA binding that stabilizes the protein in an
open conformation may impact the relative orientation of the amino acids involved in Hp
binding (75). Unlike HA, which binds to the Link module in a 1:1 ratio, Hp
octasaccharide has ~ 0.5 of the stoichiometry for interaction with Link-TSG-6, indicating
that one Hp octasaccharide binds to two Link-TSG-6 modules to form a dimer (5). It has
been shown that Hp binds to the Link module and causes dimerization of the protein and
a dimer of the Link module with Hp interacts with the bikunin module of Ial. In this
regard, Hp binding to Link-TSG-6 affects its potentiation of the antiplasmin activity of
Ial by inducing changes in the relative orientations of Kunitz domains and making the
protease binding sites more accessible.

1.4 Research questions

The main focus of this study is using NMR to clarify the binding mode of the

Link module with chondroitin sulfate. In order to characterize structurally the Link
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module with respect to CS binding using NMR applications, homogeneous CSs were
required to acquire high quality experimental data. Due to extreme structural
heterogeneity in CS polymers, it was a challenge in obtaining well defined
oligosaccharides of CS. However, it was possible to meet this challenge by using
enzymatic degradation of CS polymers from natural sources. An improved
understanding of digestive enzymes and their activities was also achieved in the course of
the production. The compositions of the oligosaccharides from the digestions benefitted
from a structural assignment with NMR.

To begin the process, the binding sites of CS and the Link module were examined
because there are two known binding sites for HA and Hp/HS that have been confirmed
by X-ray, NMR, molecular modeling, and mutagenesis methods. Early on, it appeared
that the binding of CS to the Link module occurred very differently than its interactions
with HA. The CS binding residues are slightly different to those of HA, even though the
binding pocket of Link module is the same. Another distinction is that the Link module
and the CS hexasaccharide form a dimer. In order to adequately employ an accurate
dimer model, new soluble structures for this bound state complex had to be determined.
As a result, additional analytical tools were employed to generate the dimer model.
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CHAPTER 2
PREPARATION OF A NITROXIDE SPIN-LABELED ANALOG OF
CHONDROITIN SULFATE
2.1 Introduction

Throughout this research, chondroitin sulfate has been exploited to study
interactions with the Link module of TSG-6. This chapter describes the synthesis of a
spin-labeled chondroitin sulfate that was used to generate more quantitative distance
constraints on how the Link module and CS interact, a critical step toward generating a
reliable model.

Glycosaminoglycans (GAGS) are linear polysaccharides mostly found on animal
cell surfaces and in extracellular matrices (1). The synthesis of sulfated GAGs begins in
the endoplasmic reticulum (ER) by adding a xylose (Xyl) residue to specific serine
residues in core proteins. Two galactoses (Gal) and one glucuronic acid (GIcA) are then
transferred sequentially by specific transferases in medial- and trans-Golgi compartments.
These tetrasaccharides are also commonly found in HS. After this transfer, N-acetyl
galactosamine (GalNAc) and GIcA are repeatedly added in sequence by various
glycosyltransferases including GalNAcT-1, GaINAcT-II, GICAT-Il, ChSy-1, and ChPF
(2-4). The synthesis of CS occurs in the trans-Golgi with numerous modifications
including sulfation, and epimerization. The average size of a polysaccharide of CS is
approximately 20 kDa (~40 disaccharides). Unlike HA, CS is usually found linked to
proteins as part of a proteoglycan (chondroitin sulfate proteoglycans, CSPGs). This is a

very important structural component of cartilage as it strengthens tissue and regulates
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cell-cell and cell-matrix interactions (5). The structural organization of extracellular
matrices and regulation of growth factors, cytokines, chemokines, enzymes, and the
immune system rely heavily on the interplay between GAGs and GAG-binding proteins
(6-10). In theory these interactions can be monitored with various analytical techniques,
such as x-ray crystallography, nuclear magnetic resonance spectroscopy, molecular
modeling, mass spectrometry, and surface plasma resonance, and various in Vvitro
techniques. However, few techniques are available to provide detailed structural
information about the protein-GAG complex and its binding sites. NMR spectroscopy is
one of the best analytical techniques for this purpose due to its ability to study dynamic
interactions between proteins and GAGs. Unfortunately, NMR relies mainly on the
samples that contain NMR active nuclei with % nuclear spin such as *H, *3C and *°N. In
the current study, when a protein sample that is complex with GAG is isotopically
labeled with **C or *N, or both for acquiring spectra, it yields predominantly structure
information on the protein and incomplete information about the GAG. The chemical
shifts of non-exchangeable protons on GAGs mostly overlap with the chemical shifts of
protons from aliphatic regions of amino acids of the target protein (especially o-protons).
This makes monitoring resonances from sugars bound to the isotope labeled protein very
challenging. Understanding how the protein functions in the presence of ligand during
binding is dependent upon knowing the geometry of its ligand. Therefore, additional
protocols are needed to improve the precision and sophistication of obtaining structural
information from GAGs.

Most GAG oligosaccharide structures have a reducing terminus with a reactive

anomeric center that can be modified in a number of ways (11). Because of this, the
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modification of the reducing end is commonly used with a number of reactions such as
Kochetkov amination, glycosylhydrazide formation, and reductive amination (12-17).
Functionalized GAG oligosaccharides can be used for sugar analysis, protein purification,
and binding affinity studies (12,14,18-20).

Here, we introduced the use of an organic spin-label molecule, 4-amino TEMPO
(amino-2,2,6,6-tetramethylpiperidine-1-oxyl) which possesses a nitroxide moiety (Fig. 1).
TEMPO is a red-orange chemical compound that is widely used as a stable radical
marker and a structural probe (21). In our study, it was incorporated into the reducing
end of CS hexasaccharide to synthesize a spin labeled analog of CS hexasaccharide.

CH3
N©O°

H2N CH3
H4C

Figure 2.1: The structure of 4-amino-TEMPO (amino-2,2,6,6-tetramethylpiperidine-1-
oxyl).

TEMPO has an unpaired electron in its nitroxide moiety that provides a
paramagnetic effect to neighboring spins as far away as 20 A, yielding long distance
constraints as well as RDCs. Thus, PREs can complement NOEs that provide short-
range distance constraints, roughly from 2 to 5 A. This reduces the intensity of the
resonances in most NMR experiments. In this research, *H->N HSQC spectra of the
Link module were collected in reduced and oxidized forms of spin-labeled CS

hexasaccharide.
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The difference of the intensity changes with reduced and oxidized TEMPO

analogs provides distance restraints according to Equation 1.

Ins K -
tn (22) = £ x ¢ x (£)x (r,+ 37 x [1+ wfed) D
Equation 1.

Inst @nd Ig are the peak intensities of resonances in the presence and absence of a
spin label, respectively. f is the fraction of the protein bound ligand, and t is the total time
during INEPT (insensitive nuclei enhanced by polarization transfer) and refocusing
periods of the HSQC pulse sequence. K is a constant related to spin properties of the
system (K=1/15*S(S+1)y’g°B?=1.23 X 10% cm®?), r is the distance between the
nitroxide and a spin of interest, 1. iS the effective correlation time for tumbling of the
protein, and oy (800 MHz 27) is the precession frequency for the amide proton. Along
with RDCs and NOEs, PREs provide useful distance constraints that will hugely improve
the quality of the complex compared to the one refined only with NOEs.

To functionalize the reducing end of the GAG oligosaccharide, chondroitin
sulfate hexasaccharide (AC444S), we chose a reductive amination with an appropriate
amine (4-amino TEMPOQO) to give the corresponding secondary amine (11,12,14).
Reductive amination of GAG oligosaccharides typically require extended reaction times
at low pH in the presence of an excess of amine to form an initial imine, which is then
reduced with an excess of reducing agent (6). The spin label derivative was separated by
HPLC. The molecular weight was confirmed using mass spectrometry followed by
acquiring 1D *H and 2D *H-"3C HSQC spectra to validate whether TEMPO remained in
its oxidized form on the sugar in solution. This chapter introduces the synthesis of the
spin label molecule; further applications of the interaction assay with Link-TSG-6 are

described in Chapter 4.
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2.2 Methodology for synthesizing AC444S-TEMPO

2.2.1 Materials and reagents

Chondroitin sulfate A from bovine trachea (btCS-A) and chondroitin AC lyase
from F. heparinum (EC 4.2.2.5) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). 4-amino-TEMPO was purchased from Acros organics. Sodium cyanoborohydride
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetic acid, methanol, and
acetonitrile were used to dissolve solutes for reaction and product analysis. Deuterium
oxide “100%” (D 99,96%) was purchased from Cambridge Isotope Laboratories, Inc.
(Andover, MA). Bio-Gel P-10, a resin in the form of fine polyacrylamide beads and a
polypropylene chromatographic column (1200 x 15 mm) for size-exclusion
chromatography and a 500 x 10 mm column for desalting were purchased from Bio-Rad
Life Science (Hercules, CA, USA). Sephadex G-15 resin and 1,9-dimethyl-
methyleneblue (dye content 80%) were purchased from Sigma-Aldrich Co (St. Louis,
MO). A pre-packed Spherisorb S10 SAX column (250 x 10 mm, 5 um) was obtained
from the Waters Corporation (Milford, MA).

2.2.2 Preparation of starting GAG material

The digestion of btCS-A with lyase AC was carried out by incubating 150 mg of
btCS-A with 0.33 units of enzyme in 5 ml of digestion buffer (50 mM Tris-HCI, pH 8,
150 mM sodium acetate, 100 pg/ml of BSA) at 37 °C for 210 min. After digestion was
completed, the sample was heated at 100 °C for 15 min to quench the activity of the
enzyme. A 5 ml digested sample was subjected to size-exclusion chromatography on a
Bio-Gel P-10 column (1200x 15 mm) with an elution solution of 1 M NaCl containing

10 % ethanol at a flow rate of 2 ml/15 min/fraction. The separation was monitored by
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UV absorbance at A = 232 nm. The tubes of the peak corresponding to the size of a
hexasaccharide were pooled and subjected to a G-15 column separation from salt using
an elution solution of ddH,O with a flow rate at 1 ml/ 7.5 min/fraction monitored at A =
232 nm. The hexasaccharide fractions were lyophilized and dissolved in water and
subjected to SAX chromatography (250 x 10 mm) employing a Waters HPLC system
using a linear gradient from 0 to 1 M of NaCl in H,O. Elution was monitored at A = 232
nm with a flow rate at 3 ml/min. The target peaks were collected and subjected to a G-15
desalting column to remove salt for further analysis. Detail procedures are explained in a
published paper included as an Appendix.

2.2.3 Reductive amination reaction

CS hexasaccharides and sodium cyanoborohydride were dissolved in 80 %
methanol and 4-amino TEMPO was dissolved in 80 % methanol and 16 % glacial acetic
acid. 1 mg AC444S-nr (non-reduced form) was added to 0.4 mL of solution with 73 mM
4-amino TEMPO and 250 mM sodium cyanoborohydride (NaCNBHS3). This was heated
at 65 °C for 3 h under anaerobic conditions, and allowed to cool to 25 °C. The products
were subjected to a G-15 desalting column and the fractions were monitored at A = 232
nm of UV absorbance. The factions of the target sugar were pooled and freeze-dried.

2.2.4 Separation of spin-labeled analogues using chromatography

The product from the reductive amination reaction was dissolved in 100 pL of
water and subjected to SAX-HPLC on a 250 x 10 mm column using a linear NacCl
gradient from 0 to 2 M in H,O (pH previously adjusted to 5.0 with HCI). Elution
occurred over a 60 min period at a flow rate of 3.0 mL/min. The separations were

monitored by UV absorption at A =232 nm for lyase-derived products. The peaks were
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collected separately, concentrated, desalted on a Sephadex G-15 column (500 x 10 mm),
and lyophilized.

2.2.5 Mass spectrometry

The samples in 50 % acetonitrile were subjected to nanospray ionization, and
analyzed in the negative ion mode with an LTQ-FT hybrid mass spectrometer (Thermo
Scientific, Waltham, MA) operating in the linear ion trap only mode. The sample was
infused through a hand-pulled silica capillary at a flow rate of ~0.6 pL/min, with an
electrospray voltage of 2.6 kV. Spectra were accumulated for one minute and averaged
to increase the signal-to-noise ratio.

2.2.6 NMR spectroscopy

1D proton and 2D *H-*C HSQC experiments were acquired for the chondroitin
sulfate and spin-labeled analog at 25 °C on a Varian/Agilent INOVA/DD2 800 MHz
spectrometer using a standard sequence from BioPack (Varian/Agilent). 1 mg of
AC444S and 0.2 mg of AC444S-TEMPO dissolved in 99.99 % D,0 in a 3 mm Shigemi
NMR tube (Shigemi.inc) were used to collect NMR data.
2.3 Results

2.3.1 Preparation of hexasaccharides of chondroitin sulfate

Representative data are presented here; detailed experimental data are shown in
the Appendix. Chondroitinase AC has been shown to exhibit a random endolytic action
pattern on chondroitin-6-sulfate (22). Hexasaccharides were separated from the sample
after treatment of btCS-A with AC lyase using size-exclusion chromatography (Bio-Gel
P-10, Fig. 2.2). The length of the digestion time is short like lyase ABC while the

digestion activity is similar to lyase C. The separation profile from SEC is quite simple
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showing that most of the digested oligomers belong to di- and tetra- oligosaccharides;
few hexasaccharides were obtained from the digestion (Fig. 2.2). The length of the
hexasaccharide was confirmed using mass spectrometry (data not shown). The mixture
of hexasaccharides was further separated by strong anion exchange chromatography

(SAX), and the separation profile is shown in Fig. 2.2B.
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Figure 2.2: SEC (A) and SAX (B) profiles of chondroitin sulfate hexasaccharides after
chondroitinase AC digestion with btCS-A.

Unexpectedly, only a single major peak was detected during separation. This was
further analyzed by 2D NMR spectroscopy in order to confirm its sulfation pattern along
the hexasaccharide (Fig. 2.3). As mentioned in the Appendix, a cross peak of C4-H4 at
the sulfated carbon on GalNAc is distinct and diagnostic for sulfated carbon. Fig. 2.3

confirms that three C4-H4 cross peaks of GalNAc from the non-reducing to the reducing
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end are observed with the order of the peaks from downfield to upfield in proton
dimension, respectively. Given this, it is likely that the hexasaccharide from lyase AC
digestion is mostly comprised of C4 sulfated GalINAc. This isomer is exactly what we

desired to separate for the study with protein
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Figure 2.3: 'H-*C HSQC spectrum of AC444S after SEC and SAX separations from
chondroitinase AC digestion. The cross peaks for C4-H4 of 4-sulfated GalNAc are in
circled in red.

AC444S and other isomers of chondroitin sulfate hexasaccharides were prepared
for the study with proteins in order to find the specificity of binding preferences for the
Link module. Before chondroitinase AC was used for btCS-A digestion, other enzymes
such as chondroitinase ABC and C and hyaluronidase had been used to depolymerize
native btCS-A and scCS-C. A representation of this digestion and the subsequent
production of several hexasaccharide isomers are shown in Fig. 2.4. The SEC profile for
chondroitinase C digestion of btCS-A in Fig. 2.4A shows that this enzyme depolymerizes
polysaccharides into higher order of longer oligomers than lyase AC (Fig. 2.2). Using

SAX-HPLC and based on relative charges, hexasaccharides from SEC were separated
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into three major isomers, AC666S, AC466S and AC444S (Fig. 2.4B). Sulfation patterns

for each isomer were confirmed using NMR assignment (see Appendix).
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Figure 2.4: Size-exclusion (A) and SAX chromatography analyses of the products from
chondroitinase C digestion of btCS-A. (A) Gel filtration chromatography on Bio-Gel P-
10 of the CS digested over 2 Days. The numbers on top of each peak represent the
number of sugar rings. (B) SAX-HPLC of the fraction of hexasaccharides from size-
exclusionchromatography. Homogeneous hexasaccharides were obtained with a gradient
of 2 M NaCl from 25 to 45%. (nr: non-reduced end). (C) Structures of sugars are drawn
in ChemDraw (used for titrations and structure determination): a-AC664S; b-AC444S; c-

C664S; d-C444S.
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From these enzyme degradation assays, four isomers of chondroitin sulfate were obtained
and assigned for the study of the interaction with the Link module as described in
Chapter 4. The structures of four CS hexasaccharides are shown in Fig 2.4C (a-d). More

detailed methods and results are provided in the Appendix.

2.3.2 Synthesis of spin-labeled glycosaminoglycans

4-amino-TEMPO is a very stable spin-labeled material that has an unpaired
electron. Due to the solubility limitations of the sugar, 80% MeOH was used to dissolve
all materials that were used in this reaction. Since better yields require low pH 4-5, 16%
acetic acid was added to the TEMPO preparation. As in most reductive amination
reactions, an excess of amine was added to the sugar to form a Schiff base; approximately
100-fold molar excess 4-amino-TEMPO was used. The imine was reduced to the

corresponding aminodeoxyalditol using NaCNBHj3 (Fig. 2.5).
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Figure 2.5: Reductive amination of AC444S with 4-amino-TEMPO.
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The mixture of the sugar, 4-amino-TEMPO, and NaCNBH3; was heated at 65 °C for 3 h,

then cooled to room temperature and passed through a desalting column. Figure 2.5

depicts this reductive amination reaction.

2.3.3 Separation of spin-labeled-GAG

Lyophilized material from the desalting column was dissolved in 100 pl H,O and
the sample was subjected to SAX chromatography. Figure 2.6A shows the separation of
the reactants from the reductive amination reaction. Because TEMPO materials were

retained on the column longer than the corresponding sugars without TEMPO, they were

eluted later than sugar as shown in Fig. 2.6A.
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Figure 2.6: SAX-HPLC chrdmatograph (A) and Mass spectrum (B) of AC444S-TEMPO.
The red arrow indicates the target peak, AC444S-TEMPO.
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The peak of the spin-labeled derivative AC444S-TEMPO is indicated by the red arrow.
ESI-MS confirmed its mass to be 1533.54 (Fig. 2.6B). Using mass spectrometry, the
remaining peaks from the SAX column were confirmed to be isomers of AC444S or the
Schiff-base form of AC444S-TEMPO. The first step in the Schiff-base reaction is
reversible; this reaction is normally conducted under anaerobic conditions. Although the
yield of this reaction typically is more than 90 % in anaerobic conditions with dry solvent,
a poor yield (40%) was achieved in this study. This might have resulted from solubility
issues of the GAG in 80 % MeOH, producing an unfavorable environment for this
reaction.

The existence of the TEMPO moiety at the reducing end of AC444S was
examined by 1D 'H and 2D *H-*C HSQC experiments. The spectra show poor water
suppression around peak 4.7 ppm. This is due to incomplete water removal when the
sample was prepared by exchanging water to 99 % D,0. However, the peaks from the
samples are observable and analyzable. As shown in Fig. 2.7, a 1D proton spectrum for
AC444S was acquired with decent resolution showing clear sharp peaks. Otherwise,
most of the peaks from AC444S experienced line broadening due to the paramagnetic
enhancement relaxation effects of the free radical on TEMPO. Several peaks completely
disappeared which are mostly from the rings close to the reducing end. This was clearly
confirmed by 2D 'H-*C HSQC spectra (Fig. 2.8). A complete assignment of AC444S
with labels is given in Fig. 2.8A. The region of *C dimension from 50 to 92 ppm and of
'H dimension from 1.6 to 6.2 ppm is enlarged, so that the C1-H1 cross peaks from the all
sugar rings except AU3, and C4-H4 and C1-H1 cross peaks from AU3 are excluded. As

expected, most peaks from the G1 and U1 rings were perturbed and lost their cross peaks
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(Fig. 2.8B). Some of the peaks from the G2 and U2 rings experienced PRE effects from
TEMPO, showing reduced peak intensity as well as peak broadening. As previously
mentioned, the TEMPO derivative remained in its oxidized form in solution. As shown in
Fig 2.7 and 2.8, it is likely that almost all resonances were perturbed due to the PRE

effect.

AC444S

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
59 5.8 5.7 5.6 5.5 5.4 53 5.2 5.1 5.0 49 4.8 47 46 45 44 43 4.2 4.1 4.0 39 38 37 36 35 34 33 32 31 ]
osa

AC444S-TEMPO UW ACSREN Q

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
5.9 5.8 5.7 5.6 5.5 5.4 5.3 5.2 51 5.0 4.9 4.8 4.7 4.6 4.5 4.4 43 4.2 4.1 4.0 39 38 37 36 35 34 33 3.2 31
f1 (pom)

Figure 2.7: 1D proton spectrum of AC444S (upper panel) and AC444S-TEMPO (lower
panel). Insets at the right corner in A and B show the structures for AC444S and
AC444S-TEMPO.
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Figure 2.8: 'H-3C HSQC spectra of AC444S (A) and AC444S-TEMPO (B). Peak
assignments are labeled for AC444S and peaks perturbed by TEMPO are labeled in red.
Asterisk indicates that the peak is suppressed with water.
2.4 Discussion

Homogeneous hexasaccharides were separated successfully using enzymatic
degradation of btCS-A and scCS-C. With these approaches, not only fully 4-sulfated
chondroitin sulfate but also other isomers of various combination of 4- and 6-sulfated
chondroitin sulfate were homogeneously prepared. Also, we found that lyase AC
treatment of btCS-A vyielded primarily fully 4-sulfated chondroitin hexasaccharide. This
satisfied our need for fully 4-sulfated hexasaccharide of CS to be used in various
experiments in the study of Link module - CS interaction.

Even though reductive amination reactions are a standard method of producing
amines in both academic and pharmaceutical laboratories, there are only a few cases in
which TEMPO-labeled glycans have been used to study a glycan-protein complex (23).

Here, we successfully synthesized a TEMPO-labeled chondroitin sulfate hexasaccharide.

Before working with the hexasaccharide, the reductive amination reaction was tested with
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a disaccharide of chondroitin sulfate using the methods described above (data not shown).
In this case, the yield of the reaction was more than 80 % and the separation of the
products using SAX-HPLC was clear. However, there were difficulties dissolving the
hexasaccharide in dry ethanol. To increase the solubility of the hexasaccharide, we used
80 % MeOH. As the results show, the yield was still low. However, NMR confirmed that
a TEMPO analog was successfully synthesized. More extensive work is needed to
increase the yield for this reaction with unsaturated GAGs. The separated CS isomers
and synthesized TEMPO derivative were used for the protein and GAG binding studies
and structure determinations presented in Chapters 3 and 4.
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CHAPTER 3
NMR RESONANCE ASSIGNMENTS OF UNIFORMELY LABELED LINK
MODULE OF TSG-6

3.1 Introduction

Since 1970s, more than 100,000 structures of proteins and protein-nucleic acid
complexes have been deposited in Protein Data Bank (http://www.rcsb.org/). There are
three main approaches for determining protein structures. The most widely used is X-ray
crystallography. Once a sample is crystallized it is often straightforward to solve the
structure. However, not all systems form suitable crystals and if dynamics as well as
structure are of interest methods based on NMR may be appropriate. Nuclear Magnetic
Resonance (NMR) spectroscopy is the second most frequently used structural method.
Approximately 10,000 structures currently deposited in the Protein Data Bank have been
determined by NMR spectroscopy. As the importance of understanding the effect of
protein dynamics on physiological function grows, NMR continues to become a method
of choice. However, the weaknesses of NMR include its size limitation and low
sensitivity. Early applications of protein NMR were based on *H homonuclear NMR
spectroscopy; for example, COSY (COrrelation SpectroscopY), TOCSY (TOtal
Correlation SpectroscopY), and NOESY (Nuclear Overhauser Effect SpectroscopY),
were utilized to determine protein structure. As protein size increases beyond 20 kDa,
overlap and broadening of signals due to increasing T2 relaxation rates are observed. The
spectrum becomes crowded and assignment accuracy is compromised. These issues have

been resolved by adapting a triple resonance assignment strategy that allow *H spectra to
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be edited with respect to **C and *°N chemical shifts and simplified. A 3D experiment is
obtained by concatenating two 2D experiments, so that the 2D is extended into a third
dimension. For instance, the HNCO experiment, is basically a 2D *H-N HSQC
spectrum, where x and y axes are *H and N of i residue, respectively with **C chemical
shift of carbonyl carbons added in an indirectly detected z dimension. The peaks on the
2D plane move along the z axis to the *C ppm value for the CO group of residue i-1.
This carbon is selectively detected at due to the large scaler coupling of the directly
bonded C and N atoms in the amide bond. The rest of the 3D experiments rely on similar
principles with different observable nuclei at x, y and z axes depending on the
researcher’s objective. These 3D NMR techniques as well as 4D experiments have

enhanced the accuracy of determining protein structures.
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Figure 3.1: Simplified schematic of 3D NMR spectroscopy. A) representation of a 2D
'H-*N HSQC spectrum. Blue circles indicate individual cross peaks of amide proton and
nitrogen on a protein backbone. B) representation of 3D HNCO - cross peaks have
moved along the axis for carbon.

Most structural data for NMR experiments have come from Nuclear Overhauser
Effects (NOES) where connectivities are established by the 1/r® dependence of
magnetization transfer from one proton to another. A 3D °N edited NOESY spectrum

has one N dimension and two *H dimension.
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A method of growing importance in determining a structure is molecular
modeling. It has been used in cases of the failure to achieve structures from both X-ray
crystallography and NMR. This approach uses known structures (templates) with >20 %
sequence identity to produce a structural model of a target protein since a high level of
sequence similarity between template and target usually implies significant structure
similarity (1). Electron microscopy may also be used in combination with X-ray
crystallography or NMR spectroscopy to define atomic information for macromolecular
structures.

As mentioned previously, the Link module is an HA binding protein with
structures determined by X-Ray crystallography and NMR spectroscopy (2PF5.pdb and
107C.pdb, respectively) (2,3). In these structures, Link module has been extensively
studied in ligand free forms (both X-Ray and NMR studies) and HA bound forms (NMR
study). In addition, docking predictions and site-directed mutagenesis show that the
interaction between Link-TSG-6 and heparin/heparan sulfate (Hp/HS) occurs at a distinct
site from the HA binding groove (4). In addition to HA and Hp/HS, chondroitin sulfates
(CSs) are another type of glycosaminoglycan that binds to Link in the ECM. Although an
interaction has been confirmed by previous studies (5-9), there is a lack of structural
information to explain the mechanism of this binding.

There are three reasons to pursue further structural studies of the Link module in
complex with CS. Firstly, the binding sites for CS hexasaccharide that we defined with
chemical shift perturbation experiments appear to differ slightly from those of HA.
Secondly, the experimental RDCs that we obtained did not fit well into existing structures,

suggesting that there is a huge possibility of a structural change in the Link module in the

43



presence of CS. Lastly, we found that binding of CS hexasaccharide to Link module
seems to induce dimerization of the protein. Taken all together, there is a need for a new
structure in the presence of a well-defined CS hexasaccharide to understand the behavior
of Link module in the interaction with CS. Herein, we used a NMR methodology to
determine the Link module structure in solution.

Link module of TSG-6 is of a size, 11 kDa that is amenable to study using NMR
structural methods. To begin, standard 2D and 3D experiments, *H-">N HSQC, HNCO,
CBCA(CO)NH, HNCACB, **C-edited HSQC-NOESY, N-edited HSQC-NOESY and
HCCH-TOCSY were collected. The name of the experiments implies the route for
magnetization transfer among the nuclei of interest. Most protein assignments begin with
the 'H-">N HSQC (heteronuclear single quantum coherence) experiment which gives
cross peaks of amide protons and nitrogen in the peptide bond. Each residue except
proline (that lacks an HN group) produces an individual signal in this spectrum,
observing the peak dispersion and counting the number of peaks give a quick assessment
of the folding status of a protein and the quality of the sample. Optimized parameters and
settings are needed for each experiment because the relative sensitivity varies with
respect to the type according to the experiments.

For 3D experiments, protein backbone assignments are conducted first using the
appearance of CA and CB peaks of identical chemical shift connected with H-N
crosspeaks of i and i-1 residues. For this, *H-"N HSQC, HNCACB, and CBCA(CO)NH
spectra are acquired and screened to find matching peaks. HNCACB shows correlations
between amide peaks of the residue (i) and the CA and CB of the same residue (i) as well

as those of the preceding residue (i-1). CBCA(CO)NH is a companion experiment to
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HNCACB and identifies the CA and CB of the preceding residue (i-1). The HNCO
experiment provides correlations between amide protons and nitrogen and the carbonyl
carbon of preceding residues (i-1). Therefore, carbonyl carbon chemical shifts can be
generally assigned in HNCO experiments. With these experiments, sequential assignment
of the protein backbone can be completed. For the side chains of amino acids, the
HCCH-TOCSY experiment provides *H and *3C connectivity to side chain sites. The
detailed analysis based on experimental data is provided in the results section of this
chapter.

For all experiments described above, magnetization transfers occur through large
heteronuclear one-bond couplings. However, as more magnetization transfer steps are set
in the pulse sequences of the experiment, a reduced amount of returning magnetization is
detected, resulting in a poor signal-to-noise ratio which can affect the quality of the
spectrum. To compensate, concentrated samples of protein are required to increase the
sensitivity of these experiments.

Once the chemical shift assignment is completed, distance restraints are collected
using *H-°N-edited HSQC-NOESY and ‘H-**C-edited HSQC-NOESY experiments.
These are comprised of a homonuclear pulse sequence of NOESY and an HSQC pulse
sequence for *H-">N and 'H-3C spins. In addition, these resolve crosspeaks between
protons (*H) according to the chemical shift of the heteronuclei bonded directly to one of
the protons. In *H->N-edited HSQC-NOESY spectra, HA-HN and HN-HN cross peaks
are dominantly seen as well as cross peaks for other pairs of protons close in space. In
the 'H-*C-edited HSQC-NOESY spectrum, NOE cross peaks between any H and

aliphatic Hs are observed. These are the standard methods determining structures in
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solution, providing that the NOE cross peaks have distance between nuclei within 2-5 A.
Moreover, these will be used in structural calculations for generating reasonable
structures.

Residual Dipolar Coupling (RDC) is also informative for structure determination
and has been used to restrict the orientations of bond vectors between pairs of spin %
nuclei to produce data that describe the relative geometry of remote parts of the ligand
and the orientation of a ligand relative to a protein. Due to Brownian motion, dipolar
couplings average to zero under isotropic conditions in solution, but they can be observed
under anisotropic conditions in alignment media such as bicelles, bacteriophages
polyacrylamide gels, or alkyl-polyethyleneglycol ether (PEG) dispersions. The selection
of a particular medium is chosen based on the properties of the protein. Dipolar
couplings are potentially quite large interactions and are caused by the magnetic field
produced by one nucleus (i) affecting the energy of another nuclear spin state (j) (Fig.

3.2).

-

Figure 3.2: Dipolar coupled spin pair. iand j indicate NMR active nuclei with a distance
of r. 0 is an angle between an internuclear vector and the magnetic field (Bo).

RDCs are useful for structure characterization because they depends on distance,

orientation, and dynamics. The orientational dependence of RDCs stems from a

46



contribution to couplings that is proportional to the average of (3cos?6 —1)/2
where 6 is the angle between the external magnetic field (Bo) and the vector of interest
(Eqg.1). The average angular dependence of the RDC for a pair of spin 1/2 nuclei can be

described by Equation 1

D

_ KeYivih 3cos?6 -1
I= Gy 2
Equation 1.

where Djj is the residual dipolar coupling in Hz between nuclei i and j, y; and vy; are
nuclear gyromagnetic ratios, rj is the internuclear distance, and h is Planck’s constant.
The brackets denote a time average of the quantity. From a series of Dj;s, the information
on relative angles 6, are provided. Many measurements of RDCs are made between pairs
of bonded nuclei, so that r is fixed. RDCs have, thus, been used primarily to provide
angular information. Knowing angle 8 is useful for defining a molecule structure. There
have been many applications of RDCs for determining solution structures of proteins
without a ligand whereas there have been few applications to determine solution
structures of protein bound ligands (10). RDCs can define the average orientation of the
bound ligand with respect to the protein. Establishing the orientation of a ligand with
respect to a protein may make it possible to determine complexed protein structures.
RDCs can be measured by various NMR experiments. Since RDC between two J-
coupled spins, i and j, has an important property that Dj; is added to the isotropic coupling
constant, J, effective coupling constants, Jer = J + Dj; can be measured. Therefore,
measurements of J in isotropic solution and Jesr in anisotropic solution are needed to

derive a Dj; value for structure determination. RDCs are an ideal complement to NOEs
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that are traditionally used as distance constraints for structure determination.

With all assignments made and restraints collected, structural calculation and
refinement can be conducted. The chemical shifts of HA, CA, CB, CO, and N in a
protein backbone rely on secondary structures and are used to predict the secondary
structure of the protein. Normally, once all backbone heavy atoms are assigned, TALOS
(Torsion  Angle Likeliness Obtained from Shift and Sequence Similarity,
http://spin.niddk.nih.gov/bax/nmrserver/talos/) (11) is used to predict phi (N-C-CA-N)
and psi (C-CA-N-C) backbone torsion angles based on the chemical shifts (HN, HA, HB,
CA, CB, and N) and sequence information. The Link module structure bound to CS
hexasaccharide was calculated using CYANA (Combined Assignment and
Dynamics Algorithm for NMR Applications) Version 3.0 (12-15). This program is for
automated structure calculation on the basis of conformational restraints made by NMR.
Link module soluble structures were further refined using XPLOR-NIH version 2.28 (16);
all structure calculations were carried out with NOEs, torsion angles, and RDC data.
Structural statistics and global structure quality were computed using the PSVS (Protein
Structure Validation Server) version 1.5 software package (17). This evaluates the
quality of a protein structure and provides quality scores. The final ensemble of 20
refined models with lowest total energy were chosen and deposited in the Biological
Magnetic Resonance Data Bank (BMRB).

3.2 Experimental Procedures

3.2.1 Expression, purification and refolding of **C, °N labeled Link-TSG-6

The engineered gene of Link-TSG-6 provided by Dr. Tony Day’s laboratory in

the pRK172 expression vector was transformed into the expression host
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BL21(DE3)pLysS. The starter cultures were grown in LB medium containing 100 pg/ml
ampicillin, overnight. 10 ml of grown cells were transferred to 1 L M9 medium enriched
with 1 g N labeled NH,Cl and 2 g **C labeled glucose and protein expression was
induced by adding 0.1 mM IPTG when ODgoonm Was 0.4. Cells were harvested 4 h after
induction by centrifugation for 15 min at 5000 g and stored at -20 °C in lysis buffer (50
mM Tris-HCI, pH 7.8, 150 mM NaCl, and 1 mM EDTA). Cells were lysed by three
passages through a French press cell then inclusion bodies were gathered by
centrifugation for 45 min at 20000 g (18) and solubilized in 6 M Guanidine-HCI
containing 50 mM Tris-HCI, pH8.0, and 100 mM DTT. Solubilized inclusion bodies
were loaded onto a Superdex 75 (16 x 260 mm, Pharmacia) exclusion column,
equilibrated and run with a flow rate at Iml/min in the same buffer as above without DTT.
Fractions containing the target protein were injected onto a C4 column (10 x 250 mm,
YMC) and equilibrated with 100% H,O containing 0.01% TFA, with a flow rate of
3ml/min. After 5 min, the protein was eluted by linear gradients from 0 to 80%
acetonitrile containing 0.1% TFA over 40 min. The eluent was monitored at 220nm
continuously. Eluent containing the Link module was collected and lyophilized.

Since the Link module protein was induced in E. coli it could not be produced as
a 100% folded protein. Link-TSG-6, therefore, was refolded from its denatured state by
resuspending it in 50 mM ammonium acetate at pH 6.0 to a concentration of 500 ug/ml
(45.78 uM, 40 ml final volume). A 100-fold molar excess of B-mercaptoethanol (12.8 ul)
was added, and the refolding solution was incubated at 25 °C for 2 days under aerobic
conditions without stirring. After 2 days, the refolding solution was stored at 4 °C for 5

days. The folded Link-TSG-6 protein was purified by HPLC-C4 column.
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3.2.2 Preparation of chondroitin sulfate hexasaccharide

The procedure for the preparation of AC444S can be found in Chapter 2 and
Appendix.

3.2.3 NMR spectroscopy

'H-*'N HSQC, HNCO, CBCA(CO)NH, NHCACB and HCCH-TOCSY NMR
spectra were acquired on a Varian 600 spectrometer at 25 °C. N, *C-edited HSQC-
NOESYs were acquired on a Varian 800 spectrometer at 25 °C. Spectra were processed
with nmrPipe and analyzed using Sparky. Complete backbone and side chain resonance
assignments were obtained with 0.5 mM *3C and **N enriched Link-TSG-6 in a buffer of
50 mM MES at pH 6 in the presence of 0.6 mM AC444S using the following
heteronuclear 2D and 3D experiments; 'H-N HSQC, HNCO, CBCA(CO)NH,
NHCACB, N, 2C-edited HSQC-NOESYs, and HCCH-TOCSY. RDCs were measured
on a 0.5 mM Link-TSG-6 sample in the presence 1 mM sugar a buffer of 50 mM MES at
pH 6 aligned in stretched neutral polyacrylamide gel using a two-stage gel NMR tube
described in Liu et al. (19). RDC values were measured using an IPAP-HSQC (in-phase
and anti-phase) experiment (20).

3.2.4 Structure calculations

Chemical shift assignment was carried out using Sparky (21) with a series of
spectra, ‘"H-"N HSQC, HNCO, CBCA(CO)NH, NHCACB, *N, *C-edited HSQC-
NOESYs, and HCCH-TOCSY. These assignments are essential for structure
determination using structure determination programs. Protein backbone torsion angles
of the protein backbone were calculated by TALOS and measured chemical shift for HA,

CA, CB, CO, and N atoms (http://spin.niddk.nih.gov/bax/nmrserver/talos/). TALOS also
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predicts the secondary structure of the target protein, which is valuable information for
structure comparisons. With the given chemical shift assignments, manually assigned
NOE restraints were used for structure calculations in CYANA version 3.0. XPLOR-
NIH version 2.28 was employed to refine NMR models including dihedral angles, RDC
restraints and calibrated NOE data.

3.3 Results

3.3.1 The assignment of the Link-TSG-6:AC444S complex

The solution structure of the Link-TSG-6:AC444S complex was determined using
triple resonance NMR, °N-,*3C-filtered NOESY experiments, and RDC data. The
backbone assignment was determined using a series of 3D experiments, CBCA(CO)NH,
HNCACB, HNCO and 2D 'H-®N HSQC. The assignment of the amide proton and

nitrogen resonances in *H-">N HSQC spectra is shown in Fig. 3.3.
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Figure 3.3: *H-""N HSQC spectrum of the Link module of TSG-6 in its AC444S-bound
state. Individual backbone assignments are labeled. Side chain assignments for Trp and
Asn are also included. This spectrum was acquired at 600 MHz spectrometer at 25 °C pH
6 in the presence of 50 mM MES buffer with 10 % D,0.
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The sequence of the Link module is given below.

G'VYHREARSGKYKLTYAEAKAVCEFEGGHLATYKQLEAARKIGFHVCAAGWM

AKGRVGYPIVKPGPNCGFGKTGIIDYGIRLNRSERWDAYCYNPHAK®,

Excluding prolines (four prolines exist in Link), 94 cross peaks should have been
observed. However, only 88 H-N cross peaks were assigned. The resonances of G1,
V62, G65, G69, F70, G71, and L82 were not observed. This may have been due to
chemical exchange broadening or from chemical shift occurring in a region with
extensive overlap or interference from the water resonance.

The HNCACB correlates each NH group with the CA and CB chemical shifts of
its own residue (intense peaks) and of the preceding residue (weak peaks). Then, the
CBCA(CO)NH confirms the assignment by showing only the correlation between a given
H-N group and the CA and CB chemical shifts of the preceding residue (Fig. 3.4A). The
strip plots of CBCA(CO)NH and HNCACB spectra for residues from V2 to K13 are
shown in Fig 3.4B. In the same NH strip for the V2 resonance (8.48 and 122.7 ppm), one
peak was found in the CBCA(CO)NH to be the CA (43.39 ppm) of G1, and three peaks
were observed in HNCACB. One was CA of the preceding residue, G1, and two were
CA (60.54 ppm) and CB (33.3 ppm) of V2. Y3 was assigned by searching for a H-N
cross peak that has CA (60.54 ppm) and CB (33.3 ppm) correlations of V2 in the
CBCA(CO)NH spectrum. These were found at 8.715 and 120.19 ppm for H and N,
respectively. Then this confirmed by the NHCACB whether it had CA and CB cross
peaks that belongs to Y3. Reasonable values of chemical shifts for CA and CB of
Tyrosine were observed (56.02 and 40.32 ppm, respectively) so that assignment could be

confirmed. The remaining residues were assigned in the same manner.
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Average values and statistics for random coil backbone chemical shifts for individual
amino acids are shown in Table 3.1.

Table 3.1: CA and CB chemical shifts for random coil backbone (22).

Name of residue CA (ppm) | CB (ppm)
Ala 52.1 19.3
Cys (Reduced/Oxidized) 58.2/55.3 29.4/40.5
Asp 53.8 41.2
Glu 56.3 30.3
Phe 57.2 30.3
Gly 45.2
His 55.3 30.1
Ile 60.4 38.7
Lys 56.2 32.8
Leu 54.5 42.5
Met 55.4 33.7
Asn 53.0 38.9
Pro 62.6 31.9
Gln 55.5 29.4
Arg 55.9 31.0
Ser 58.1 64.1
Thr 60.9 69.7
Val 61.4 32.8
Trp 57.3 30.4
Tyr 57.6 394

Even though this is specific for residues in a random coil, it suggests possible
chemical shift ranges for residues of a folded protein and was used as a reference for all
assignments in this study. Moreover, the presence of a disulfide bonds can be confirmed
by the chemical shifts of CA and CB. In general, chemical shifts of CA and CB of the
cysteine in a disulfide bond are observed further downfield than those with a free cysteine.
The Link module has four cysteines at residues 23, 47, 68 and 92, and forms two

disulfide bonds between 23 and 92, and 47 and 68. Each CA and CB of each cysteine
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agrees with the chemical shift ranges provided by BMRB (22): C23 (55.22/33.56), C47
(55.39/44.58), C68 (54.46/44.32), and C92 (50.57/37.74) were assigned. If there is no
proline between residues, a sequential assignment can be carried out in single procession.
However, four prolines exist at positions 60, 64, 66 and 95 in the sequence of the Link
module. Because of this, as well as the absence of certain cross peaks in *H->N HSQC,
making assignments for the region between 60 and 70 was challenging. Chemical shifts
of CA and CB for disappearing resonances (G1, V62, G71, and L82) could be assigned
using data from the CBCA(CO)NH strip of the i+1 residue. Unfortunately, the absence
of HSQC cross peaks for G69, F70, and G71 prevents assignment of G69 and F70. CA
and CB chemical shifts for P62, P66, and P95 were assigned from the CBCA(CO)NH
strip of the following residues. However, those of P64 could not be assigned because
G65 was missing.

An HNCO experiment was acquired to assign carbonyl carbons on the peptide
linkage of the backbone. Figures 3.5 and 3.6 demonstrate how carbonyl carbons were
assigned. The magnetization transfer begins from an amide proton to an amide nitrogen
and then is transferred to the carbonyl carbon of a preceding residue via selective N-CO J
coupling. The magnetization is transferred back to the amide proton to be detected.
From the 3D HNCO experiment, 2D projection plots of amide protons and amide
nitrogen, and amide protons and carbonyl carbons can be obtained by processing data as
shown in Fig 3.5. Carbonyl carbons can be assigned by matching cross peaks in the 2D
amide proton — amide nitrogen (HN-N) projection of the HNCO (Fig. 3.5C) to an
assigned *H-"N HSQC spectrum match. The CO cross peak visible on a column rising

from a well resolved HN-N cross peak belongs to the preceding residue.
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In the case of overlapping HN-N cross peaks resolution can often be achieved in the CO

dimension of a 3D HNCO experiment.
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Figure 3.5: 3D HNCO experiment. (A) illustrates how magnetization is passed from H to
>N and then selectively to the carbonyl carbon of the preceding residue through N-C J
coupling. Blue circles and arrows indicate the detection of nuclei and magnetization
flows. (B) and (C) show 2D spectra of H-N and H-CO, respectively. The 2D plot of H-N
(B) is identical to the *H-">N HSQC spectrum. H-CO plot (C) has cross peaks of amide
protons correlated with carbonyl carbon via selective N-CO J coupling.

An illustration of CO assignment using the SPARKY software package (21) is shown in
Fig. 3.6. The valine of residue 2 (label with V2 in the figure) is selected in the HN-N
projection (Fig. 3.6A) and a strip plot of a section of the amide proton and carbonyl
carbon plane at a corresponding amide nitrogen chemical shift is chosen (Fig. 3.6B).
Although several cross peaks are observed in the strip plot, there is only one matching the

CO cross peak of the preceding residue G1. In this manner, the rest of the CO resonances

were assigned.
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Figure 3.6: Strip plot of 3D HNCO experiment. (ZA)H :EZWS the cross peak for V2 in 'H-
>N HSQC projection. (B) shows a strip from an *H-'3CO plane at the °N chemical shift
of V2 with a line at the V2 *HN chemical shift. It shows one CO cross peak belonging
to the preceding residue, G1.

Side chain assignments were carried out using an HCCH-TOCSY experiment.
The resulting 3D spectrum shows crosspeaks at the chemical shifts for a particular proton
carbon pair (C-H) in one projection and crosspeaks at proton chemical shifts for any sites
on the same sidechain fall on vertical lines emanating from a selected proton the selected
C-H crosspeak.. Magnetization transfer begins from the side chain hydrogens and passes
to their attached carbons for evolution. After mixing among carbons, the magnetization
is transferred back to attached hydrogens for detection (Fig. 3.7A). Here V2 is presented
as an example (Fig 3.7 B and C). The chemical shifts of CA (60.54 ppm) and CB (33.3
ppm) were assigned using CBCA(CO)NH and HNCACB experiments, above. The strip
plot at 60.54 ppm (the shift of CA) of HCCH-TOCSY was selected. Then cross peaks of
HB and HG correlating with HA were observed: HB=1.35 ppm; HG1=0.865 ppm;

HG2=0.794 ppm (Fig. 3.6B). At 33.3 ppm of CB strip plot, cross peaks of HA, HG1, and
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HG2 were observed, correlating with HB (Fig. 3.7C). Rest of the side chain assignments

for remaining residues was carried out in the same manner.
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Figure 3.7: Assignment of side chain using HCCH-TOCSY. (A) shows the
magnetization transfer flow between side chains circled in blue for i and i-1 residues. (B)
shows the CH strip at the CA chemical shift of V2, cross peaks are highlighted and
labeled in the red box. (C) shows a CH strip at the chemical shift of CB of V2, cross
peaks correlating with HB are highlighted and labeled in the green box.

Based on the above stated assignments of backbone and side chains,
heteronuclear-edited NMR experiments were exploited such as *H-*N HSQC-NOESY

and *H-"3C HSQC-NOESY. The spectra were used to obtain NOE restraints for structure
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refinement. As expected from previous experiments, the magnetization during *H-°N
HSQC-NOESY and 'H-*C HSQC-NOESY began with protons, passed to directly
bonded *°N and then *3C nuclei. This magnetization was exchanged between all protons
close together within 6 A and transferred to neighboring N or **C and back to 'H
attached to **N or *C for detection (Fig. 3.8). In *H-""N HSQC-NOESY, any proton
nuclei close to the proton being detected within 5-6 A can be observed and provide useful

distance restraint for protein structure calculation.

Figure 3.8: General scheme of NOEs observed in *H-**C HSQC-NOESY (A) and *H-"*N
HSQC-NOESY (B) experiments. Blue circles and arrows in (A) indicate possible intra-
residue NOEs which can be detected in *H-*C HSQC-NOESY. Red circles and arrows
represent possible intra-residue NOEs which can be detected *H-N HSQC-NOESY.
Additional inter-resdiue NOEs will also be observed. 4096 x 144 x 128 data points were
collected in each dimension in *H-"*C HSQC-NOESY experiment in which length of
acquisition was about 24 hr. 1722 x 144 x 80 data points were collected in *H-"N
HSQC-NOESY experiment for 50 hr. NMR spectroscopy was carried out on 800 MHz
spectrometer.
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A sample set of spectra of V2 is provided in Fig. 3.9. The first H-H projection at the
B3CA chemical shift of 60.33 shows NOE cross peaks of V2HA correlating with Y3HN,
Y93HE, Y93HA, V2HB, and V2HG1. Even though Y93HE and Y93HA are not close to
the V2HA in the sequence, they are close enough to correlate through dipolar coupling in

space. NOEs for other projections in Fig. 3.9 were assigned in the same manner.
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Figure 3.9: Strips from *H-*C HSQC-NOESY (first three strip plots from the left) and
'H->N HSQC-NOESY (strip plot, far right) for V2 of the Link-TSG-6:AC444S complex.
The cross peaks in *H-'H projections at CA, CB, and CG1 chemical shifts are presented
in blue boxes. The red box indicates cross peaks at the NH chemical shift of V2. The
labels are on the first projection of CA.

In addition to NOEs, residual dipolar coupling restraints were obtained from

IPAP-HSQC experiments for the oriented and isotropic phase. A neutral polyacrylamide
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gel was used to align the molecule for RDC measurement. Because the protein tends to
have a positive charge while the sugar has a negative charge at pH 6, the only possibility
was to place the protein-ligand complex in a neutral gel to avoid unwanted charge-charge
interactions between the molecules and alignment media. Two-stage NMR tubes were
used to acquire spectra for the RDCs (19). A neutral gel containing the protein-ligand
complex sample was placed into the upper part of the NMR tube for acquiring isotropic
data as shown in Fig 3.10 (left). The sample was then drawn into the lower narrower part

in order to stretch the gel and align the molecule in the gel (Fig. 3.10, right tube).

Gel,
isotropic

S22

Gel, —>
stretched

il

Figure 3.10: Two-stage NMR tube for RDC experiments.

The experiment was performed by acquiring two sets of data in an interleaved
manner. One set of data gives a doublet with the same sign and is referred to as in-phase
(IP). Another set of data has a doublet with the opposite sign that is referred to as anti-
phase (AP). The addition and subtraction of the IP and AP spectra provides two spectra
with the appearance of normal *H-">N HSQC but with the *°N chemical shifts displaced

by either +Jyu/2 or —Jnn/2 as shown in Fig. 3.11.
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Figure 3.11: Spectra of IPAP-HSQC experiments for isotropic (A) and oriented (B)
samples. Subtracted and summed spectra are shown in black and red in A and B,
respectively. Observed noise at 6.9 and 7.7 ppm are from alignment media.

J coupling of each residue can be obtained by measuring the difference of two peaks in

the >N chemical shift at two spectra for the isotropic sample. J+D couplings with



oriented samples are measured in the same way as the J coupling. D values were

assigned by subtracting J from J+D. Resonances that either overlapped with other

resonances or experienced peak broadening in at least one spectrum were excluded.

In the end, 46 RDCs were obtained with an experimental error of +/- 1.6 Hz as

shown in Table 3.2. These were fitted onto existing structure in its HA bound state (first

model of the ensemble was selected, 107C.pdb) in order to validate RDCs.

Table 3.2: RDCs of the Link-TSG-6:AC444S complex aligned in neutral gel measured
with IPAP-HSQC.

Residue  RDC (Hz) | Residue  RDC (Hz)
V2 -5.2 F44 -4.7
Y3 -13.1 A48 -3.0
R8 -17.8 M52 16.1
S9 -12.2 A53 1.2
G10 -1.4 K54 3.4
K11 -13.7 G55 19.2
K13 10.7 R56 1.7
L14 -6.5 N67 7.4
T15 6.0 C68 -9.4
Al7 13.5 T73 13.6
E18 12.9 G74 7.2
A19 19.4 175 4.7
K20 10.0 G79 5.4
A21 8.2 180 11.7
V22 13.8 N83 -14.4
L30 -14.3 S85 17.1
Y33 -7.0 E86 -2.0
K34 -14.4 R87 2.5
A38 -17.6 Y91l 0.5
R40 -9.2 Y93 -13.9
K41 -18.9 H96 1.7
142 -14.1 A97 8.1
G43 14.3 K98 7.6

As shown in Fig 3.12A, RDCs back calculated using the existing NMR structure,

107C.pdb, do not fit well to experimental RDCs. (Quality factor is 0.7 and RMSD
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between measured and calculated RDCs is 7.7 Hz), indicating that measured RDCs in the
presence of CS do not match the existing structure in its HA bound state. Especially, the
residues that have RDC difference over 10 Hz (red in Fig.3.12) are mostly in areas
lacking well-formed secondary structure. Several deviations in the 5-10 Hz range are

also in areas with recognizable secondary structure.

Measured
.
\

Figure 3.12: RDC fitting to the Link module in the HA bound state (107C.pdb). A
shows back calculated RDC fitting to the existing structure. The averaged experimental
error is +/- 1.6 Hz. Residues that show RDC differences more than 10 Hz, 10-5, and 5-3
Hz between measured and calculated are colored in red, orange, and yellow in the plot. B
shows these residues depicted onto the ribbon structure of Link module with same colors.

This suggests that CS binding to the Link module may cause structural changes
that are different from those caused by HA binding. This suggests the need for a
structure determination in the presence of CS. Total 46 RDCs were used in structures

calculations.
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Dihedral angles were predicted by TALOS as shown in Table 3.3. These were
used in structure calculation programs, CYANA and XPLOR-NIH. The structure
calculation using CYANA version 3.0 was carried out first. In this program, NOE cross
peaks were calibrated according to the intensity or volume of the peaks whose distance is
already known. NOE peaks in a-helical secondary structure regions were used as
standard peaks for the fixed distance. Statistically, the HN-HN distance between i and
i+1 residues in the a-helix is 2.8 A and the distance between the HA-HN of i and i+1 is
3.5 A. Structure calculations were performed with calibrated NOEs and dihedral
restraints. 20 structures were produced using a simulated annealing protocol. The

structures were further refined in XPLOR-NIH with additional restraints of RDCs.

Table 3.3: Dihedral angles of the Link-TSG-6: AC444S complex.

Residue Phi Psi
Angle low  Angle high Angle low  Angle high
V2 -162.35 -84.26 123.1 161.58
Y3 -168.51 -102.23 124.21 175.01
H4 -148.37 -75.22 98.61 148.48
R5 -145.88 -102.88 116.37 168.47
E6 -167.86 -94.55 112.36 186.34
A7 -89.24 -54.49 107.62 181.49
R8 -80.75 -40.13 -50.08 -10.86
S9 -111.79 -68.45 -40.19 36.91
K13 -174.09 -69.13
L14 -144.2 -66.53 110.23 164.84
T15 -99.69 -72.8 160.96 174.72
Y16 -70.05 -46.19 -59.25 -26.25
Al7 -74.02 -45.78 -56.9 -29.06
E18 -74.49 -57.41 -47.52 -31.35
Al9 -77.99 -51.55 -60.16 -31.1
K20 -67.97 -52.6 -60.8 -31.95
A2l -74.84 -52.15 -52.62 -22.71
V22 -92.22 -60.93 -59.76 -16.15
c23 -167.55 -106.55 140.4 174.14
F25 -84.1 -25.29 -60.26 -18.85
E26 -106 -68.06 -18.73 27.75
G27 42.64 136.76 -24.56 49.72
G28 -152.8 -48.37 87.49 213.75
H29 -173.48 -102.81 120.62 178.73
L30 -100.77 -43.94 116.72 157.06
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A3l -143.89 -43.68 73.52 176.16
T32 -121 -60 149.5 178
Y33 -66.77 -54.67 -51.62 -23.81
K34 -74.59 -47.54 -57.6 -21.38
Q35 -70.44 -62.14 -49.91 -27.63
L36 -72.68 -55.02 -51.51 -29.32
E37 -75.06 -51.5 -49.12 -32.13
A38 -77.42 -47.86 -57.01 -27.56
A39 -80.83 -53.49 -52.15 -23.81
R40 -72.49 -57.56 -57.78 -22.12
K41 -90.06 -52.28 -45.16 -4.02
142 -114.53 -71.18 -16.3 27.34
G43 59.55 114.75 -28.93 38.84
F44 -131.97 -56.5 105.39 159.46
H45 -154.97 -79.59 106.89 165.78
V46 -138.36 -98.36 107.85 156.89
C47 -155.49 -94.52
A48 -179.82 -69.1 94.37 149.36
A49 -132.63 -45.3 96.8 163.49
W51 -171.8 -36.44 108.34 168.23
M52 -182.58 -97.66 137.77 188.5
K54 48.63 64.86 16.3 49.41
G55 58.13 104.94 -19.2 16.15
R56 -138.32 -70.14
V57 110.3 175.76
161 -166.59 -60.27 93.14 191.94
NG67 -138.37 -68.19 -44.14 43.7
C68 -177.78 -92.12 112.89 202.47
T73 -179.79 -96.61 125.19 171.88
D77 -135.49 -61.76 101.16 161.02
Y78 -142.65 -68.69
R81 -110.7 -63.17 40.65 180.12
L82 -83.74 -52.22 -40.54 3.19
N83 -112.8 -75.55 -19.42 15.88
R84 -116.25 -49.76 -80.86 47.95
S85 -100.96 -48.15 -77.78 21.77
E86 -111.85 -60.4
R87 -171.47 -79.85 110.04 176.45
w88 -153.47 -109.67 136.34 173.08
A90 -189.61 -106.64 122.09 169.38
Y91 -148.63 -76.17 104.92 160.18
C92 -162.14 -116.84 145.41 188.13
Y93 -157.05 -109.88 113.13 150.82
N94 -152.33 -67.11 80.52 168.99

20 final structures were determined for AC444S bound Link-TSG-6 using 1329

NOE distance restraints, 46 RDC restraints and 135 dihedral restraints. This provided
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15.3 restraints per residue. All 20 models are superimposed as shown in Fig. 3.13. The
average backbone root mean square deviation of ordered residues in the final ensemble is
0.8 A. Backbone dihedral angle analysis indicated that 88 % of the residues fall into the
most favored regions of the Ramachandran plot. Structural statistics are summarized in
Table 3.4. Two double-stranded anti-parallel B-sheets, two a-helices and two disulfide

bonds (C23-C92 and C47-C68) were observed in (Several models are missing a 3-sheet).

Figure 3.13: 20 superimposed models for the NMR structures of the Link-TSG-6 in its
AC444S bound state.
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Table 3.4: Structural statistics for the human Link module of TSG-6. Statistics were
computed for the ensemble of 20 NMR structures deposited in the Protein Data Bank.
r.m.s., root mean square; r.m.s.d., root mean square deviation.

Conformationally restricting constraints®
Distance constraints
Total 1329
Intraresidue (i = j) 260
Sequential (i —j|=1) 394
Medium range (1 <i — j<5) 204
Long range (Ji —j|> 5) 471
Distance constraints per residue 13.6
Dihedral angle constraints 135
No. of constraints per residue 15.0
No. of long-range constraints per residue 4.8
Residual constraint violations®
Average no. of distance violations per structure
0.1-0.2 A 11.45
0.2-0.5 A 7.55
>0.5 A 0.35
Average r.m.s. distance violations/constraint (A) 0.03
Maximum distance violation (A) 0.88
Average no. of dihedral angle violations per structure
1-10° 18.9
>10° 0.3
Average r.m.s. dihedral angle violation/constraints (°) 1.49
Maximum dihedral angle violation (°) 16.80
r.m.s.d.from average coordinates (all/ordered)*”
Backbone atoms (A) 1.2/0.8
Heavy atoms (A) 1.8/1.4
Ramachandran statistics for ordered residues (Richardson MolProbity)®®
Most favored regions (%) 87.9
Additionally allowed regions (%) 11.0
Disallowed regions (%) 1.1
Global quality scores (raw/Z-score)?
Verify3D 0.37
Prosall 0.54
PROCHECHK (¢—v) -0.60
PROCHECK (all) -0.42
MolProbity Clash 21.93
RDC statistics®
No. of Dy constraints 46
R 0.98
Qrms. 0.013
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# Values were calculated using PSVS Version 1.5. Average distance violations were
calculated using the sum over r®
® Ordered residue ranges: 2-9,13-46,48-57,60-62,81-93

Residues selected based on: Dihedral angle order parameter, with S(phi)+S(psi)>=1.8
¢ RDC statistics were computed by PALES

3.3.2 Comparison of the Link module of TSG-6 in its free, HA octasaccharide-bound

and AC444S-bound states

As mentioned in previous chapters, the structure of Link-TSG-6 has been studied
previously. Comparison of our structure to these structures is appropriate (107B, 107C).
The average backbone r.m.s.d was about 1.2 A in each case. As shown in Fig. 3.14, the

overall structure is well overlapped with few exceptions.

Figure 3.14: Superimposition of NMR structures in free (107B.pdb, blue), HA bound
(107c.pdb, pink), and AC444S bound (gray) states.

However, one difference in structures between HA and bound CS is the large loop shown
in Fig. 3.15A. This loop in the AC444S bound form is located nearer to the protein core
than in the other structures. It is involved in HA binding (structure 107C) where it has

moved slightly toward the core in comparison to the free models. Its more extreme
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movement suggests that the same loop is involved in AC444S binding but that sulfated
CS binds to Link module somewhat differently. A detailed discussion and docking
analysis are provided in Chapter 4. A gradual movement of helix al was also observed
from the free Link models (Blue ribbons) to HA-bound models (Pink ribbons) and finally
the AC444S bound models (Gray ribbons) (Fig. 3.15B). This movement could be
associated with chondroitin sulfate binding, even though this helix is not at the binding

site.

Figure 3.15: Structure comparisons of NMR structures in free (107B.pdb, blue), HA
bound (107C.pdb, pink), and AC444S bound (gray) states. Cysteines forming disulfide
bonds are present in all conformations. A difference between loops among conformations
is shown in the red dotted circle in A. A difference in the al helix secondary structure is
highlighted in the red dotted circle in B.
3.4 Discussion

An ensemble of structures for Link-TSG-6 in the presence of AC444S in solution
has been successfully produced by the methods described above. Due to the binding of
AC444S to the Link module, signal broadening was observed, resulting in the

disappearance of some resonances in the 'H-N HSQC spectrum. Even though

backbone nuclei chemical shifts disappeared, some side chain nuclei could be assigned
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with the aid of other 3D experiments. As shown above, structural comparisons were

made between the Link modules in its free form (107B.pdb), HA bound state

(107C.pdb) and AC444S bound showing an overall a RMSD of 1.2 A. A closer look at

the binding groove for HA and AC444S suggests that the site is shared, but binding is

somewhat different. Among the indicators are a more exaggerated move of a binding

loop and the more remote the ol helix. These structural changes were studied more

extensively by NMR spectroscopy and a molecular docking study. Chapter 4 provides

the details of this further investigation.
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4.1 Abstract

Tumor necrosis factor-stimulated gene-6 (TSG-6) is a hyaluronan (HA) binding
protein that is essential for stabilizing and remodelling the extracellular matrix (ECM)
during inflammation. TSG-6 plays a role in numerous inflammatory disease processes
and physiological events such as arthritis and ovulation. The Link module, one of the
domains of TSG-6, is responsible for binding hyaluronan and other glycosaminoglycans
(GAGs) found in the ECM. In this study, we used well-defined chondroitin sulfate (CS)
hexasaccharides (AC444S) to determine the structure of the Link module in solution in its
chondroitin sulfate bound state. A variety of NMR techniques were employed, including
chemical shift perturbation, residual dipolar couplings (RDCs), NOEs, spin relaxation
measurements, and paramagnetic relaxation enhancements (PREs) from a spin-labeled
analog of AC444S. As expected, the binding site for AC444S on the Link module
overlapped with that of HA. Surprisingly, this AC444S binding induced dimerization of
the Link module, and a second binding site that partially overlapped with a previously
postulated heparan sulfate site was occupied. A dimer model was generated using
chemical shift perturbations and RDCs as restraints in the docking program HADDOCK.
We postulate that the molecular cross-linking enhanced by the multiple binding modes of
the Link module may be critical for stabilizing the ECM during inflammation and under

other conditions.

Keywords: Link module, Dimerization, TSG-6, Chondroitin sulfate, NMR spectroscopy,

Chemical shift perturbation, Glycosaminoglycans, HADDOCK, RDC, PRE
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4.2 Introduction

Link modules are domains found in a number of proteins (hyaladherins) that
interact with glycosaminoglycans (GAGs) in the extracellular matrix (ECM) of
mammalian cells. These interactions are suggested to stabilize the matrix while still
allowing remodeling in response to physiological changes. These properties can be
beneficial, as in the repair of blood vessels after injury, or detrimental when they
contribute to the progression of debilitating diseases (1-7). Characterizing the structural
nature of the interactions between Link modules and GAGs can provide insights into the
development of GAG mimics that can be used to alter these interactions in the treatment
of injury and disease (2,8-12). Here, we present a structural investigation of the
interaction between the Link module of TSG-6 and well-defined oligomers of chondroitin
sulfate using nuclear magnetic resonance (NMR) methodology. These studies confirm
that this interaction occurs in two distinct sites and induces protein dimerization in the
process. The data build on previous studies using other GAGs, and contribute to a
complex cross-linking model that explains how Link modules stabilize and remodel the
extracellular matrix.

The Link module from TSG-6 is well studied and has become a model for the
large family of modules from other hyaladherins. Link module is a small domain
comprised of approximately 100 amino acids and X-ray crystallography and solution
NMR structures exist of this domain (13-18). Its interaction with hyaluronan (HA) is best
studied; the family name, hyaladherin stems from HA’s well-known interaction with the
Link module (13,16-20). HA is an excreted copolymer of glucuronic acid (GIcA) and N-

acetyl glucosamine (GIcNAc) and is found in abundance in the ECM. Its binding site has
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been characterized by site-directed mutagenesis and NMR and likely involves residues
K11, Y12, Y59, F70, and Y78 (19,21). Other types of GAGs that are found in the ECM,
such as heparan sulfate (HS), a copolymer of repeating disaccharide units of glucuronic
acid (GIcA) or iduronic acid (IdoA) and N-acetyl glucosamine (GIcNAc), and
chondroitin sulfate (CS), a copolymer of glucuronic acid (GIcA) and N-acetyl
galactosamine (GalNAc) are known to also bind to Link-TSG-6 (20,22,23).

Heparin/HS binds to a site distinct from that of HA, namely one involving
residues K20, K34, R40, K41, K54, R56 and R84 (15,22). While the identification of this
site is primarily based on computational modeling, its existence is supported by
mutagenesis studies (22). Less information is known about CS binding sites. However,
competition assays between CS and HA and binding assays with chimeric CS and HA
monitored by NMR suggest that CS prefers to attach to the HA binding surface, despite
the fact that CS and HS are both characterized by sulfation and an associated increase in
negative charge (1,14,20,23,24). GAGs are extremely heterogeneous materials; for CS
and HS this is primarily due to the possibility of sulfation at a number of distinct
positions on the constituent sugar rings. HS can be N-sulfated, with the sulfate replacing
the acetyl groups on the initial GIcNAc residues, as well as O-sulfated on the 3 and 6
positions of GICNAc and the 2 position of iduroic acid residues. CS is less heterogeneous
than HS with possibilities for sulfation at the 4 and 6 positions of the GalNAc residue.

A hexasaccharide of CS is an ideal way to study the interaction with a Link
module since it is large enough to fill known binding sites and small enough to allow
isolation or synthesis of a single well-defined hexasaccharide. However, even a

hexasaccharide of CS has 64 possible sulfation patterns. Isolating a specific oligomer
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was overcome here by choosing a polymer source that is rich in 4 sulfation (CS-A) for
digestion with lyase and hydrolase enzymes, and treating digests using size separation
and ion exchange chromatography. This method allowed for the isolation of four CS
candidates: AC664S, AC444S, C664S, and C444S (in which the A indicates the lyase
product and the numbers indicate the sites of sulfation on the three GalNAc residues).
The most strongly binding oligomer, AC444S, was selected for structural studies of the
Link module because it binds with a similar affinity as HA (20).

In addition to GAGs, TSG-6 has various binding partners such as the G1 domains
of the proteoglycans aggrecan and versican, and a number of other extracellular
membrane proteins, including inter-alpha-inhibitor (Ial), pantraxin 3 (PTX3), and
thrombospondin 1 (6,20-22,25-39). Using solution NMR methods to obtain structural
information about how the Link module of TSG-6 binds to CS would offer a three-
dimensional model of the interactive surfaces of the Link module and reveal possible
interactions between GAGs located in the ECM, as well as these other binding partners.

Measuring chemical shift perturbations in *H-N HSQC spectra of *°N-labeled
proteins provides one means of identifying amino acids that are potentially involved in
binding. This information is very qualitative, resulting from a mix of ligand-induced
changes in backbone conformation and through-space interactions. Cautious
interpretations of these data are prudent since induced conformation changes can be
remote or originate from other phenomena such as ligand-induced dimer formation (40).
However, once resonance assignments are made, data are easily collected on relatively
small amounts of sample, and analysis of shifts as a function of ligand concentration can

provide binding constants. After collecting ligand induced chemical shift changes, a
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paramagnetically tagged version of a AC444S oligomer that carries a TEMPO group at
the reducing end was used to add more quantitative data to a structural description of
ligand binding. Spin relaxation of amide protons at >N labeled sites in the protein occurs
with approximately an inverse sixth power dependence on the distance between the
TEMPO group and the labeled sites and provides a definitive location for the reducing
terminus of the hexasaccharide.

Residual dipolar couplings (RDCs) provide detailed quantitative data about
changes in protein conformation through their dependence on the average of functions
involving the angle various 'H-">N vectors make with the NMR magnetic field in
partially ordered media (41,42). RDCs can be collected with a simple extension of the
basic HSQC sequence, the IPAP experiment, which allows measurement of coupling
between 'H-"N pairs (43). These data help define the conformational changes and
subsequent dimer formation that occur during ligand binding.

Computational programs can produce reliable structures for ligand-protein
complexes based on NMR data. Our studies employed the docking program,
HADDOCK, to generate models for the dimer and protein-sugar complex. HADDOCK
incorporates a variety of quantitative and qualitative data in a simulated annealing search
for a best structure along with options to refine structures with force fields representing
the energetics of molecular interactions (44,45). We found that human Link-TSG-6 has a
primary CS binding surface that partially overlaps with HA. We also discovered that
ligand binding induces the formation of a dimer that has a second binding site that
partially overlaps the suggested HS site. A detailed presentation of data leading to a

molecular model for this complex follows.
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4.3 Results

4.3.1 NMR-monitored titration of Link-TSG-6 with CS

The isomers of CS hexasaccharide (GIcA-GalNAc-GIcA-GalNAc-GIcA-GalNAc)
selected for our studies included AC664S, AC444S, C664S, and C444S. CS binding sites
on Link-TSG-6 were mapped using chemical shift perturbations in *H-""N HSQC spectra
as a function of ligand concentration up to a twofold molar excess over protein
concentration. Figure 4.1 shows the superimposition of the *H->"N HSQC spectra of 240
MM Link-TSG-6 in the absence and presence of 0.096, 0.192, 0.29, 0.38, and 0.48 mM of
the AC444S hexasaccharide. Similar behavior was observed for other hexasaccharides
(data provided in Supplement). Assignments of crosspeaks in the HSQC spectra were
made using triple resonance experiments on a *°N, *3C labeled sample as described in the
Methods section. Assignments for the most significantly shifted crosspeaks are indicated
on Figure 4.1. Three distinct types of behavior were observed in terms of a chemical shift
exchange rate between complexed and uncomplexed states. When ligand was added,
some crosspeaks progressively decreased in intensity as other peaks at nearby positions
progressively increased in intensity. This is characteristic of exchange between
complexed and uncomplexed states that are on a slow timescale compared to the inverse
of line widths of the resonance. Crosspeaks belonging to residues H4, L14, H45, C47,
A48, A49, G58, K63, C68, K72, G74, and 176 fall into this category. A few crosspeaks
belonging to G65, G59, F70, and G71 also exhibited similar behavior (data not shown).
In this case, the crosspeaks disappeared but could not be correlated with newly appearing
peaks due to overlap or additional broadening in the complexed state. Because intensity

changes in the limit of slow exchange reflect the population of complexed and
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uncomplexed states, they can be used to determine a dissociation constant for this process.
Figure 4.2A shows a fit to the normalized average intensity changes for residues A48,
G58, and G74. The equations 1-3 below were derived based on the assumption that the
exchange broadening exists for slow exchange residues. The system was settled in and
parameters iterated to achieve the fit displayed in Fig. 2A.

[C] = Ky X [L] x [P]

Equation 1
[PT] = [P] + [C] Equation 2
[LT] = [L] + [C] Equation 3

where [C] is concentration of the complex. K; indicates a binding constant for ligand
binding. [P], [PT], [L], and [LT] represent concentrations of protein, total protein, ligand,
and total ligand, respectively. Although intensity changes depart somewhat from ideal
behavior due to intensity losses during HSQC transfers from peaks with residual lifetime
broadening, it was possible to determine a dissociation constant of approximately Kq= 10
uM. Slow exchanging residues are a part of a shallow binding groove to which HA binds.
The following residues were previously identified as being involved in HA binding: K11,
Y12, Ty59, F70, and Y78. CH-n stacking interactions of saccharide rings against
aromatic planes are suggested to play an important role (18). These data suggest that CS
and HA interact similarly with the Link module. However, even though AC444S and HA
share a binding groove, the participating residues are different. Positively charged
residues, such as H4, H45, K63, and K72 are perturbed substantially indicating that they

may be associating with sulfation groups on the GalNAc of AC444S. Another piece of
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evidence to show AC444S shares the HA binding site is the perturbation of C47 and C68
resonances. These are important residues that form a disulfide bridge close to the HA
binding surface. A change in geometry resulting in a rearrangement of the p4-p5 loop
(residue 61-74) may cause this perturbation (16). As shown in Figure 4.3, the chemical
shifts of a and B carbons in residues 60-78 are perturbed to a significant degree as would
be expected with a perturbation of the protein backbone.

For a second class of perturbed peaks crosspeaks displayed some chemical shift
change and signal broadening as the ligand concentration increased. In most cases, this
resulted in the disappearance of crosspeaks when the total ligand concentration was
approximately one-half of the total protein concentration. These crosspeaks then
reappeared at much higher ligand concentration. This is characteristic of an exchange
process occurring on a somewhat faster intermediate timescale. Residues E18, G50, N67,
175, and W88 exhibited this behavior. The changes in chemical shifts were, in general,
smaller than those for residues showing slow exchange. They may well be involved in
the same ligand binding process but be near parts of the bound ligand that still have
significant internal mobility.

A third type of behavior occurs when peaks exhibit small changes in chemical
shift and line width at lower ligand concentrations, then show larger chemical shift
changes at higher ligand concentrations. Crosspeaks for K11, E24, H29, L30, Y33, W51,
A53, Y91, and Y93 belong in this category. Their behavior is typical of weaker binding
with the onset of a second binding event occurring after binding at the tight site is
completed. Under rapid exchange, chemical shifts are population-weighted averages of

complexed and uncomplexed states. Chemical shift changes for various resonances can
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be represented by the equation Ad= [(ASun)® + (Adn X 0.17)]2 which combines shifts
for amide protons and nitrogen (Figure 4). Here, the scale factor 0.17 was taken from the
chemical shift range for *H and >N (46). The set of equations 4-6 below was derived
based on the assumption that only the products of slow exchange are capable of
participating in fast exchange. The system was settled in and parameters iterated to
achieve the fits displayed in Fig. 4.2B. This is built-in equation in Maple program,
providing the calculation of shift perturbation for two sites with dimerization required for

binding to a second site.

[C2] = K, X [L] X Kp x (K; x [L] x [P])?

[Equation 4]
[PT] = [P] + 2 x [C2] + K; X [L] x [P] [Equation 5]
[LT] = [L]+ K, X [L] X [P] 4+ 3 x [C2] [Equation 6]

where [C1] and [C2] are defined to be [C1] = K; X [P] x [L] and [C2] = K, X [C1] X
[L], respectively.  [C1] and [C2] indicate the concentrations of first and second
complexes. [PT] and [LT] are total concentration of protein and ligand, respectively. K;
represents a binding constant for slow exchange residues involving in sugar binding. K;
indicates a binding constant for the second binding complex. Based on these, the
simulations were carried out with a series of binding constants provided in advance in
order to find the best fitting to the experimental data. [PT] was set to be 0.24 mM. 50
points with increasing ligand concentration were used. This equation allows K to be fit
from measured values of the chemical shift at different concentrations of ligand and the

estimated tight binding constant. The dissociation constant extracted is about 100 uM.
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Figure 4.1: Superimposed 'H-"N HSQC spectra of the Link module titrated with
AC444S compared to concentration of protein: black-control, without ligand; blue-40%
ligand; cyan-80%; green-100%; magenta-150%; red-200%. Solid arrows represent
residues showing face exchange and circles show resonances experiencing slow exchange
in the presence of a sugar bond.
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Figure 4.2: Fitting for intensity of residues in slow exchange (A). Fitting of chemical
shift for residues in fast exchange (B). In A, averaged normalized intensities of residues,
A48, G58, and G74 were used for uncomplexed (open circle with dotted fitting line) and
complexed (closed circle with solid fitting line). The fitting lines are just smoothed
curves and have no theoretical significance. For B normalized chemical shift change for
residues W51, A53, and Y91 were used (closed diamond with solid fitting line). The
fitting line was generated using equation 1-3 and 4-6 for slow and fast exchanges,
respectively.
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threshold levels chosen to indicate a significantly perturbed residue (CA and CB > 0.5
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name and number. These residues are mapped onto the Link-TSG-6:AC444S model (B).
C47-C68 disulfide bond is depicted on the protein. Yellow stick represents sulfur atom.

Figure 4.4 shows combined changes in *H and >N chemical shifts for all assigned
residues. The color-coded bars represent the residues involved in fast, intermediate and

slow exchange when a ligand is added.
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Figure 4.4: Chemical shift perturbation (Ad) of Link module caused by AC444S relative
to free protein. Chart shows the absolute chemical shift difference in the presence of
AC444S compared with free protein. Red, green, and blue indicate residues belonging to
fast, intermediate and slow exchanges, respectively.
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In Figure 4.5, these residues are highlighted on an existing structure for the Link
module of human TSG-6 (2PF5.pdb). The exchanges clearly involve somewhat different
regions of the protein. As is described more thoroughly in the discussion, the slow
exchange residues overlap extensively with the previously identified HA sites. It is less

clear what processes might exhibit intermediate and fast timescale effects.

Figure 4.5: Mapping fast (red), intermediate (green), and slow (blue) exchanging
resonances on the existing X-ray structure of the human Link-TSG-6 (2PF5.pdb). The
backbone structure is shown with rounded ribbon in dark gray.

4.3.2 Binding of Link-TSG-6 with a TEMPO derivative of AC444S

In order to define the position of the bound AC444S hexasaccharide, a
paramagnetic version of AC444S (AC444S-TEMPO), which includes a nitroxide carrying
TEMPO group attached to the reducing end, was used to generate additional quantitative
data (sugar sequence; GlcAl-GalNAc2-GlcA3-GalNAc4-GIcA5-GalNAc6-TEMPO). A
description of the reductive amination used to prepare this derivative is included in the

Methods section. Figure 4.6 shows a comparison of a sample of 0.17 mM Link-TSG-6
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with 0.34 mM AC444S-TEMPO in oxidized (4.6A, paramagnetic) and reduced (4.6B,
diamagnetic) states; the reduced state was achieved by the addition of twelve equivalents
of ascorbic acid (47). With few exceptions, chemical shifts were identical suggesting that
similar modes of binding occur with the TEMPO derivative compared to AC444S. The
time scales of exchange also appear to be similar. For example, A48 still shows slow
exchange when it interacts with AC444S-TEMPO.

In the oxidized state certain crosspeaks lose intensity due to the paramagnetically
enhanced decay of transverse magnetization during the transfer and refocusing periods of
the HSQC experiment. The changes in intensity between reduced and oxidized TEMPO
derivatives can be converted to distances between the nitroxide oxygen and a residue of

interest using equation 7 below (48-50).

In (’T—"’d) =f xtx (TEG) X (41, + —= [Equation 7]

TIox 1+ wjts

Here, l,eq and lox are the peak intensities of the crosspeaks in the presence of reduced and
oxidized TEMPO derivatives, f is the fraction of the protein bound to ligand, and t is the
total time during INEPT and the refocusing periods of the *H-">N HSQC pulse sequence
(t=9.78 ms). K is a constant related to spin properties of the system
(K=1/15*S(S+1)y°g*p?=1.23 x 10%cm®S?), r is the distance between the nitroxide and
amide proton of the crosspeak of interest, 1. is the correlation time for tumbling of the
protein-ligand complex, and oy (800 MHz * 2m) is the precession frequency for the
amide proton. Given all values, and taking f and t.to be 1 and 10.15 ns, respectively, the

following distances were obtained.
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Table 4.1: Estimated distance of resonances experiencing reduction of peak intensities.

Resonance Link-TSG-6 | With spin label | With no spin label Distances (A)
(no ligand) (oxidized) (reduced)
G79 1.00 0.12 0.65* 12+4
180 1.00 0.00 0.89* <10
N83 1.00 0.19 0.43* 13+£5
“Incomplete nitroxide reduction in the treatment of ascorbate
A B
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Figure 4.6: Expanded *H-"N HSQC spectra of Link-TSG-6 in the presence of TEMPO
analogs. Comparison of *H-">N HSQC spectra of Link-TSG-6 with two-fold molar
excess of AC444S-TEMPO oxidized (A), and reduced (B) by 4 mM ascorbic acid. Solid
red circles indicate peaks reappearing in reduced forms of nitroxide and dotted red circles
represent the same residues in oxidized forms of TEMPO. Red labels indicate the
corresponding residue names.

These effects are purely distance dependent and relate only to the positioning of
the terminal TEMPO group. Residues G79, 180, and N83 are the most affected by the
presence of the TEMPO group, with the crosspeak for 180 completely disappearing.
Even though a direct correlation with residues showing chemical shift perturbation was

not necessarily expected, G79 and 180 are near the segment 74-76 which also showed
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slow exchange, suggesting that distances involving these residues would be useful for
positioning a ligand in the strongest binding site. Given that the TEMPO is attached to
the reducing end of the hexasaccharide data are consistent with the findings by Higman et
al. (2014), that the reducing end of the HA binds close to Y78 and R81 (14). The derived
distances can be used as constraints in docking exercises. To allow for the presence of
motion of the TEMPO moiety, large ranges were used with lower limits set to 3 A and
upper limits set to the measured distance plus 3 A. The TEMPO moiety may have a high
degree of mobility because it is linked to the reducing end of the open ring of the first
GalNAc.

4.3.3 Link module of TSG-6 forms a dimer in the presence of AC444S

It is possible that some of the observed chemical shift perturbations arise from
interactions that do not directly involve the ligand, but are interactions in remote parts of
the protein that are induced by ligand binding. One possibility is ligand induced dimer
formation with perturbed residues being involved in a dimer interface. NMR spin
relaxation measurements provide one way of assessing the possibility of dimer formation.
R; and R, relaxation rates for *°N nuclei in amide groups were measured in free and
AC444S-bound states. The ratio of R,/R; yields a rotational correlation time for a
macromolecule, provided the amide sites measured do not experience substantial internal
motion. Ry, Ry, and Ry/R; ratios are reported in Fig. 4.7. At 25 °C in dilute aqueous
solution the correlation times are expected to be approximately equal to half the
molecular weight in kDa. Hence, the values of somewhat less than 7.0 ns for Link-TSG-
6 at a concentration of 0.26 mM in the absence of ligand are in reasonable agreement

with the expected molecular weight for a monomer (10.9 kDa). In the presence of
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AC444S, the correlation times rise nearly to 10.2 ns, a value consistent with significant
dimer content in the solution. In addition, dynamic light scattering (DLS, data not
shown) indicated the protein and sugar complex to be approximately 15.7 kDa in contrast

to the monomer at 10.6 kDa.
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Figure 4.7: Ry, Ry, and R,/R; data for free (A) and AC444S-bound () Link-TSG-6 at
800MHz, 25 °C. All samples were dissolved in 50 mM MES, pH 6.0.

Since AC444S addition induces dimer formation, it is possible that some of the
ligand induced chemical shifts attributed to AC444S-protein interactions are the direct
result of dimer formation. We therefore attempted to gain information about possible
dimer contacts by examining *H-">N HSQC spectra in the absence of AC444S, but at
higher concentrations. Comparing chemical shifts at 0.1 mM and 0.5 mM there were a

number of measureable changes, including H4, R5, E6, A7, Y12, H29, L30, H45, and
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H96. Two of these, H29 and L30, were discounted since these were apart from other
residues and the fact that histidine ionization can be altered with slight changes in pH and
ionic strength as the samples are concentrated. However, some of the other observed
changes do correspond to those seen with the addition of ligand. We therefore discount
these in identifying direct ligand interaction sites. Getting a structure for the dimer now
becomes important in understanding how ligands bind to Link-TSG-6.

4.3.4 Link-TSG-6:AC444S solution NMR structure

The clear existence of a dimer and the possibility that ligand binding induces
additional structural changes near the binding site put the use of existing structures
determined in the absence of ligand into question. We, therefore, pursued solution
structure determinations using conventional triple resonance assignment methods
combined with NOE, dihedral angle, and RDC restraints. The process of data collection
is presented in the Methods section, and a statistical summary of the data is included in
Table 4.2. The initial structure for a monomer of Link-TSG-6 in the presence of AC444S
was generated using CYANA version 3 with 1198 manually assigned NOEs out of 1329
total NOEs and 135 dihedral angles predicted from TALOS (51). In addition, two
disulfide bonds were created and restrained to normal bond distances, based on their
occurrence in all other Link module structures. The structure was then further refined
using XPLOR-NIH with additional NOEs iteratively assigned based on initial structures
from CYANA calculations, and with added RDC restraints. The final stage included
refinement in the presence of discrete water molecules as solvent. 20 models having the

lowest total energy were chosen and are represented in Figure 4.8.
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Table 4.2: NMR and structural statistics for human Link-TSG-6. Structural statistics
were computed for the ensemble of 20 NMR structures deposited in the Protein Data
Bank. r.m.s., root mean square; r.m.s.d., root mean square deviation.

Conformationally restricting constraints®
Distance constraints

Total 1329
Intraresidue (i = j) 260
Sequential (Ji —j|=1) 394
Medium range (1 <i — j<5) 204
Long range (Ji —j|> 5) 471
Distance constraints per residue 13.6
Dihedral angle constraints 135
No. of constraints per residue 15.0
No. of long-range constraints per residue 4.8
Residual constraint violations?
Average no. of distance violations per structure
0.1-02 A 11.45
0.2-0.5 A 7.55
>0.5 A 0.35
Average r.m.s. distance violations/constraint (A) 0.03
Maximum distance violation (A) 0.88
Average no. of dihedral angle violations per structure
1-10° 18.9
>10° 0.3
Average r.m.s. dihedral angle violation/constraints (°) 1.49
Maximum dihedral angle violation (°) 16.80
r.m.s.d.from average coordinates (all/ordered)®”
Backbone atoms (A) 1.2/0.8
Heavy atoms (A) 1.8/1.4
Ramachandran statistics for ordered residues (Richardson MolProbity)*®
Most favored regions (%) 87.9
Additionally allowed regions (%) 11.0
Disallowed regions (%) 1.1
Global quality scores (raw/Z-score)?
Verify3D 0.37
Prosall 0.54
PROCHECHK (¢—v) -0.60
PROCHECK (all) -0.42
MolProbity Clash 21.93
RDC statistics®
No. of Dyy constraints 46
R 0.99
Qrms. 0.013

# Values were calculated using PSVS Version 1.5. Average distance violations were calculated using the

sum over r®
® Ordered residue ranges: 2-9,13-46,48-57,60-62,66-68, 81-94

Residues selected based on dihedral angle order parameter, with S(phi)+S(psi)>=1.8

¢ RDC statistics were computed by PALES

This model has two identifiable alpha helices and a small beta sheet of two

parallel and one antiparallel strand. One concern is that some NOEs may have arisen
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from inter-monomer contacts in the dimer rather than intra-monomer contacts. After the
generation of a dimer structure from the initial monomer structure (see below), inter-
monomer contacts less than 5 A for proton pairs were compared to NOE lists. 1736
contacts were found and 9 NOEs corresponding to those contacts were excluded in a
second determination. The removal of these 9 NOEs no significant changes in the

structure presented in Fig. 4.8.

Figure 4.8: Superimposition of 20 soluble structures of Link-TSG-6 in the presence of
AC444S hexasaccharide. Backbone structures appear as dark gray.

Comparing the 20 structures of Figure 4.8, significant variations among the
structures were noted in the loop region between 63-73. This might be due to missing
backbone resonances for several residues (161, V62, G65, G59, F70, and G71) and few
NOEs observed around the loop. The variations are also large for the C-terminal region.
Here resonances and assignments exist but no NOEs are observed, consistent with a

floppy C-terminal tail. Assignments, NOEs and RDCs of the complex of Link-TSG-
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6:AC444S have been deposited into the Biological Magnetic Resonance Data Bank
(BMRB) with accession number 25663 and the structures have been deposited into the
Protein Data Bank (PDB) (2N40.pdb).

After generating the initial monomer structure, we addressed the issue of dimer
formation. RDCs in combination with a reasonable monomer structure can be used to
independently generate a set of possible structures for symmetric dimers (52). A principal
alignment frame can be determined in which one axis must coincide with the C,
symmetry axis of the dimer. This works best when at least two sets of alignment
conditions can be obtained and coincidence of one of the frame axes can be used to
identify the C, axis. Three possible sets of dimer structures can then be generated by
rotating the monomer 180° about the X, y, or z axes followed by translation in the plane
perpendicular to the rotation axis in order to find the best interface for dimer. The
residues identified from concentration dependent chemical shifts as possibly involved in
the dimer interface could then be used to select the best translational position from each
set (52). In our case, working with a positively charged Link module and negatively
charged ligand greatly restricted a choice of alignment media, leaving only a single set of
RDCs. With three possible choices for C,, this results in a much larger set of possible
structures. In light of the large number, we chose a different approach, one that used a
docking program to generate a dimer and then compared this dimer structure to RDC-
based models.

The docking program, HADDOCK 2.1, was used to generate a dimer structure
(44,45). We began with the lowest energy monomer structure from those shown in

Figure 4.8. 46 RDC restraints and a symmetry restraint were given to guide dimer
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formation. These residues were chosen based on the chemical shift changes of the
titration as a function of protein concentration. Residues 9-12 were kept flexible during
docking and refinement to encourage development of the best interface. Comparisons of
a docking model with active residues of H4, R5, E6, A7, Y12, H45 and H96 for docking
at the lowest total energy and one generated using rotation about the y principal axis of
the alignment tensor determined from fitting RDCs are shown in Figures 4.9A and 4.9B.
The correlation plot of experimental versus back-calculated RDCs using the best set of
alignment parameters for the dimer model from HADDOCK is shown Figure 4.9C. The
Q-factor was 0.18 with principal order parameters, 1.68 x 10, 7.28 x 10 -8.96 x 10™
and Euler angles, -179.55, 91.5, 1.33. The structure appears to have good stabilizing
contacts with identifiable inter-monomer hydrogen bonds (Y3-R5, H4-H96, R5-E26, R5-
N94, R8-E26, R8-Y93), four ion pairs (two from E26-R8 and two from R5-E26), several
hydrophobic contacts (Y3-Y3, P95-R8, H4-H96), and a decrease in the solvent accessible

surface (SAS) of 723.3 A.
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Figure 4.9: A dimer model of Link-TSG-6. (A) shows the Link-TSG-6 dimer with dark
green ribbon. The dimer interface designated for docking in HADDOCK included H4,
RS, E6, A7, Y12, H29, and H96 (red). AC444S binding sites are colored green; fast
exchange residues are highlighted in orange. The dimer interface is opposite to the
AC444S binding sites. (B) shows a dimer model of Link-TSG-6 generated by the RDC-
based method. (C) shows back calculated RDC fitting to dimer model in A. The Q-factor
is 0.18 and the experimental error is +/- 1.6 Hz.
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4.3.5 Docking of AC444S to the primary site in the Link-TSG-6 Dimer

AC444S-TEMPO was docked to the above-described dimer model using the
following ambiguous interaction restraints (AIR); C47-A49, G58, K63-G65, and C68-176
for the protein and all residues for AC444S-TEMPO. Unambiguous distance restraints
coming from PREs are given in Table 4.1 and the 46 RDC restraints on protein *>N-'H
vectors were provided as well. The top 10 scoring complexes from HADDOCK were
selected and clustered based on where they docked on the protein. Two clusters were
classified as shown Figures 4.10A and B. In Figure 4.10A, a set of 5 models is chosen
that has the sugars sitting on the protein surface with a broad range of conformations. In
Figure 4.10B, a set of 5 models docked into a shallow groove overlapping the HA
binding site. This cluster makes better contacts with the perturbed resonances. The
model with the lowest energy among the top 3 scoring models, based on the sum totals of
Etot, Ebonds Eangle, Eimpropers Edineds Evaw, and Eelec, 1S @ member of cluster 2. It also shows
lowest electrostatic energy (Eeec) among the top 3 models. It was chosen for further
analysis of specific interactions between protein and AC444S (Figure 4.11). 6 potential
hydrogen bonds (H...A distance < 2.5A) were observed between the protein and
AC444S-TEMPO (GIcA1-05:H45-HE2, GalNAc2-03: H45-HE2, GIcA3-05:N67-HD21,
GIcA3-OE2:N67-HD21, GIcA3-OE1H:C68SG and Glc5-05:G69-NH). In addition 115
atom pairs are within 0.2 A of van der Waals contact across the protein-sugar interface.
Residues K11, H45-A49, Y59, P64, N67-G59, F70 K72, 176 and Y78 were involved in
these contacts. Sulfate groups on two GalNAc residues were in close contact with the
side chain of positively charged amino acids (K11 and H45). Other sulfate groups are

located outside of the binding groove where they can make effective contact with water.
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The nitroxide on the TEMPO group showed distance to G79 (11.76 A), 180 (12.58 A),
and N83 (9.39 A) that are consistent with distance restraints from the PRE data. Figure
4.12 shows the second binding site (fast exchange effects) resulting from CSP. This

suggests that second binding site is close to dimer interface.

Figure 4.10: Complex models for the dimer of Link module and AC444S-TEMPO. 10
top-scored models are shown which are classified into two groups, A and B. Group A
shows 5 models with ligand binding to the protein surface rather than the HA groove.
Group B shows 5 models with ligand docking to the binding surface composed of the
slow exchange residues from titration experiment. The protein backbone is shown in dark
grey. Designated ligand binding sites for the docking are shown in green.
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Figure 4.11: Model of the Link-TSG-6 dimer and the chondroitin sulfate hexasaccharide-
TEMPO, AC444S-TEMPO. (A) shows the dimer model with a ribbon and surface
structure (shown in gray and blue for each monomer). The two docked ligands are shown
as stick structures with surfaces shown in magenta and cyan. (B) shows an expansion of
binding interface between the Link module and AC444S-TEMPO. The residues in close
contact to sugar are shown with the labels.
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Figure 4.12: Weak binding site for AC444S on Link-TSG-6. Each monomer is
represented with blue and gray ribbons with surfaces shown as semi-transparent. Tight-
binding ligands are docked as in Figure 4.11. Link-TSG-6 residues showing fast
exchange effects on AC444S binding are colored in red.

4.4 Discussion

P AT - »

o

Figure 4.13: Superimposition of structures of Link-TSG-6 in its HA and AC444S bound
states. Backbone structures of HA (107C.pdb, pink ribbon) and AC444S (blue ribbon)
are shown with N- and C-terminals labeled. The inset shows some of the putative

AC444S binding residues.
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Structural aspects of the interactions of Link-TSG-6 with both HA and heparin
(which is closely related to matrix heparan sulfate) have been studied previously (13,16-
20,22,23). There has also been competition assays that suggest that HA and CS-4 bind to
similar sites on the Link module (20). And, more recently, there has been some work with
hybrid HA oligomers containing desulfated chondroitin sulfate segments that suggested
these segments can be placed into a narrow binding groove of the Link module in the
same manner as HA. Here we used a highly sulfated hexasaccharide (AC444S) model to
provide additional structural evidence of Link-TSG-6 interacting with chondroitin sulfate
(CS). Several modes of interaction were discovered. One displays slow exchange on the
NMR timescale and an affinity similar to that found for HA (22). Docking of AC444S on
the surface of Link-TSG-6 still shows contacts with residues that overlap significantly
with residues that are found for the HA binding (19,21). The deviation from an exact
overlap in binding is likely due to the presence of sulfate groups on each GalNAc residue
of AC444S, and some repositioning required for additional interactions with these highly
charged groups.

The binding region of the protein also seems to experience some adjustments on
interaction with AC444S. This can be seen in Figure 4.13 where our lowest energy
structure in the presence of AC444S is compared to a previously determined structure
(107C) with an HA oligomer bound (Fig. 4.13). The overall differences are small with a
RMSD for backbone atoms of 1.34 A. However, the large loop (residue 63-73) involved
in binding AC444S or HA shows a larger difference. The binding groove appears to be

closed more tightly when AC444S is present than when HA is present.
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A second mode of interaction of AC444S with the Link module exhibiting fast
exchange and a Kg > 100 uM was also observed. Interestingly, the residues perturbed in
this interaction are near some of the residues previously identified as important for
heparin binding (K20, K34, K41, and K54) (15,22). As shown in Fig. 4.5, the residues
perturbed in this weaker interaction are physically separated from those exhibiting slow
exchange.

One notable discovery in this study is that binding of AC444Sto the Link module
induces dimer formation. The dimer model presented in Figure 4.11 was determined
using RDC data and a list of residues showing substantial concentration dependent
chemical shift changes (H4, R5, E6, A7, Y12, H45, and H96). The dimer structure has
an interface distinctly different from the possible dimer contacts suggested by crystal
structure determined in the absence of ligands (15). It also differs from a dimer found in
the drosophila crystal structure where a piece of heparin bridges two monomers (22).
However, the reduction in solvent accessible surface areas for the three possible dimers in
the non-liganded crystal structure are not significantly different (625.34, 884.15, 612.36
A?) from that observed here 723.3 A% It is possible that other dimer structures can exists,
but populations of various dimers are influenced by crystal packing.

In our model, primary AC444S binding sites exist on each monomer, nearly on
opposite sides of the dimerization interface, and cannot play a bridging role in dimer
formation. It is possible that, in the absence of a bridging ligand, electrostatic effects are
largely responsible for dimerization. Link-TSG-6 is a positively charged domain (pl =
9.48, at lower pH where histidines are also protonated). The binding of a negatively

charged ligand would then reduce the repulsion that exists in the unliganded monomers
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and allow dimerization. One of the more interesting aspects of dimerization is that
residues that seem to be involved in the second (fast exchange) sites on each monomer
are closer to one another in the dimer (along the bottom left of the dimer structure in Fig.
4.11A, and Fig. 4.12), raising the possibility that a longer oligomer could bind across the
interface with higher avidity than observed with our hexasaccharide. However, more
study is needed to clarify the role of the second binding sites. We can also not rule out
the possibility that longer oligomers may connect even the primary binding sites by
extending through the channel that can be seen at the top middle of the dimer structure.
The picture that emerges is a module that could be very effective in crosslinking HA and
other glycosaminoglycans found in the extracellular matrix, greatly contributing to the
stability and specific geometries necessary for interactions with other protein components.

There is substantial precedent for dimerization of link modules, or the molecules
that carry them, as well cross-linking of ECM components by the resulting dimers. And
there are suggested biological consequences. Heparin, for example, is known to induce
dimer formation of Link-TSG-6 in a manner that may potentiate the anti-plasmin activity
of inter-a-inhibitor (lal) (22). Cross linking of hyaluronan by TSG-6 dimers has also
been proposed in the literature (53). These studies were conducted with Link-TSG-6 and
full length TSG-6 in which a CUB module provides the primary dimer interface. The
introduction of the cross-link between HA by TSG-6 is suggested to bring neighboring
HAs closer and reduce the mesh size of ECM during inflammation (53). Moreover, it has
been proposed that the cable-like structure formed as a result of cross-link may provide a
protective mechanism in promoting adhesion of leukocytes to the hyaluronan complex

rather than contacting inflammation-associated proteins at inflammation sites (54). Our
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studies with a truncated Link module demonstrate that the Link module itself can bind to
AC444S and form a dimer structure which cross links neighboring glycosaminoglycans.
Thus, the Link module’s propensity for dimerization and ability to interact with multiple
ECM components could play a significant role in stabilizing and remodeling the ECM.
These observations are an important step toward discovering novel mechanisms for
stabilizing and reconstructing the ECM during injury and inflammation. Specific
information related to how the Link module interacts with extended GAGs and how cross
links occur in the ECM require additional studies. As mentioned earlier, obtaining
homogeneous preparations of longer GAGs oligomers can be challenging; the
heterogeneity of the GAGs exponentially increase with oligomer size. Our techniques
successfully used bacterial lyases to depolymerize polysaccharides of CS-A and CS-C
and separate oligomers up to hexasaccharides (55). Other preparative protocols
combined with more sophisticated structural methodology may allow these studies in the
future.

4.5 Methods

4.5.1 Expression, purification and refolding processes of Link-TSG-6

Expression and refolding followed published procedures (56). More specifically,
the engineered gene of Link-TSG-6 in the pRK172 expression vector was transformed
into expression host BL21(DE3)pLysS. 10 ml starter cultures were grown overnight in
LB medium containing 100 pg/ml ampicillin. Grown cells were then transferred to 1 L
M9 medium containing isotopes, >N-H,Cl, **C-glucose from CIL (Cambridge Isotope
Laboratories) and protein expression was induced by adding IPTG to 0.1 mM when the

ODegoonm reached 0.4. Cells were harvested 4 h after induction by centrifugation for 15
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min at 50009 and stored at 20 °C in lysis buffer (50 mM Tris-HCI, pH 7.8, 150 mM NacCl,
and 1mM EDTA). Cells were lysed by three passages through a French press and cells
and inclusion bodies were gathered by centrifugation for 45 min at 20000 g. (56)
Inclusion bodies were solubilized in 6M Guanidine-HCI containing 50mM Tris-HCI, pH
8.0, and 100 mM DTT and the sample was loaded onto a Superdex 75 (16 x 260 mm,
Pharmacia) exclusion column, equilibrated and run with a flow rate at Iml/min in the
same buffer without DTT. Fractions containing the target protein were injected onto a C4
column (10 x 250 mm, YMC®), equilibrated with H,O containing 0.01% TFA. After 5
min of washing with the same solvent at 3 ml/min, the protein was eluted over 40 min
using a linear gradient from 0 to 80% acetonitrile containing 0.1% TFA. The eluent was
monitored at 220nm continuously. Eluent containing the denatured Link module was
collected and lyophilized.

To accomplish the folding of Link-TSG-6, the protein was re-suspended in 50
mM ammonium acetate at pH 6.0 at a concentration of 500 pg/ml (40 ml final volume).
A 100-fold molar excess of p-mercaptoethanol was added, and the refolding solution was
incubated at 25 °C for 2 days under aerobic condition without stirring. After 2 days the
refolding solution was stored at the 4 °C for 5 additional days. The folded Link-TSG-6
protein was purified by HPLC in the same manner as described above.

4.5.2 Preparation of hexasaccharides of chondroitin sulfate

The method described below is based on the works in Pomin et al. (55) 150 mg of
chondroitin sulfate A from bovine trachea (btCS-A) was incubated with either 5 IU of
chondroitin C lyase from Flavobacterium heparinum or 0.33 IU of chondroitin ABC

lyase from Proteus vulgaris in 5 ml digesting buffer (50 mM Tris-HCI, pH 8.0, 150 mM
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sodium acetate, 100 pg/ml of BSA) at 37 °C for 36 h and 150 min, respectively.
Hyaluronidase digestion of btCS-A was carried out by incubation of 150 mg of btCS-A
with 10 mg of enzyme in 3 ml of digesting buffer (50 mM sodium phosphate, 150 mM
NaCl, pH 6.0) at 37 °C for 48 h. The digested samples were heated to quench enzyme
activities and subjected to separation on a Bio-Gel P-10, size exchange column (15 x1200
mm) with elution buffer (1 M NaCl, 10% ethanol) at a flow rate of 1.7 ml/15 min/fraction.
Eluent was monitored at 232nm and separated peaks in the chromatogram were desalted
on a Sephadex G-15 column (10 x 500 mm) and examined by mass spectrometry (MS) to
identify those peaks having molecular weights corresponding to hexasaccharides. To
eliminate complexities from anomeric equilibrium at the reducing end, hexasaccharides
were reduced in the presence of one equivalent of sodium borohydride (NaBH,) in 1 ml
of water for 3 h and the reaction was quenched by adding a molar equivalent of acetic
acid for 1 h in an ice-bath, followed by desalting. Hexasaccharides were then purified on
a strong anion exchange column (SAX, 250 x 10 mm) using a linear gradient from 25 to
45% of 2 M NaCl, 25 mM phosphate, pH 4.5, for 50 min at a flow rate of 3 ml/min. Each
peak from the SAX chromatography was desalted and lyophilized for other experiments.
Structures were identified by NMR spectroscopy.

4.5.3. Synthesis of AC444S-TEMPO

4-amino-TEMPO (4-amini-2,2,6,6-tetramethylpiperidine-1-oxyl) was purchased
from Acros Organics. The reductive amination reaction was carried out on a 400 ul
sample containing 1 mg AC444S, 73 mM of 4-amino-TEMPO and 250 mM sodium
cyanoborohydride in 80% MeOH at 65 °C for 3h. The sample was desalted and further

purification was performed using SAX-HPLC monitored at 232nm.

106



4.5.4. NMR spectroscopy

NMR spectra for titrations of protein with several isomers of CS were recorded at
25 °C on Varian 800- and 900-MHz spectrometers and processed with NMRPipe and
Sparky (57,58). Titration experiments were carried out using 0.2-0.5 mM uniformly *N-
labeled Link module with increasing amounts of CSs (AC664S, AC444S, C664S, and
C444S) in 50 mM MES buffer, pH 6.0, 0.02% NaN3, 10% D,O. A series of 'H-""N
HSQC spectra were recorded after adding sugar at 0.096, 0.192, 0.29, 0.38, and 0.48 mM
to the protein sample. The degree of chemical shift change for amide proton and nitrogen
resonances was calculated using the empirical formula, AS= [(A8n)? + (ASn X 0.17)2]1/2)
where Ay and Ady are the observed chemical shift changes for *H and °N, respectively.
The weighting factor of 0.17 reflects the difference in chemical shift dispersion of 'H and
>N in folded proteins. (59) For relaxation experiments using a TEMPO labeled version
of AC4448S, a 0.17 mM *°N-labeled LinK-TSG-6 sample was prepared and spectra were
recorded at 25 °C on a Varian 800-MHz spectrometer.

RDCs were measured on a 0.5 mM *3C and **N labeled Link-TSG-6 sample in the
presence of 1 mM AC444S aligned in stretched neutral polyacrylamide gel. Gels were
cast initially in a 4.5 mm diameter glass tube overnight for polymerization. The
polymerized gels were washed for two or three cycles in deionized water overnight,
followed by a washing with protein buffer to equilibrate the pH. Finally, the gels were
washed again with deionized water to remove residual protein buffer. Swollen gels were
then trimmed to a length of 26 mm and dried at room temperature for 2 days. The dried
gel was placed in the upper stage of an NMR tube and protein sample was added to cover

the gel and let it swell for 2 days. Spectra were recorded using a two-stage NMR tube as
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described in Liu et al. (60). RDC values were measured using a *H->N HSQC IPAP (in-
phase and anti-phase) experiment under both isotropic and anisotropic conditions (43).

Complete backbone and side chain resonance assignments were obtained with 0.5
mM *C and **N enriched Link-TSG-6 in the presence of 0.6 mM AC444S using the
following heteronuclear 2D and 3D experiments: 'H-"N HSQC, CBCA(CO)NH,
HNCACB, HNCO and HCCH-TOCSY (61-68). All spectra for assignment were
collected at 25 °C on Varian 600- and 900-MHz spectrometers. *°N, and **C-edited
NOESY-HSQCs were collected on same sample at 800-MHz and used for structure
determination (69,70).

In order to measure N T; and T, relaxation rates and evaluate the level of
dimerization, spectra were recorded at 25 °C on a Varian 800-MHz spectrometer using
standard sequences from BioPack (Varian/Agilent). >N T, values were measured from
the spectrum with different delay times, T = 10, 20, 30, 40, 50, 70, 90, 110, 150, 200, 250,
300, 400, and 500 ms. T, values were determined from spectra recorded with delays T =
10, 30, 50, 70, 90, 110, and 150 ms. Ty and T, values were extracted from log plots of
peak intensities in 2D spectra as a function of delay duration.

4.5.5. Dynamic Light scattering (DLS)

260 uM protein and 1 mM protein in the presence of 0.5 mM sugar were used.
The samples were spun down for 30 min at 5000 g and 20 pl was placed into a 1.5 mm
cuvette. Light scattering experiments were carried out for both standard and Link-TSG-6

samples at 25 °C ina PROTEIN SOLUTIONS DynaPro 99.
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4.5.6. NMR solution structure calculation

All NOESY crosspeaks were picked using Sparky and assigned manually
followed by several rounds of automatic assignment. 1329 NOEs and 135 backbone
torsion angle constraints derived from TALOS (71) based on the assigned chemical shifts
of HA, CA, CB, CO, and N were used to calculate the solution structure. CYANA
version 3.0 calculations were performed and 20 structures with the lowest energies were
selected for analysis and further refinement (72,73). In the refinement stage, residual
dipolar couplings were incorporated starting with Da and Rh values calculated from
principle order parameters determined in REDCAT (-12.15 and 0.433, respectively).
Structural refinement was then carried out using NOE distances, dihedral angles, and
RDC values with Xplor-NIH (74).

4.5.7. Computational docking

HADDOCK version 2.1 was used for protein-protein and protein-ligand docking.
The newly determined NMR structure of the protein was used for docking. The C444S
structure was built in Glycam Biomolecular Builder (75) (also http://dev.glycam.org) and
the TEMPO group was added manually using UCSF Chimera (76). Residues H4, R5, ES6,
A7, Y12, H45 and H96, were set as highly ambiguous interaction restraints (AIRs) for
protein-protein docking. Residues, C47-A49, G58, K63-G65, and C68-176, were used as
AlRs for dimer-AC444S-TEMPO docking. In addition, PRE data from spin labeled
ligands were used as unambiguous interaction restraints for dimer-AC444S-TEMPO
docking. Initially 1,000 structures were determined by rigid-body docking. Then
simulated annealing (SA) was carried out with the 200 lowest-energy structures using

default force field parameters. Specified residues were allowed to be fully or semi
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flexible during various stages of simulated annealing. For ligand docking AC444S-
TEMPO was allowed to be fully flexible and residue segments of the protein 45-49, 63-
65, and 68-76, were allowed to be semiflexible. For monomer-monomer docking to
produce a dimer protein residues 9-12 near dimer interface were specified as semiflexible
during the SA. Semiflexible residues were allowed to have side chains move during the
SA. Fully flexible residues were allowed to be fully flexible throughout the entire
docking protocol except for the rigid body minimization. RDC restraints were given
during docking simulations and a tensor was included in the structures calculations.
Finally the structures were subjected to a water refinement stage. Models were clustered
based on similarity of poses and ranked based on total score. The top five in each cluster
were chosen for display and the lowest energy model of the top three scores was chosen
for more detailed analysis. The best structures were chosen from the refined structures
based on lowest total energy and docking score.
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CHAPTERS
CONCLUDING REMARKS

GAGs and GAG binding protein interactions are important for the regulation of a
wide range of physiological processes including cell-cell interactions and cell signaling
(1-6). These interactions greatly impact numerous physiological events including
development, cell growth, cell adhesion, inflammation, coagulation, tumorigenesis, and
interactions with pathogens (7-22). Gaining insights into the mechanisms of these
interactions is necessary to development of pharmaceutical interventions to treat disease.
There are a variety of experimental tools to study these interactions, providing a wide
range of information according to the data they produce for the analysis. For structural
studies at the molecular level of the interactions between the GAG and GAG binding
protein, advanced analytical approaches including SPR, Mass spectrometry, electron
microscopy, SAXS, NMR spectroscopy and X-ray crystallography have been widely
utilized. However, obtaining a sample of GAG and GAG binding protein for the study,
producing the data, and analyzing it can be challenging. This requires several conditions:
1) pure samples of the GAGs and the proteins, 2) advanced analytical tools to collect and
analyze data, and 3) expert skills to deal with data in order to produce high-resolution
structures.
In this thesis, we have chosen NMR spectroscopy to study the interaction between a
chondroitin 4-sulfated hexasaccharide and the Link module of human TSG-6. Isolating

homogeneous GAGs is challenging due to the heterogeneity of GAGs in which sugars
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can be modified with sulfation in either uronic acids or amino sugars, and epimerization
of glucuronic acid to idorunic acid can occur in the case of HS and Hp. Because of given
possible difficulties, the structure determination of GAG and GAG binding protein has
been hindered. I have chosen to isolate homogeneous chondroitin sulfate
hexasaccharides by enzymatic digestions for study in this thesis. Chondroitin sulfate-A
(4-sulfation dominant) and -C (6-sulfation dominant) were treated with chondroitinase
ABC, AC, C, and hyaluronidase to produce various oligosaccharides. Their sequences
and structures were characterized using mass spectrometry and NMR spectroscopy.
Based on this approach, 15 hexasaccharides were isolated and 4 of those were selected
for binding assays with the Link module of TSG-6.

| then went on to study the structural aspects of the Link-TSG-6:AC444S complex
using NMR applications including chemical shift perturbation, relaxation experiments,
paramagnetic relaxation enhancement and residual dipolar coupling. Even though
structures of the Link module of TSG-6 exist, there were reasons to pursue new solution
state structures: (1) binding of CS to the Link module shows multiple binding modes that
were not previously suspected, (2) RDC data fits poorly with respect to existing
structures, and (3) CS induces dimerization of the Link module for which there is no
structure. According to chemical shift perturbation for homogeneously well-defined CS
hexasaccharides (C664S, C444S, AC664S, AC444S), it is likely that all isomers bind to
the Link module at the same binding site for HA with similar affinities. The 4-sulfated
hexasaccharide, AC444S, was used as a ligand for structural studies because it showed
the strongest affinity among CS isomers.

The solution structure of Link-TSG-6 in its AC444S bound state was then
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determined using heteronuclear resonance assignment methods and structural constraints
from NOEs, RDCs and PRE. Combined with several NMR applications and other
analytical protocols, it is confirmed that AC444S binds near a previously identified HA
binding groove, but in a different geometry which may better accommodate sulfate group
interactions with protein residues. A preliminary set of dimer models was generated by
computational docking. A final model was chosen based on scoring and total energy
analysis. This model is compatible with experimental data and provides a unique and
reliable dimer model for future studies.

The observations with the Link module suggest that the Link module itself can
interact with chondroitin sulfate as well as form dimer conformation that is a novel
characteristic of the Link module. | believe that it is an important discovery to
understand novel mechanism of the interaction between sulfated-CS and Link module for
stabilizing and reconstructing the ECM during inflammation and ovulation.
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A.1 Abstract

Interactions between proteins and glycosaminoglycans (GAGs) of the
extracellular matrix are important to regulation of cellular processes including growth,
differentiation, and migration. Understanding these processes can benefit greatly from
the study of protein-GAG interactions using GAG oligosaccharides of well-defined
structure. Materials for such studies have, however, been difficult to obtain because of
challenges in synthetic approaches and the extreme structural heterogeneity in GAG
polymers. Here it is demonstrated that diversity in structures of oligosaccharides derived
by limited enzymatic digestion of materials from natural sources can be greatly curtailed
by proper selection of combinations of source materials and digestive enzymes, a process
aided by an improved understanding of the specificities of certain commercial
preparations of hydrolases and lyases. Separation of well-defined oligosaccharides can
then be accomplished by size-exclusion chromatography followed by strong anion-
exchange chromatography. We focus here on two types of chondroitin sulfate (CS) as
starting material (CS-A, and CS-C) and the use of three digestive enzymes with varying
specificities (testicular hyaluronidase, and bacterial chondroitinases ABC, and C).
Analysis using NMR and mass spectrometry focuses on isolated CS disaccharides and
hexasaccharides. In all, 15 CS hexasaccharides have been isolated and characterized.
These serve as useful contributions to growing libraries of well-defined GAG

oligosaccharides that can be used in further biophysical assays.

Keywords: Chondroitin sulfate; chondroitinase; enzymatic specificity; hyaluronidase;

oligosaccharides.
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A.2 Introduction

Complexes involving glycosaminoglycans (GAGSs) of the extracellular matrix and
various proteins are important in regulating cell-cell interactions and cell-signaling
events (Lindahl and Hook 1978; Handel et al. 2005; Raman et al. 2005; Sasisekharan et
al. 2006; Imberty et al. 2007; Gandhi and Mancera 2008). Those interactions have
innumerable physiological consequences including organogenesis/growth control (Cohn
et al. 1976; Beaulieu et al. 1991), cell adhesion (de Aguiar et al. 2005),
coagulation/thrombosis (De Mattos et al. 2008; He et al. 2008), regeneration/wound
healing (Gorio et al. 1997; Cattaruzza and Perris 2005), tumorigenesis/metastasis
(Cattaruzza and Perris 2005; Muramatsu and Muramatsu 2008), morphogenesis (Thesleff
et al. 1988; Domowicz et al. 2000), inflammation (Kaplan et al. 2002; Handel et al. 2005;
Koninger et al. 2006; Doodes et al. 2009) and neural development/regeneration (Perris et
al. 1996; Pettway et al. 1996; Inatani et al. 2001; Tully et al. 2004). They also play an
important role in infection by pathogens (vanPutten et al. 1997) and in mediation of prion
internalization (Warner et al. 2002; Ben-Zaken et al. 2003; Horonchik et al. 2005).
Involvement of GAGs in such a variety of processes is perhaps not surprising given the
diversity of structures and their extracellular location (Handel et al. 2005; Sasisekharan et
al. 2006; Gandhi and Mancera 2008).

There are many different types of GAGs: heparan sulfate, heparin (Hp),
chondroitin sulfate (CS), dermatan sulfate, keratan sulfate and hyaluronic acid (HA), all
of them physiologically active and biomedically important. They differ in terms of
composing units (uronic acids, or galactose, and hexosamines). These units occur in

disaccharides of one uronic acid/galactose and one hexosamine linked to make a linear
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polymer. In all except HA extensive sulfation adds to their highly anionic character and
structural diversity.

This structural diversity in GAGs is essential to the specificity and variety of
interactions with proteins mediating the processes listed above. For example, a specific
Hp pentasaccharide with a rare 3-sulfation is clinically exploited due to its high affinity
for antithrombin and consequent action in controlling the clotting process (Jin et al. 1997;
Richard et al. 2009). Specific sequences of CS having a mix of non- and 4-sulfated N-
acetylgalactosamine (GalNAc) residues are believed to mediate the binding of
erythrocytes infected by the pathogen responsible for placental malaria (Achur et al.
2008; Singh et al. 2008). Understanding these GAG—protein interactions can clearly be of
importance to human health (Kaplan et al. 2002; Handel et al. 2005; Horonchik et al.
2005; Raman et al. 2005; Imberty et al. 2007; Gandhi and Mancera 2008; Muramatsu and
Muramatsu 2008; Singh et al. 2008; Richard et al. 2009). However, studies leading to
these understandings require the availability of GAG oligosaccharides with well- defined
structure (Jin et al. 1997; Muthusamy et al. 2004; Singh et al. 2008; Richard et al. 2009).
Studies presented here on enzymatically digested products from natural sources of CS
polysaccharides illustrate a means of producing these well-defined oligosaccharides. CS
is the most abundant GAG in the body with numerous biological functions (Sugahara et
al. 2003). We have chosen to initially explore the production of CS oligosaccharides,
since CS is the most homogeneous- sulfated GAG type composed of just alternating
GalNAc and glucuronic acid (GIcA) units that are differentially sulfated. This facilitates

separation and structure determination.
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Among many combinations of enzymes and CS substrates available for study
(Ernst et al. 1995), here we choose three commonly used commercially available CS
degrading enzyme preparations, the CS lyases, chondroitinase ABC from Proteus
vulgaris and chondroitinase C from Flavobacterium heparinum and the hydrolase,
testicular hyaluronidase from sheep testes. We choose two CS standards for investigation,
bovine tracheal CS-A (btCS-A, mostly 4-sulfated) and shark cartilage CS-C (scCS-C,
predominantly 6-sulfated). Neither enzyme nor substrate preparations are particularly
pure, but they are readily available in quantities suitable for preparative work, justifying a
systematic investigation of the digestive properties of these systems. A comparison of
yields and structures of the major disaccharide and hexasaccharide products from the six
digestion combinations is presented. After proper isolation by a combination of size-
exclusion chromatography (SEC) and strong anion exchange (SAX) chromatography as
successfully performed in previous works (Deepa et al. 2007; Pothacharoen et al. 2007),
all oligosaccharide species were characterized by a combination of nuclear magnetic
resonance (NMR) spectroscopy and mass spectrometry (MS). The number of distinct
species produced for analysis is strikingly small and point to specificities in the enzyme
preparations that can be exploited in devising approaches to production of well-defined

oligosaccharides.
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Table Al: Structure and respective abbreviations used for disaccharides and
hexasaccharides obtained from six different digestions.

Structural description Abbreviation
AUA(B1—3)GaINAc | ACOS
B AUA(B1—3)GaINAc4S | AC4S
=}
g
3 AUA(B1—3)GalNAc6S | AC6S
2
AUA2S(B1—3)GaINAC6S | AC2,68
AUA(B1—3)GaINAc6S(B1—-4)GlcA(B1—3)GalNAc6S(B1—4)GIcA(B1—»3)GalNAc4S-ol | AC6;6;4S-0l
AUA(B1—3)GaINACc6S(B1—-4)GlcA(B1—3)GalNAc4S(B1—4)GIcA(B1—»3)GalNAcAS-ol | AC6;4;4S-0l
AUA(B1—3)GaINAcAS(B1—4)GlcA(B1—3)GalNAc6S(B1 —>4)GIcA(B1—»3)GalNAcAS-ol | AC4;6;4S-0l
AUA(B1—3)GaINAc4AS(B1—-4)GlcA(B1—3)GalNAc4S(B1—>4)GIcA(B1—»3)GalNAcAS-ol | AC4;4;4S-0l
AUA2S(B1—3)GaINAc6S(B1—4)GlcA(B1—3)GalNAc(B1—>4)GlcA(B1—3)GalNACES | AC2,6;0;68
AUA2S(B1—3)GaINAc6S(B1—4)GlcA(B1—3)GalNAc(B1—>4)GlcA(B1—-3)GalNAcAS | AC2,6;0;4S
AUA(B1—-3)GalNAc6S(B1—-4)GIcA(B1—3)GalNAc6S(B1—4)GlcA(B1—>3)GalNAc6S-ol | AC6;6:6S-0l
AUA(B1—-3)GalNAc4S(B1—-4)GIcA(B1—3)GalNAc6S(B1—-4)GlcA(B1—>3)GalNAc6S-ol | AC4;6:6S-0l
2 AUA(B1—-3)GalNAc4S(B1—-4)GlcA2S(B1—3)GalNAc6S(B1—>4)GlcA(B1 —3)GalNACES-0l | AC4;2,6:6S-0l
©
%>§ GlcA(B1—3)GalNAc6S(B1—-4)GlcA(B1—3)GalNAc6S(B1 —4)GlcA(B1—3)GalNAc-ol | C6;6;0S-ol
GlcA(B1—3)GalNAc6S(B1—-4)GlcA(B1—3)GalNAc4S(B1 -4)GlcA(B1—3)GalNAc-ol | C6;4;0S-ol
GlcA(B1—3)GalNAc6S(B1—4)GlcA(B1—3)GalN Ac4S(B1—4)GlcA(B1—3)GalNAc4S-ol | C6;4;4S-ol
GlcA(B1—3)GalNAc4S(B1—-4)GlcA(B1—3)GalNAc4S(B1—4)GlcA(P1—3)GalNAc4S-ol | C4;4;4S-ol
GlcA(B1—3)GalNAc6S(B1—-4)GlcA(B1—3)GalNAc6S(B1—4)GlcA(P1—3)GalNAc4S-ol | C6;6;4S-ol
GlcA(B1—3)GalNAc6S(B1—-4)GlcA(B1—3)GalNAc6S(B1 —4)GlcA2S(B1—3)GalNAcES-ol | C6;6;2,65-ol
GlcA(B1—3)GalNAc6S(B1—-4)GlcA2S(B1—3)GalNAc4S6S(B1—4)GlcA(B1—-3)GalNAc6S-ol | C6;2,6;65-0l
GlcA2S(B1—3)GaINAc6S(B1—4)GlcA(B1—3)GalNAc4S(B1—4)GlcA2S(B1—»3)GalNAc6S-ol | C2,6;4;2,65-ol
45 : e _
Nomenclature: AUA = A™unsaturated uronic acid; GalNAc = N-acetyl

galactosamine; GIcA = glucuronic acid; S = sulfation group, where the numbers
before “S” represent the ring position; -0l stands for reduced sugars (open rings at the
reducing-ends).
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®In the structural codes, the comma (,) was used to separate hexoses, whereas
semicolon (;) was used to separate disaccharide units. The digits O, 4, and 6 denote
respective positions of sulfation in the GalNAc units, whereas the 2 denotes 2-
sulfation at uronic acid units.

A.3 Results

Disaccharide analysis of extensively digested btCS-A and scCS-C In order to set
a standard for further analysis of disaccharides released under more limited digestion
conditions, a nearly complete digestion of btCS-A and scCS-C was attempted
(Supplementary data, Figure S1A and B). After a week-long digestion of btCS-A
polymers (8-50 kDa, Supplementary data, Figure S2) during which enzymes were
replaced periodically, high-pressure liquid chromatography (HPLC) analysis showed
disaccharide content to be 8% ACOS, 42% AC6S and 50% AC4S (Supplementary data,
Figure S1C and Tables I and II). This is in reasonable agreement with previous works
(Mucci et al. 2000; Muthusamy et al. 2004; 10% ACOS, 40% AC6S and 50% ACA4S).
Small deviations depending on sources are not unexpected.

HPLC disaccharide analysis of similarly digested scCS-C polymers (10-50 kDa,
Supplementary data, Figure S2) showed disaccharide content to be 3% ACOS, 49% AC6S,
26% AC4S and 22% AC2,6S (Supplementary data, Figure S1D and Table A2). Again this
IS in reasonable agreement with the literature (2% ACOS, 49% AC6S, 29% AC4S, 17%
AC2,6S and 3% AC4,6S; Sorrell et al. 1993; Mucci et al. 2000). Data confirm the
heterogeneity of both CS standards. However, quantities of recovered mono- (>5%) and
disaccharides (80-85%) show the digestions to be only 85-90% complete (Table A2),

suggesting that both CS polymers may contain sequences resistant to even very extensive

digestion conditions.
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Table A2: Yields of the disaccharides and the major hexasaccharides obtained from

different digestion types within different time courses.

Digestion Disaccharides Hexasaccharides
Type Time Absolute Structure and Absolute Structure and
yield yield ?
relative yield ° relative yield °
near-complete 7 days ~80 % ACOS (8 %); <1% Not determined
digested
0, .
BICS-A AC4S (50 %);
AC6S (42 %)
near-complete 7 days ~85% ACOS (3 %); <1% Not determined
digested
[} .
«cCS.C ACA4S (26 %);
AC6S (49 %);
AC2,6S (22 %)
ABC lyase + 2hand30 ~70% ACOS (7 %); ~3% AC6;6;4S-0l (20 %);
btCS-A min
ACA4S (60 %); AC6;4;4S-ol or
AC4:6:4S-0l (35 %);
ACBS (33 %)
AC4:4:4S-0l (46 %)
ABC lyase + 2hand 30 ~70% ACOS (6 %); ~3% AC2,6;0;4S (34 %);
scCS-C min
AC4S (37 %); AC2,6;0:6S (33 %)
AC6S (41 %);
AC2,6S (16 %)
C lyase + 2 days ~8% ACOS (12 %); ~10% AC6;6;6S-0l (8 %);
btCS-A
ACAS (43 %); AC4;6;6S-0l (20 %);
AC6S (45 %) AC4;4;4S-ol (57 %)
C lyase + 2 days ~8% ACOS (14 %); ~10% AC6;6;6S-0l (22 %);
scCS-C
ACAS (15 %); AC4;2,6;6S-ol
(39 %)
AC6S (68 %);
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AC2,6S (3 %)

hyaluronidase 2 days <1% Not determined ~15% C6;6;0S-ol (10 %);
+ btCS-A
C6;4;0S-ol (8 %);
C6;4;4S-ol (30 %);
C4;4;4S-0l (19 %);

C6;6:4S-0l (32 %)

hyaluronidase 2 days <1% Not determined ~10% C6;6;4S-0l (23 %);
+scCS-C
C6;4;4S-0l (18 %);
C6;6;2,6S-0l (20 %);
C6;2,6;6S-ol (19 %);

C2,64:2,65-0l (7 %)

 The absolute yield was estimated as the percentage of weight (mg of sample) recovered
from the peaks 2 (disaccharides), and 6 (hexasaccharides) from the SEC (Bio-Gel P-10
column) of each digestion type. The values are relative to ~ 75 mg of loaded material into
the column.

®Therelative yield was determined as percentage of weight (mg of material) recovered as
pure isomers fractionated by SAX-HPLC chromatography of the heterogeneous mixture
of disaccharides or hexasaccharides from each digestion type. The values are compared
to ~ 5 mg of material loaded into the column.

A.3.1 Limited chondroitinase ABC digestion of btCS-A

SEC profiles of btCS-A digestion products from shorter periods of ABC lyase
treatment are shown in Figure Al. MS has been used to determine the size of
oligosaccharides eluted in representative peaks (Supplementary data, Figure S3), and the
degree of polymerization is indicated above each peak in Figure Al. Disaccharides are
the major products for short periods of digestion, consistent with the previously
suggested presence of substantial exolytic cleavage activity (Hardingham et al. 1994).
HPLC analysis of disaccharide content of samples digested for 2.5 h (Figure Al, open

triangles) showed composition to be: 7% ACO0S, 33% AC6S and 60% AC4S
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(Supplementary data, Figure S4 and Table A2). In comparison with the extensively
digested sample (Supplementary data, Figure S1C), more AC4S disaccharide is clearly

generated suggesting a preference for cleavage at a 4-sulfated GalNAc.

3

2,5 A

Abs 232 nm

0,5 A

51 61 71 81 91 101 111 121 131 141 151 161 171 181 191 201

Fractions (mL)

Figure Al: Size fractionation on Bio-Gel P-10 column of the products from btCS-A
digested with a commercial preparation of chondroitinase ABC from P. vulgaris. Data
from different digestion times are shown: 10 min (-e-), 30 min (-o-), 1 h (-A-),and 2.5 h
(-A-). At the top of each peak the degree of polymerization is indicated. UF stands for
unfractionated material.

Although dominant production of disaccharides in early periods of digestion is in
full agreement with the expected high level of exolytic activity (Hardingham et al. 1994),
tetrasaccharides and hexasaccharides are significant at the initial periods as well (Figure
Al, filled and open circles) and become progressively more abundant with longer
digestions (Figure Al, filled and open triangles). Higher order oligosaccharides (longer
than 6-mers) become gradually measurable as well. The commercial preparation of ABC
lyase is in fact known to be a mixture of two enzymes suspected to differ in endolytic and
exolytic activities, lyases | and 1l (Hamai et al. 1997; Zhang et al. 2009). Therefore, it is

reasonable to consider the production profile as a result of their combined and competing
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activities (see Materials and methods). If the exolytic activity dominated, the high-order
oligosaccharides could be simply end-products of multiple exolytic cleavages of chains
with different lengths in the starting material. To test this possibility, a digestion of a
size-selected fraction of btCS-A, 39 kDa or 164 residues for short (10 min) and long (2.5
h) periods, was performed (Supplementary data, Figure S5A). Although large amounts of
disaccharides were still observed in both time courses, significant amounts of
tetrasaccharides and hexasaccharides were seen (24% each for the 10-min digestion) and
the amounts of larger oligosaccharides were small. If only exolytic digestion had
occurred in the 10 min digestion and only 38% disaccharides had been produced, the
average length of the remaining fragments should have averaged 24.1 kDa or 100
residues in length. Hence, there is significant endolytic activity in the mixture (Jandik et
al. 1994) forming mostly tetrasaccharides and hexasaccharides (Hardingham 1994). As
the time of digestion proceeds (4.5h in Supplementary data, Figure S5B), the amount of
high-order oligosaccharides progressively decreases, likely due to continued exolytic
action, until massive disaccharide amounts are formed as final products (Supplementary
data, Figure S1A).

There is a general consensus that the ABC lyase exolytic activity proceeds from
the non-reducing end (Hardingham et al. 1994). This directionality was confirmed
through the MS characterization of digestion products from a size-selected CS fraction
modified at its reducing end (Supplementary data, Figure S6). Hence, the existence of
sites less prone to exolytic activity may be reflected in the non-reducing end structure of
some oligosaccharide products. The hexasaccharide fraction from limited ABC lyase

digestion of unfractionated btCS-A was, therefore, further analyzed by separation on a
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SAX column followed by NMR and MS analysis. Prior to SAX-HPLC, the mixture of
hexasaccharides (Figure Al, peak 6, open triangles) was reduced via treatment with
NaBH, to avoid possible complications from a-/B-anomeric mutarotation. This reaction
was only used to facilitate structural characterization and can be skipped when
oligosaccharide production is the objective. Only three major peaks appeared in the SAX
chromatogram (Figure A2A). Among the three fractions, only the two leading and
trailing peaks gave *C-gradient heteronuclear single-quantum coherence (gHSQC)
spectra sufficiently free of contamination from species eluting at either side to allow
structure determination. The first peak was characterized as AC6;6;4S-ol (Table Al). Its
3¢ -gHSQC spectrum showed two *H/*C-signals characteristic of 6-sulfation and one
cross-peak typical of 4-sulfation (Supplementary data, Figure S7A and Supplementary
data, Table SI). This last 4-sulfate-related signal is connected in the correlation
spectroscopy (COSY) spectrum to a resonance of a far upfield methylene group (64 =
3.69 ppm), as opposed to an anomeric resonance (Supplementary data, Figure S7B). This
methylene derives from the open sugar ring coming from the reduction reaction, thus
proving that the 4-sulfated GalNAc unit is located at the reducing terminus of the
hexasaccharide. The last hexasaccharide from the SAX-HPLC was identified as the
entirely 4-sulfated hexasaccharide (AC4;4;4S-ol, Table Al) based on intense *H4-*C4
downfield cross-peaks characteristic of 4-sulfated GalNAc residues (Supplementary data,
Figure S8A and Supplementary data, Table S1). The central elution fraction, which could
not be completely characterized by *C-gHSQC, was further subjected to analysis using
®N-gHSQC. This has previously proven to be very diagnostic for sulfation types in CS

oligosaccharides (Pomin et al. 2010). Besides the three cross-peaks showing 4-sulfation
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from the contaminating entirely 4-sulfated hexasaccharides (Supplementary data, Figure
S8B), an additional intense cross-peak typical of a non-reducing end or middle 6-sulfated
GalNAc residue is observed. This suggests that the middle SAX-HPLC fraction (Figure

A2A) is either AC6;4;4S-ol or AC4;6;4S-0l.
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Figure A2: SAX-HPLC fractionation of unsaturated hexasaccharides from digestion of
(A) btCS-A, and (B) scCS-C with a commercial preparation of chondroitinase ABC from
P. vulgaris. Mixtures of hexasaccharides (reduced, and unreduced for btCS-A, and scCS-
C, respectively) were obtained from peak 6 of their respective Bio-Gel P-10
chromatograms of 2.5 h digestions. The two fractionated isomers as characterized by
NMR and MS spectroscopy were (A) AC6;6;4S-ol, and AC4;4;4S-ol for btCS-A, and (B)
a,B-AC2,6;0;6S and a,B-AC2,6;0;4S for scCS-C. (A) The middle peak could be either
AC6;4;4S-0l or AC4;6;4S-0l. The percentage of material in each peak is indicated in
parentheses. The NaCl gradient is shown with the continuous light grey line.
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The appearance of hexasaccharides with 6-sulfation at central sites and the non-reducing
terminus, and 4-sulfation at the reducing terminus, is expected based on a lower
preference for exolytic cleavage at 6-sulfated sites. Exolytic cleavage beginning at the
non-reducing end would have been slow at the 6-sulfated sites allowing more time for
endolytic cleavage at an upstream 4-sufated site. The high yield of a AC4;4;4S-ol
oligosaccharide (Table A2) is likely a simple consequence of the higher percentage of 4-
sulfation in the starting material.

A.3.2 Limited chondroitinase ABC digestion of scCS-C

The oligosaccharide distribution using chondroitinase ABC to digest the atypical
scCS-C substrate over a 2.5-h digestion period (Supplementary data, Figure S9) is similar
to that seen for btCS-A at 1 h (Figure A1, filled triangles). The slower progression of the
digestion is consistent with a preference of the ABC lyase for 4-sulfation sites and the
smaller percentage of 4-sulfation in the scCS-C substrate. scCS-C is 26% 4-sulfated as
opposed to 50% in btCS-A (Supplementary data, Figures S1C vs D and Table A2).

Analyses of the disaccharide fractions were distinctive in two respects. First, a
new HPLC peak was detected (Supplementary data, Figure S10A). Its MS spectrum
(Supplementary data, Figure S10B) indicated an MW of 539 Da, typical of a disulfated
unsaturated CS-derived disaccharide. The **C-gHSQC spectrum confirmed the presence
of 6-sulfation on GalNAc, with additional 2-sulfation on GIcA (Supplementary data,
Figure S10C).

Second, even though native scCS-C possesses only 26% 4-sulfation
(Supplementary data, Figure S1D), larger amounts (37%) of 4-sulfated disaccharides

were produced (Supplementary data, Figure S10A and Table A2). This is consistent with
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a preference for cleavage in 4-sulfated regions of CS molecules by the exolytic
component of ABC lyase preparation.

The presence of hexasaccharides, although comprising <5% of the digested
material after 2.5 h digestion (Table A2), is again consistent with significant endolytic
activity of the commercial preparation of the ABC lyase from P. vulgaris. Fractionation
by SAX-HPLC of the unreduced hexasaccharides revealed two well-separated major
peaks (Figure A2B); both were further characterized by **C-gHSQC spectra
(Supplementary data, Figure S11A and B). Positions of sulfate-related *H/**C crosspeaks
suggest that the first fraction to be AC2,6;0;4S (Table Al) and the second fraction to be
AC2,6;0;6S (Table Al).

The high representation of 2-sulfated GlcAs and non-sulfated GalNAcs in the
hexasaccharide fraction is in sharp contrast to the lower amounts of disaccharides
containing these sulfation patterns under near-complete digestion conditions (22 and 3%,
respectively; Table A2). This sulfation pattern, AC2,6;0, may slow the exolytic action of
the 4-sulfation-preferring ABC lyase allowing endolytic activity to produce
hexasaccharides with an unexpectedly small number of isomers. 4-sulfation at the
reducing end is more prevalent as expected based on preference for cleavage at a 4-
sulfated site. The appearance of a hexasaccharide with 6-sulfation at this position likely
reflects the abundance of these sites in the starting material.

A.3.3 Limited chondroitinase C digestion of scCS-C

The commercial preparation of chondroitinase C is expected to display enhanced
activity toward CS-C substrates, but both the chondroitinase C preparation used here and

the related chondroitinase AC preparation are known to display activity toward CS-A
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products as well (Michelacci and Dietrich 1976; Aguiar et al. 2003). The AC preparation
is well characterized and activities toward 4-sulfated and 6-sulfated regions reside in a
single enzyme (Gu et al. 1995). The mixed activities in the chondroitinase C preparation
reflect a similar activity profile, but one that may result from the presence of multiple
enzyme components (see Materials and methods). The activity of chondroitinase C was
observed to be lower than that of chondroitinase ABC and hence longer digestion times
were used (48 h in Figure A3 vs 2.5 h in Figure A1, open triangles). Only the results after
2-day digestion are presented in Figure A3, and this plot is used to compare the size
distribution results on digesting the preferred 6-sulfation-rich substrate, scCS-C, to the
less preferred 4-sulfation-rich substrate, btCS-A. The distribution of oligosaccharide sizes
appears similar for both substrates as confirmed by the quantitation of amounts of
disaccharides and hexasaccharides presented in Table A2. This suggests a substantial
amount of 4-sulfation-dependent activity. The higher amounts of hexasaccharide and
other oligosaccharides when compared with disaccharides for both digestions suggest a
dominant endolytic activity for this enzyme preparation.

Disaccharide fractions after 2-day digestion of scCS-C showed 68% of the
structures to have a single 6-type sulfation (Supplementary data, Figure S12A and Table
A2), whereas the starting material has 49% (Supplementary data, Figure S1D). Some 6-
sulfation preference therefore exists. The specificity of the C lyase preparation as seen in
scCS-C digestions can be better assessed by the examination of hexasaccharides isolated
by SAX-HPLC combined with analysis by NMR and MS (Figure A4A and
Supplementary data, Figures S13 and S14A and B). The large amount of hexasaccharide

bearing 6-sulfated units at reducing ends, such as AC6;6,6S-ol and AC4;2,6,6S-ol (Table
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Al) would support specificity for cleavage at a 6-sulfated site, but may also be explained
as a consequence of the preponderance of 6-sulfation in the starting material. A
comparison with a C lyase digestion of btCS-A, as presented below, helps to differentiate
these possibilities. The different numbers of sulfates in oligosaccharide products from
scCS-C when 2-sulfation of the GIcA occurs along with sulfation of the GalNAc are
distinctive and facilitate the isolation of homogeneous hexasaccharides from this

digestion type.
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Figure A3: Size fractionation on Bio-Gel P-10 column of the products from 2-day
digestions of scCS-C (-o-), and btCS-A (-e-) with a commercial preparation of
chondroitinase C from F. heparinum. The degree of polymerization is given at the top of
each peak. UF stands for unfractionated material.

A.3.4 Limited chondroitinase C digestion of btCS-A

The slight activity preference of C lyase for 6-sulfated regions is noticeable when
the disaccharides derived from the atypical substrate btCS-A are analyzed. Disaccharide
analysis of products from 2-day incubation revealed nearly equivalent amounts of 4and 6-

sulfated disaccharides (43 and 45%; Supplementary data, Figure S12B and Table A2),
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when compared with the excess of 4-sulfated disaccharides (50 vs 42%) seen on near-

complete digestion of btCS-A (Supplementary data, Figure S1C and Table A2).
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Figure A4: SAX-HPLC fractionation of reduced unsaturated hexasaccharides from 2-day
digestions of (A) scCS-C, and (B) btCS-A with a commercial preparation of C lyase from
F. heparinum. Both mixtures of hexasaccharides were obtained from peak 6 of their
respective Bio-Gel P-10 chromatograms. The fractionated isomers are (A) AC6;6;6S-o0l,
and AC4;2,6;6S-ol for scCS-C, and (B) AC6;6,6S-0l, AC4;6,6S-o0l, and AC4;4;4S-ol for
btCS-A. The mean the percentage of material in each peak is given in parentheses. The
NaCl gradient is shown with the continuous light grey line.

As in the case of scCS-C, the amount of hexasaccharide is relatively high in btCS-

A digestions showing substantial endolytic activity. Again a small number of isomers
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(three) were obtained from SAX-HPLC (Figure A4B) of the mixture of reduced
hexasaccharides (peak 6, open triangle, in Figure Al). These were characterized by both
13C-gHSQC NMR (Supplementary data, Figure S15) and MS (Supplementary data,
Figure S14C and D), giving the following structures: AC6;6;6S-ol, AC4;6;6S-0l and
AC4;4;4S-0l (Table Al). The 57% occurrence of a AC4;4;4S-ol hexasaccharide was
unexpectedly high (Table A2). Occurrence may have been elevated somewhat by the
slight preference for cleavage at 6-sulfated sites, but it can also be a consequence of
clustering of 4-sulfation in the starting material. The presence of the AC6;6;6S-0l
hexasaccharide was likewise surprising, even though in small amounts. Random
distributions of 6-sulfated sites in even a slightly 4-sulfate-rich sample would make the
occurrence of three in a row rare. Evidence supporting the occurrence of sulfation
domains rather than random distribution in CS backbones does exist (Sorrell et al. 1993).
In any case, preference for cleavage in 6-sulfated regions over 4-sulfated regions is small
when btCS-A is used as a substrate for the C lyase preparation.

A.3.5 Hyaluronidase digestion of btCS-A and scCS-C

It is clear from the above results that longer oligosaccharides are produced when
endolytic activity dominates and production of certain products can be enhanced when
non-reducing end processing is reduced by a less preferred sulfation pattern. It is
therefore of interest to examine products from digestion with other enzymes for which
endolytic activity naturally dominates. Commercial preparations of ovine hyaluronidase,
a hydrolase named for its activity toward nonsulfated HA, is known to have such
specificity (Takagaki et al. 1994). Preference for cleavage at 4-sulfated or non-sulfated

sites (Knudson et al. 1984) should complement observations made using the
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chondroitinase C preparation where cleavage at 6-sulfated sites is slightly preferred. This
hydrolase would also add saturated oligosaccharides to the growing library of unsaturated
oligosaccharides produced by the lyases. Sodium dodecyl sulfate (SDS)—polyacrylamide
gel electrophoresis (PAGE) of the enzyme shows a number of bands, but these are
believed to be proteolysis products of a single enzyme (see Materials and methods).
Figure A5 presents gel-permeation results for digestions with hyaluronidase on both CS
substrates. The small amounts of disaccharide and heavy distribution toward medium
sized-oligosaccharides (ranging from 4 to 12 residues, Figure A5) support the predicted
effects of high endolytic activity. Surprisingly, hyaluronidase appears to show some
enhanced activity toward a 6-sulfation-rich substrate, as scCS-C appears to have been

digested faster than btCS-A (Figure A5).

Abs 214 nm
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Figure A5: Size fractionation on Bio-Gel P-10 column of the products from 2-day
digestion of btCS-A (-o-), and scCS-C (-e-) with a commercial preparation of ovine
hyaluronidase. The degree of polymerization is given at the top of each peak. UF stands
for unfractionated material.

The apparent acceleration of digestion may, however, reflect differences in accessibility

due to secondary and tertiary structure as opposed to specificity at the cleavage site.
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Additional information can again be obtained by separation and characterization of
hexasaccharide fractions.

Digestions of both btCS-A and scCS-C showed two well-separated groups of
reduced hexasaccharides on SAX-HPLC (Figure A6). In the case of btCS-A, **C-gHSQC
NMR (Supplementary data, Figure S16) and MS spectra (Supplementary data, Figure
S17) showed the first group to be C6;6;0S-ol and C6;4;0S-ol, and the second group to be
C6;6;4S-0l, C4;4;4S-ol and C6;4;4S-ol (Figure AGA, Table A2). The groups of HPLC
peaks differ in the extent of sulfation. The hexasaccharides in the first group, with a non-
sulfated GalNAc at the reducing end, were in fact anticipated based on the expected
ability of hyaluronidase to cleave at non-sulfated sites (Knudson et al. 1984). The
relatively high percentage of hexasaccharides bearing 6-sulfation in both groups is
consistent with the suggestion that 6-sulfated regions may be more accessible to the
enzyme. It is noteworthy, however, that all hexasaccharides of the second group have 4-
sufation at the reducing ends, confirming a preference for cleavage between a 4-sulfated
GalNAc and a GIcA (Knudson et al. 1984).

The major hexasaccharides from the hyaluronidase digestion of scCS-C were
characterized as follows: C6;6;4S-ol, C6;4;4S-ol, C6;6;2,6S-ol, C6,;2,6;6S-0l and
C2,6;4;2,6S-ol (Figure A6B and Supplementary data, Figure S18 for NMR, and
Supplementary data, Figure S19 for MS spectra). Curiously, these products do not
contain any non-sulfated GalNAc units. However, the occurrence of non-sulfated
GalNAc residues is lower than in btCS-A (3%, Supplementary data, Figure S1D). More
prevalent are products eluting at higher salt concentrations containing 2,6-disulfated units.

This shows some enhanced hyaluronidase activity for regions with 2,6-disulfated sites in
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scCS-C. Products from hyaluronidase digestion bearing 2-sulfation have been observed
previously (Nadanaka and Sugahara 1997). Aside from some enhanced activity toward
2,6-disulfated regions, the large amount of hexasaccharides bearing C-type sulfation is
consistent with the abundance in the starting material together with the suggested

enzymatic accessibility to 6-sulfation-rich regions.
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Figure A6: SAX-HPLC fractionation of reduced saturated hexasaccharides from 2-day
digestion of (A) btCS-A, and (B) scCS-C with a commercial preparation of ovine
hyaluronidase. The percentage of material in each peak is given in parentheses. The NaCl
gradient is shown with the continuous light grey line.

The occurrence of hexasaccharide products with 2-5 and potentially 6-sulfation

sites on digestion with hyaluronidase facilitates separation of discrete products on SAX-
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HPLC. Caution must be exercised, however, in assuming that hexasaccharide structures
observed represent sequences abundant in native polymers. The transglycosidase activity
of hyaluronidase can clearly generate sequences not present or abundant in its polymeric
substrates (Takagaki et al. 1994, 1999). However, our observations are reproducible and
remain relevant to the potential for defined product retrieval from btCS-A and scCS-C.
A.4 Discussion

Well-defined, higher-order, GAG oligosaccharides can be of a tremendous value
in the investigation of the activities of the numerous proteins involved in GAG
metabolism and modulation of cellular function. It would initially seem that digestion of
naturally occurring GAG polymers followed by separation on the basis of size and charge
would offer a route to the preparation of such oligosaccharides. However, high exolytic
activities of certain enzyme preparations lead to the production of primarily disaccharides,
and simple statistical predictions of structural diversity, even for oligosaccharides as
small as hexasaccharides, would suggest unmanageable numbers of isomers. Work
presented here shows that the non-random distribution of sulfation in CS chains, together
with cleavage preferences of commercial preparations of digestive enzymes, contribute to
a limited diversity in products and enhanced utility of a digest and separate preparation
protocol.

The current research was restricted to a study of the activity of just three
commonly used commercial enzyme preparations, and their actions on just two readily
available CS standards. However, comparative analysis of digestion products from the
two differentially sulfated substrates provided some insight into the relationship of

cleavage specificities of the enzyme preparations and the limited number of
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hexasaccharides produced. The hexasaccharide fractions were chosen for further
characterization in this work due to a combination of potential biological interest and
feasibility in HSQC-based structural determination. Endolytic activity contributes
substantially to the production of the biologically interesting medium-sized products in
digestions with C lyase and hyaluronidase, whereas the substantial exolytic activity in
ABC lyase preparations limit the production of larger oligosaccharides. However, for the
small amounts of larger oligosaccharides produced, specificities for exolytic cleavage
seem to contribute to the production of limited numbers of isomers, possibly by
enhancing opportunities for endolytic cleavage when regions of low exolytic activity are
encountered. For example, the commercial preparation of ABC lyase from P. vulgaris,
whose activity results from a competition between two enzymes (endolyase and
exolyase), produced a very limited set of hexasaccharide structures, mostly with a central
and/or non-reducing end 6-sulfated GalNAc or a 2,6;,0S pattern penultimate to the
reducing end (Table A2). This is likely due to its 4-sulfation cleavage preference at the
reducing end (Hardingham et al. 1994). Exploiting this preference, 2 mg of the
uncommon hexasaccharide, AC2,6;0;4S was prepared by treating 75 mg of scCS-C with
ABC lyase.

The commercial preparation of chondroitinase C from F. heparinum showed
predominantly endolytic action. Only 8% disaccharides were produced with limited
digestion as opposed to the 70% with limited ABC lyase digestion (Table A2), something
that could obscure any effect of exolytic stalling on hexasaccharide product distributions.
Analysis of the small amount of generated disaccharide products did show effective

cleavage at 4-sulfated GalNAc units as well as 6-sulfated units. There is, in fact, only a
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slight elevation of 6-sulfation in disaccharides isolated after short digestions of btCS-A
when compared with disaccharides produced on near-complete digestion. The 4,4,4-
hexasaccharide isolated from a btCS-A digestion was also produced in large amounts
(57%, Table A2) showing cleavage ability at a 4-sulfated site, but all other
hexasaccharides from either btCS-A or scCS-C digestion have a 6-sulfated GalNAc unit
located at their reducing ends. In addition, the SEC profiles of both substrates were
observed to be similar (Figure A3). Hence, specificity for both 4- and 6-sulfated sites
does exist. We cannot exclude that this results from contamination of the chondroitinase
C preparation with an ABC type enzyme, but both AC and C isolates have previously
been shown to have substantial activities toward CS-A and CS-C (Gu et al. 1995; Aguiar
et al. 2003). In the former case, the enzyme is quite pure (Gu et al. 1995).

As expected, the commercial hyaluronidase preparation from sheep testes exhibits
major endolytic activity producing medium- (4- to 8-mers, Figure A6) and large-sized
oligosaccharides (peaks UF in Figure A6) as primary products. As expected, it also
displays a slightly enhanced ability to cleave after both 4-sulfated and non-sulfated
GalNAc residues (Knudson et al. 1984). For digestion of scCS-C, there is an enhanced
abundance of hexasaccharides that carry 2- and 6-disulfated disaccharide units, indicating
a possible preference for regions bearing additional sulfation on GIcAs as well. The
number of hexasaccharide types is larger than that produced by the lyases studied here,
but the number is still below statistical expectations. The occurrence of hexasaccharides
with both less and more sulfation than one per GalNAc residue also facilitates the
separation of products by SAX in this case.

Using enzyme preparations that have substantial endolytic activities combined
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with a consideration of enzyme specificities and a judicious choice of substrates can
clearly produce significant amounts of well-defined CS oligosaccharides. For example,
treatment of btCS-A with chondroitinase C produced more absolute amounts of
hexasaccharides than digestions with chondroitinase ABC (Table A2). The SAX-HPLC-
based separation of hexasaccharides from the chondroitinase C digestion of btCS-A
revealed only three major isomers (Figure A4B). High levels of larger oligosaccharides
were also obtained from hyaluronidase digestions of either btCS-A or scCS-C (Figure
Ab). Separation of hexasaccharides from hyaluronidase digestion on SAX-HPLC shows
well-separated sets of structures bearing two, three or more sulfates, and again no more
than three isomers in each group (Figure A6). The structure, C6;6;4S-ol, represents 32%
of all hyaluronidase produced hexasaccharides from btCS-A, and the hexasaccharide
amount represents 15% of total digested material (Table A2). This enabled ready
production of 3 mg of a very specific hexasaccharide from 75mg of readily available
starting material.

The data reported in Table Al is far from a complete survey of production
possibilities. But it shows that with a proper choice of enzyme and substrate the diversity
in structures produced can be minimized and certain target structures can be produced
with reasonable yields. There is some additional supporting data in the literature. A
library of CS octasaccharides obtained from the hyaluronidase digestion of scCS-C has,
for example, been presented (Deepa et al. 2007). Digestion conditions are different and
structures are deduced by additional enzymatic degradation as opposed to NMR/MS
analyses. Many of the basic specificities observed in our studies can, however, be seen in

the octasaccharide structures as well. Some of the products of such research have already
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proven useful in development and use of epitope recognition monoclonal antibodies
(Caterson et al. 1990; Pothacharoen et al. 2007). Hopefully, the combination of data
presented here and elsewhere will suggest procedures for the production of targeted
oligosaccharides and guide additional research into other substrate—enzyme combinations
for preparation of biologically active GAG oligosaccharides with well-defined structures.

A.5 Materials and methods

A.5.1 Materials and reagents

The sodium salt of btCS-A, the sodium salt of scCS-C, hyaluronidase from sheep
testes (type V) (EC 3.2.1.35), chondroitin ABC lyase from P. vulgaris (EC 4.2.2.4),
chondroitin C lyase from F. heparinum (EC 4.2.2.X), Sephadex G-15 resin (fractionation
range of dextrans <1.5 kDa) and 1,9-dimethylmethylene blue (dye content 80%) were
purchased from Sigma-Aldrich Co. (St Louis, MO). A pre-packed Spherisorb S10 SAX
column (10 x 250 mm, 5 um) was from Waters Corporation (Milford, MA). Bio-Gel P-
10 gel resin (fractionation range of dextrans from 1.5 to 20 kDa) in fine polyacrylamide
beads, Bio-Gel P-60 (fractionation range of dextrans from 10 to 60 kDa) in medium
polyacrylamide beads, the polypropylene chromatographic columns (120 x 1.5 and 120 x
3.0 cm for SEC and 1.0 x 50 cm for desalting) were purchased from Bio-Rad Life
Science (Hercules, CA). Deuterium oxide “100%” (D 99.96%) was purchased from
Cambridge Isotope Laboratories, Inc. (Andover, MA), and HPLC-grade methanol was
purchased from Fisher Scientific (Fair Lawn, NJ).

Analysis of commercial hyaluronidase and chondroitinase ABC and C
preparations The purity of enzymes was checked by SDS-PAGE as presented in

Supplementary data, Figure S20, and several bands were excised for MS analysis of
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peptides from a trypsin digest. All enzyme preparations show multiple bands. Partially
resolved bands near 120 kDa in the chondroitinase ABC sample are consistent with an
expected mixture of two isoforms (endolyase and exolyase), and the presence of the
endolyase was confirmed by MS. Although one preparation examined was designated
bovine serum albumin free (BSA free), the bands near 55 kDa show peptides consistent
with BSA. BSA is frequently used as a stabilizer in these preparations, and when this is
done, the amounts are much higher. The chondroitinase C preparation also showed
several bands. While not specified as either BSA containing or BSA-free in the product
literature, the preparation does contain BSA as a stabilizer, accounting for the intense
band near 55 kDa. The additional bands above 100 kDa appear to be associated with BSA
(peptides from the distinct band at 120kDa were shown by MS to be consistent with the
BSA sequence). The 74-kDa band yields peptides consistent with the 700 amino acid AC
lyase, but the band at 62kDa could not be identified.

The commercial preparation of hyaluronidase from sheep testes type V showed a
major band at 28 kDa an additional band at 22 kDa and a minor band at 56 kDa. The
bands at 28 and 56 kDa had originally been interpreted as dimers and tetramers (Khorlin
et al. 1973). However, recent structural work on homologous hyaluronidases shows
single polypeptides of 55kDa having a catalytic domain of 35kDa (Stern and Jedrzejas
2006). Tests for activity on size separated fractions of our material showed activity in
both the 56- and 28-kDa materials. Both the 33- and 58-kDa bands from bovine testicular
hyaluronidase have been shown to have activity previously (Oettl et al. 2003). Given the
lack of unique activities for the separated fractions, commercial preparations of all

enzymes were used in the in the following digestions. SDS-PAGE data shown in
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Supplementary data, Figure S20 can be used in the future to alert investigators to possible
variations in commercial preparations and consequent deviations from results reported
here.

A.5.2 Limited enzymatic digestions of btCS-A and scCS-C

Five ABC lyase digestions of btCS-A were individually performed incubating 150
mg of the polysaccharide with 1 mg of chondroitinase ABC (0.33 IU) in a 5 mL digesting
buffer (50 mM Tris—HCI, pH 8.0, 150 mM sodium acetate, 100 pg/mL of BSA) at 37°C,
for 10, 30, 60, 150 or 270 min. After the respective periods of incubation, each digested
sample was heated (boiled) at 100°C for 15 min to stop the reaction. One ABC lyase
digestion of scCS-C and two C lyase digestions of btCS-A and scCS-C were performed
using the same protocol described at the beginning of this section; however, only the
period of 150 min for the ABC lyase digestion of scCS-C was executed, whereas 48 h
was used for C lyase digestions with 8.7 pug of enzyme (2.5 IU). Hyaluronidase digestions
of both btCS-A and scCS-C were performed by incubation of each CS type (150 mg)
with 10 mg of hyaluronidase (1.5 x 10* 1U) in 3 mL of 50 mM sodium phosphate, 150
mM NaCl (pH 6.0) at 37°C, for 48 h each. The digested samples were then heated
(boiled) at 100°C for 15 min.

A.5.3 Size fractionation of CS-digested products

A 2.5-mL sample (75 mg) from each digestion was subjected to SEC on a Bio-
Gel P-10 column (120x1.5cm) using an elution solution of 10% ethanol in 1 M aqueous
NaCl at a flow rate of 1 mL/15 min/fraction. The separations were monitored by
ultraviolet absorption at A = 214 nm or A = 232 nm for the hydrolase- and lyase-derived

products, respectively (Horonchik et al. 2005). Some digestion types were subjected to
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size separation more than once (Figure Al). The lyase- or hydrolase-digested
disaccharide and hexasaccharide fractions were selected for further separation and
analyses. Tubes corresponding to their peaks were pooled, concentrated and desalted on a
Sephadex G-15 column (1.0 x 50 c¢cm) using distilled water as eluent. The respective
desalted fractions were freeze-dried and stored until use. Additional fractionations of
native btCS-A and scCS-C samples on Bio-Gel P-60 were carried out under similar
conditions, using a larger column (120 x 3.0 cm) with loadings of 120 mg.

A.5.4 Reduction of CS hexasaccharides

To provide samples having terminal sugars reduced to their corresponding N-
acetylgalactosaminitol forms (-ol), the desalted and lyophilized hexasaccharides from the
Bio-Gel P-10 column (except those from the ABC lyase digestion of scCS-C) were
treated with an equivalent weight of sodium borohydride (NaBH,) in 1 mL of water for 3
h. The reduction reactions were then stopped by adding a molar equivalent of acetic acid
and stirring for 1 h in an ice-bath. This was followed by desalting on a Sephadex G-15
column (1.0x50 cm).

A.5.5 SAX chromatography for isolation of CS isomers

About 5 mg of the different lyase- and hydrolase-digested hexasaccharide or
disaccharide fractions were dissolved in 100 pL of water and individually subjected to
SAX-HPLC on a 10 mm x 0.25 cm column using a linear NaCl gradient from 0 to 2 M in
H,0 (pH previously adjusted to 5.0 with HCI). Elution occurred over a 60-min period at a
flow rate of 3.0 mL/min. The separations were monitored by UV absorption at A = 214
nm or A = 232 nm for the hydrolase- and lyase-derived products, respectively. The peaks

were collected separately, concentrated, desalted on a Sephadex G-15 column (1.0 x 50
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cm), lyophilized and weighed.

A.5.6 Overdigestion of btCS-A and scCS-C

In order to provide the highest yields of disaccharides for composition analysis,
75 mg of both CS substrates were individually dissolved in 2.5 mL of the digesting buffer
described above. Then, both chondroitinases (1.5 mg of 0.5 IU ABC lyase and 3.5 pg of
11U C lyase) were added together every 12 h, and the mixtures were kept at 37°C for 7
days. Both overdigested samples were size-fractionated on a Bio-Gel P-10 column and
monitored by UV absorbance at 232 nm. The disaccharide peaks were individually
pooled, concentrated, desalted, lyophilized and weighed. About 57 and 61 mg of btCS-A
and scCS-C disaccharides were recovered. Correcting for water loss in lyase reactions,
the best yields of disaccharides for btCS-A and scCS-C were 79 and 84%, respectively;
less than 5% was recovered as monomers. The disaccharide types from each substrate
were subsequently analyzed by SAX-HPLC. The integrals of the peaks were used to
determine relative amounts of disaccharide types.

A.5.7 Structure determination and vields

The disaccharides and hexasaccharides were analyzed by a combination of MS
and one-dimensional (1D) and two- dimensional (2D) NMR experiments, including 1D
'H (data not shown), *H/*H double-quantum filtered COSY, *H /*H total COSY (data not
shown) and *H/™C gHSQC spectroscopy. The locations of sulfate groups were assigned
primarily on the basis of characteristic changes in *H/**C -chemical shifts of cross-peaks
in the 'H/C gHSQC spectra. The identities of the isolated products along with a
description of nomenclature used are presented in Table Al. The absolute and relative

yields of the disaccharides, and hexasaccharides, are tabulated in Table A2. A table of
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'H- and '*C-chemical shifts of all disaccharides studied, as well as those for the
AC6;6;4S-ol hexasaccharide as an illustrative example is presented in Supplementary
data (Table S2). The parameters and conditions for NMR and MS experiments, including
specifications of the instruments, are also described in Supplementary data.

A.5.8 Supplementary data

Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/.
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