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Abstract

The evolution of glyeosaminoglycans (GAGs) in eukaryotic species has been one of
great biological mysteries. This thesis investigates the composition, rate of degradation and solution characteristics of aggrecan proteoglycan derived GAGs thereby
providing a window to understanding these complex biopolymers.
Aim 1 covers the development and application of a novel tandem enzymatic strategy (lyase + hydrolase) to characterize the various sulfated products of GAG breakdown. Aim 2 applies strategies of analytical ultracentrifugation, crowding kinetics
and a variety of biophysical methods to access GAG fine structure and molecular composition and to understand how this degradation may be modulated in vivo. Aim 3
follows directly from Aim 2 in assessing how bulk behavior of these biological polymers
varies in a concentration dependent manner using rheology along with other crowders
to understand scaling relationships. Overall, these aims provide a new viewpoint to
understand, length, size, shape and compositional complexity of glyeosaminoglycans
as well as their specific degradation characteristics. This research will facilitate the
development and application of biotherapeutic GAG derived polymers where changes
in backbone adducts and stereochemistry could activate the colossal amount of potentially useful chemical compounds that are generally inert, dormant or only transiently
active in the extracellular space.
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Chapter 1
Introduction
1.1

Biological and Pathological Function of P G s and GAGs

Many cellular processes are a direct consequence of molecular interactions such as
cell-matrix, cell-cell, protein-protein or Proteoglycan (PG)-protein. 1;i These interactions result in a myriad of cellular functions, such as development,'5"5 growth, 6
nervous development/synaptic modeling, 7 neuronal patterning, b angiogenesis, 9 and
cancer cell pathogenesis. I0 The earliest known biological role of a GAG was for heparin in which a pentasaccharide motif is involved in the coagulation cascade as are
other sequences that occur(s) in its m i d s t . n GAG sulfation has been shown to change
with development, as seen in experiments with the embryonic chick brain,which has
increased 6 0 sulfation, compared to the adult brain which has increased 4 0 sulfation. Knock out experiments with chondroitin-synthase like sqv-5 have been found
to cause defects in vulval development in Caenorhabditis elegans.u

Further, axons

seem to be guided during development by cell surface cues that attract (or) repel
the growing tip and possibly encode information for neuronal guidance in-vivo, as
well as neuronal repair 1 ! ; i 4 via spatial arrangement of specific GAGs as well as time
dependent expression of GAG modifying and degrading enzymes. This gradient yet
precise modulation is sometimes termed as 'analog modulation' of cell signaling. i 5 The
discovery of GAG-binding proteins led to the hypothesis of protein binding sites on
GAGs which are analogous to binding sites on proteins. GAGs have also been shown
to be involved in lipoprotein trapping leading to aortic stenosis and the figure 1.1 on
page 2 indicates a comparison of stenotic valve and a normal valve.
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Figure 1.1 : Stenotic Valve and Normal Valve

Disease P r o c e s s e s
In addition to playing significant biological roles, such as aiding in coagulation, GAGs
are also involved in a number of pathologies either through cellular malfunction of
synthesis and(or) degradation machinery. 16 Heparan sulfate (HS)-PGs and Chondroitin sulfate (CS)/Dermatan sulfate (DS) PGs in particular have been implicated
in a variety of disorders that include Ehler Danlos Syndrome, 17 cancers, 10 ' 18 ' 19 protein folding disorders like Crutzfeldt-Jakob disease accelerating conversion of PrP c to
p r pSc 2o;2i

an

j ajnyioid processes like Alzheimer's disease. 21 The molecular basis of

some of these inheritable disorders has been partially attributed to defects in the synthesis of the decorin core protein and further due to defects in galactosyltransferase I
enzyme. These enzyme deficiencies result in an inability to initiate the linkage region
with xylose, resulting in free decorin core protein that compromises the binding of
decorin GAG chains to collagen V fibrils.
Mucopolysaccharidosis (MPS) on the other hand are a group of disorders that are
inheritable and caused by malfunctioning of the lysosomal enzymes in the GAG degradation pathway. MPS is in turn sub classified into Hunter syndrome (deficiency in
Iduronate sulfatase), Morquio syndrome (deficiency in N-acetylgalactosamine 6- sulfatase), Martoteaux-Lamy syndrome (deficiency in N-acetylgalactosamine 4-sulfatase),
and Sanfilipo-A (deficiency in heparan N-sulfatase), Sanfilipo D (deficiency in Nacetylglucosamine 6-sulfatase). People with MPS (various subtypes) do not produce
enough of any one enzyme required to break down specific forms of GAGs (Keratan
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sulfate (KS), CS/DS, HS), which in turn accumulate in cells and tissues causing
various physiological effects including enlarged tonsils, deficient neurological development, and skeletal abnormalities. Thus, it is clear that deficiencies in sulfatase
enzymes prevents complete cleavage of GAGs and that sulfatases 22 are essential in
the cleavage pathway.
Cancers such as lymphoma and carcinoma are largely caused by single point mutations and deletions at the genomic level, yet metastastic invasion in some part occurs
due to GAGs 1 9 and GAG modifying genes. 10 CS/DS PGs as well as HSPGs in the
extracellular matrix 2 3 can facilitate cell proliferation as well as increase cell motility. 10
Tumors also express a variety of glycans and GAG modifying enzymes differently from
normal tissue, causing cancerous cells to proliferate and invade host tissue. Thus diversity amongst these PGs must exist across cell and tissue phenotypes, and by the
same token, a directed diversity alone can enable selective cellular function. HSPGs
can act as receptors of tumor growth factors and can help in the assembly and formation of ligand-receptor complexes. 24 HSPGs such as glypican are over expressed in
pancreatic cancer cells, while altered expression of decorin has been noted in breast
cancer cells. 20 Decorin-GAGs have also been attributed as the cause of cell proliferation in colon carcinomas 17 while many HSPGs have also been attributed to a variety
of cancers including Burkitt's Lymphoma. Decorin GAG has also been shown to control cell proliferation in a variety of other cancers by modulating epidermal growth
factor receptor signaling. 2 '
Host invasion by pathogens utilize a specific octasaccharide sequence in HS, namely
-Ui/ivs-WHNAc or -I2s or G2,s-Hiv,s-l2,s-Hivtf2,3S,6S,2<i while the vaccinia virus, through
a complement protein, binds uronic acid (U) via a decasaccharide (^s-Hjvs.esOiO) indicating sequence and length specificity in pathogen invasion via the HS-GAG mediated
pathway. For example, binding of malaria to the placenta tissue requires specific (GHNAc4,s)rj repeat units with up to dodecasaccharide length. Overall, GAGs play vital
biological and pathological roles in living systems.

4

1.2

Molecular Overview

Glycosaminoglycans are ubiquitous polysaccharide polymers —information containing polymers —that exist either natively or as part of PGs in eukaryotic organisms.
These heterogeneous polymeric species are often considered to be mostly inert, and
to perform only a mere hydrating role, yet, very recently they have been shown to be
involved in multiple biological functions, that may also be catalytic. Their general
molecular structure consists of polar, repeated, highly sulfated and even patterned
entities which argues somehow towards the control and composition of these characteristics. These difficulties, coupled with the inability to obtain pure sequences
in abundant quantities, allow for no systematic method to understand any GAG,
in terms of its structure, structure-diversity, sequence and sequence-specificity and
their unique correspondence and concentration dependence, from an enzymatic and
polymeric standpoint. 2 7
Although the biotic origin of information containing polymers—ribonucleic acid
(RNA) and deoxyribonucleic acid (DNA)—have been of much interest, GAGs were
not generated from a pre-biotic soup, 28 rather they were synthesized by well orchestrated enzymatic, yet noisy mechanism 29 ' 50 that is much farther down the evolutionary tract. 5 1 Yet, they don't presently seem to transmit information across generations,
unlike other information coding and sugar containing polymers, ''2 in spite of far higher
information density. This thesis tries to understand a versatile nanoscale GAG chain
from the aggrecan PG to understand (a.) its compositional complexity in terms of its
building blocks of disaccharides and (6.) the behavior of such a polymer in an in vivo
like environment as they are being degraded coupled with their viscoelastic profile,
and finally study the size characteristics as a function of molecular weight.

1.3

Overview

In the post-genomic era, 83 it is important to study not only beyond genes and proteins
but to understand how cells communicate, function, and grow amidst other cells, as
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well as form tissues and organs, since the interactome is vast, and the sum of parts
provides a far greater ability to model a variety of biological processes. GAGs (free
and PG-GAGs) have attracted much attention in recent years due to their abundance,
yet very little is known about their molecular diversity, molecular composition or the
interrelationship between their molecular sequence, structure and function.

Their

seeming randomness, however, seems to encode for information.'54 Although GAGs
are made in a non-template driven random process, the emerging theme in the relevant
literature is that specific GAG sequences are contributory factors in unique binding
to extracellular proteins, morphogens, and enzymes, and that this information is
encoded in ways that may different from that of DNA and proteins. ;5a
Like other glyco-conjugates, GAGs have been shown to be involved in a variety of
developmental processes, 4 ' 5 ' 36 ' 5 ' including growth of specific organs, 38 ' 39 specific signaling during development, 40 senile disorders and even cancer metastasis. However,
the non template driven development of precise GAG chain fine structure and the
diversity profile of the fine structure has remained a virtual mystery. Rather, the
absence of these GAG polymers are shown to be detrimental in these processes and
hence, in many cases, they have been attributed with functional roles. PGs have also
been shown to be equally involved in the above mentioned processes. 3 ' 41 Although
GAGs are built and degraded in a random manner, the dynamic stability of their heterogeneity and diversity seems to constitute an essential component in signaling and
many developmental processes, 42 along with the PG. However, length dispersities in a
given PG are tightly controlled, somehow, enzymatically 58 as per experimental observations and these argue towards a functional role—through a structural component
at the nanoscale.
GAG structure, the combination of charge density of underlying sulfation structure
on the backbone, individual chain length and conformation coupled with the sequence
pattern due to sulfation—isomers has been posited to enable graded modulation of
protein signaling and protein-protein interactions in normal and pathological tissues.
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Although extensive research has been pursued in studying the therapeutically useful
HS and HS GAGs, 4 3 far less work has been done in studying CS and DS and their
associated PGs. The primary objective of this thesis was to develop novel orthogonal
strategies to understand CS/DS GAG sequences and their degradation, as a function
of individual composition, chain length, and length dependent morphology.

The

structure of the CS-DS GAGs is shown in figure 1.2 on page 6 and associated building
blocks are illustrated in table 1.1 on page 7.
Figure 1.2 : Glycosaminoglycan Polymer in Undegraded State
N-Acetyl Galactosamine
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Table 1.1 : GAG Species and Possible Modifications
No
1

Type
GAG
DS

2

CS

3

HA

4

HS

5

Heparin

-IdoA-a (1 -> 4)-NAcGala ( l ->4)-

6

KS

-Gal-/3 (1 -»• 4)-NAcGal/3(1^3)-

1.4

of

Disaccharide Unit

Modification
moieties

-IdoA-a (1 -»• 3)-NAcGal/3 (1 -> 4)-,-GlcA-0 (1 -»• 3)
-NAcGal-/3 (1 -> 4)-,
GlcA-/3 (1 -> 3) -NAcGal/? (1 -^ 4)
-GlcA-/3 (1 -> 3)-NAcGal/3(l-»4)-

2-0-(IdoA), 40-, 6 0 - on NAcGal and rare 3-0 on IdoA

-GlcA-/3 (1 -> 3)-NAclc0(l->4)-GlcA-0 (1 -> 4)-NAcGala (1 ->• 4)-,
-IdoAa (1 -> 4)-NAcGala(l-*4) -

states

and rare

2-0-(IdoA), 40-, 60-, on NAcGal and rare 3-0 on GlcA.
Rare Glc substitutions have
also been found
Unsulfated
N-sulfation and acetylation as
well as 2-0-, 40-, 6 0 - as well
as 3-0- sulfation coupled with
C5 of -COOH epimerization on
GlcA and IdoA
N-sulfation and acetylation as
well as 2-0-, 40-, 6 0 - as well
as 3-0- sulfation coupled with
C5 of -COOH epimerization on
GlcA and IdoA
Only 60-sulfation

Historical Insight

The central dogma of molecular biology postulated by Francis Crick in 1958-65 has
remained the basis for biological research over the past decades. 32 This central dogma
details that DNA codes for messenger RNA (niRNA), which in turn codes for proteins
in a sequential template driven fashion. Information is thus transmitted from DNA
to mRNA to protein within the cell in an irreversible manner and this information is
enough for the cell to perform all structural, biological and enzymatic functions; and
to maintain integrity and robustness.
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Figure 1.3 : Extracellular Matrix containing PGs, GAGs and Signaling Molecules
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However, the cell also requires carbohydrates, in the form of GAGs, other branched
carbohydrates and lipids: The major types of complex biopolymers for interaction between proteins, and cell surface receptors are as shown in the schema in Figure 1.3 on
page 8. In the absence of these polymers, the eukaryotic cell virtually ceases to function, indicating the fundamental necessity of sugars and lipids-beyond a mere structural function. The study of such sugar-based long chain polysaccharides is termed
'glycobiology' as originally coined by Rademacher, Parekh and Dwek in 1988.46
Although the name was defined fairly recently, the origins of glycobiology lie in
the early 19 th century starting with the research conducted in 18*^ century by Claude
Bernard on liver and glycogen and published in his seminal work titled Introduction a
letude de la medicine experimentale. A number of promising discoveries were made in
early 204/l century by Karl Meyer et al. Hascall and others in late 1970s47'48 provided
a key breaking point, by separating large PGs using density gradient separation,
followed by work by Kramer et al. who proved that GAGs and PGs are universally
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found in animal cells in abundant quantities. These authors also further showed that
a given PG has a normal distribution in molecular weight and given a fixed weight of
the core protein, it is the GAG chains that are uniformly distributed. A key finding
from the genetic perspective in the early 1980s was the discovery and isolation of
the Mgat-1 gene coding for glycosyl transferase (GlcNAc-TI), which transfers a sugar
to proteins and lipids alike, 49 leading to an explosive development in the field of
glycobiology over just the last couple of decades.
A consensus view has emerged over the last 15 years indicating sequence level
and chain level properties of glycans contribute to unique function in the cellular
environment (Table on page 10). Yet, it is still quite unclear what type of properties develop at an Order of millimeter (0(mm)), when the size scale of glycans is
in O(nm). Glycans and GAGs have been shown to perform protein signal modulating functions, 11 ' 10 and CS/DS GAGs have been shown to be critically involved in
neuronal development, 8 ' 51 wound healing'1'2 and a variety of pathological processes.1!)
HS GAGs especially have been shown to exhibit precise and significant activity in
binding to fibroblast growth factor (FGF),* 5 in mediating assembling protein-protein
complexes, 43 mediating development, 121 ' 4 modulating cancer progression and tumor
growth' 5 and even enabling pathogenic infection. 06 GAG protein interactions are not
digital in nature, meaning a binding does not elicit a singular response; rather, the
fine structure change of GAGs elicits a gradient modification in proteins based on
number and type of sulfation, 43 position of sulfation as well as the unique isomeric
species that occur amidst the GAG chain.
The precise structure-function relationship of GAG-protein interaction is yet to
be fully understood 42 ' 57 ' 58 making it difficult to elucidate the sequence-structure and
structure-chain-length specificity of GAGs in vivo. Furthermore, the level of unique
a and (3 anomers with the products of breakdown is also unknown yet such unique
configuration may constitute functional behavior to these sequences. As stated earlier,
the fine structure development of GAGs within a cell is also a non-template driven

10
Table 1.2 : GAG Sequence and Binding Partner
No
1

DS: (NAcGal 45 - IdoA 2 S ) 3

2
3

HS: Oversulfated
DS: (NAcGaUs- IdoA) 4

4

HS:GlCiv5,35,65IdoA 2S
-G\cNS,3SfiS
-GlcANAcGlc 65 - IdoA
Heparin: AU-NACGICJVSIdoA 2 5
-NAcGlcIdoA 2 5
/GlcA 2 5 NACGICATSIdoA 2S NAcGlCAr//2(25i35i6S)
Heparin:
Glcjv#2i3,si6sr(IdoA25-GlCivSi65)n

5

6

GAG Type /Sequence

Matching Protein
HS / Heparin Cofactor II
FGF
HGF
AT III

Herpes
Virus I

Function
Anti Coagulation
Cell Proliferation
Cell Proliferation
and Development
Anti Coagulation

Simplex

Microbial
genesis

Patho-

Foot and mouth disease virus

Microbial
genesis

Patho-

Nomenclature: GlcA: Glucuronic acid, IdoA: Iduronic acid, NAcGal:N-acetyl
galactosamine, NAcGlc:N-Acetyl glucosamine, HS:heparin, CSxhondroitin sulfate,
DS:dermatan sulfate, FGF:fibroblast growth factor, HGF:hepatocyte growth factor.

process, 54 yet GAGs in various tissues and cell types are generated by only a few
enzyme isoforms that are able to provide such remarkable fidelity in operation.

>!)

To

understand this unique and very challenging problem-of assigning function to unique
structures—many analytical instrumentation strategies have been adopted, ranging
from de novo synthesis of di- and tetrasaccharide GAGs and assaying for activity
against proteins lio;(3 ° ;61 to the use of mass spectrometry (MS) based techniques to
understand protein binding and applying constraint strategies to infer a structure.
MS based techniques can be used to study sequence as well as extract molecular
weights of coarse fractions of GAGs as well as composition.
Novel strategies such as property encoded nomenclature (PEN) Matrix Assisted
Laser Desorption Ionization (MALDI) 62 and processive cleavage strategies like integral glyeau sequencing (IGS) ( ' ! using nitrous acid have been developed for sequencing
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of IIS GAGs, 64 yet such strategies are completely absent for CS/DS GAGs. In this
thesis, the method of IGS to attempt to understand the complexity and arrangement
of sequence space is extended. MS-based techniques performed on purified GAGs
have so far indicated that CS and DS GAGs might have a block form of sulfation,
with alternating regions of low and high sulfation. bo Abbreviating, Glucoronic acid
with GlcA and Iduronic acid with IdoA, and Hexosamine (Hex) heparin consists
of IdoA2s-Hexjvs,65 interspersed with regions containing glucoronic acid (GlcA) and
lower sulfation content, 43 with multiple tissue dependent patterns. 6 6 ' 6 ' These patterns and pattern development could have a evolutionary role through mere random
causal factors.* However, heparin and low molecular weight heparin (LMWH) 68 are
all heterogeneous, yet very functional. 69 To buttress all these observations, some of
the most recent and exciting research indicates the possibility of a GAG pattern as
well as sugar-code 34;3a or an information-code 3 existing within the GAG chains. However, whether this information is a mixture of a structured-grammatical component
and an unstructured random component is yet unknown and it is for that very reason
that these extracellular matrix (ECM) components remain a virtual mystery, (Ref
Section 7.1) since functional properties seem to arise through mere arrangement at a
nanoscale (O(nm)).

1.5

Extracellular Matrix

The ECM has been generally understudied and thus significantly underestimated in
regards to its functional influence on the cell. The ECM is well known to attract
water, maintain osmotic pressure gradients, and provide hydration within soft and
hard tissues alike, but these are mere biomechanical roles. The ECM contains complex
linear N-linked glycans (Asn linked with consensus sequence Asn-X-Ser/Thr) 7 0 ; ' l and
O-Linked glycans (Ser/Thr linked), glyco-proteins (proteins with one or more sugar
"The section on chaotic implications discusses how certain unique formations may occur by the
use of certain differential equations
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chains), glyco-lipids, proteoglycans (PGs: proteins with one or more GAG chains)
and free GAGs. The ECM contains N and O-linked glycans that are branched as well
as linear as shown in Figure 1.4 on page 13. The ECM is overall also composed of
three main components, 25 namely proteins contributing to structures such as collagen
and elastin; adhesive proteins that contribute to cohesiveness such as fibronectin,
laminin, integrin; and PGs that contribute to structure and cellular signaling due to
linear chains of GAGs attached to core proteins.

#Mannose OGalactose B/V-acety! glucosamine

Glycosaminoglycans

DS.

DA/-acetyl galactosamine tirXylose

CMinked glycans

CS

, HS

Corel

Core 2 Core 3 Core 4 ,

Ser/Thr Ser/Thr Ser/Thr

1141

Ser/Thr Ser/Thr Ser/Thr Ser/Thr

I*!

if 4 1

Adapted from Raman et al

72

nomenclature ^Glucuronic acid ^Iduronicacid #/V-acetyl neuraminic acid <>/V-gIycoJyl neuraminic acid

Glycan

/V-linked glycans

High mannose

Asn

• O fAQ D

Figure 1.4 : Types of Glycans: Linear and Branched
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1.6

Glycosaminoglycans: Structure and Sequence

GAGs on the other hand are composed of generally linear/ acidic, negatively charged
repeated disaccharide units that are assembled into long chains"' with variable lengths
and composition (sulfation), but unique distribution of lengths within a given PGs.
There are four major classes namely CS/DS, KS, hyaluronan, and HS GAGs. CS/DS
sulfated GAGs can result in innumerable formats due to arrangement of disaccharide moieties that may contain internal isomerization as well as sulfation and occasional branching (Table on page 7). CS (chondroitin sulfate A (CSA), chondroitin
sulfate C (CSC), chondroitin sulfate D (CSD) and chondroitin sulfate E (CSE)),
(chondroitin sulfate B (CSB) and CSD) KS, and HS occur free or as side chains
of PGs while KS is found in PG assemblies.

CS/DS and HS are composed of

GlcA/Iduronic acid (IdoA)-N-acotyl galatosamine (NAcGal) and GlcA/IdoA-NAcGal
repeated disaccharide moieties respectively. These CS/DS polymers take the form
((1 -> 4) -GlcA- (1 -> 3) -GalNAc- (1 ->• 4)) n and may be sulfated at the 4 and 6 position of N-aeetyl glucosamine (NAcGlc) as well as 2 position of GlcA. DS on the other
hand contains an isomeric form of GlcA, namely IdoA,which can also be 2-0 sulfated.
In addition to these ubiquitious sulfations, recently 3-0 sulfations and branching of
GAGs have been discovered, making the molecular structure of these GAG hard to
predict, let alone identify them as they occur in the ECM milieu. Further, these chains
form unique conformations in a concentration and length dependent fashion and this
only adds another facet to the puzzle. Based on sulfation patterns, a disaccharide
of CS can have 16 different possibilities, at the minimum, and a tetrasaccharide can
have 256 different sulfation sequences, although with the rare 3-0 sulfation of GlcA,
these numbers could be even greater. , A The addition of a and /3 anomers doubles the
possible number of chemical compounts when tetra saccharides < 2 kDa is considered.
These sulfations, however, have been shown to have a functional consequence, 74 and
thus, identifying the types of sulfation and isomers is of great importance.
t Although rare, branched GAGs with fucosyl linkage on the 3' U is possible.
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Table 1.3 : Number of Possible CS-DS and HS GAG Sequences as a Function of
Length
Number of A DiSaccharides
1
2
3
4
5

CS-DS, No branching or 3-0 sulfation
16
256
4096
65536
1048576

HS
32
1024
32768
1048576
33554432

The unsaturated A-disaccharide has just 8 possibilities, while the saturated saccharide has 16. Thus, even for a short fragment of GAG saccharide chain the possible
sequences are in the billions, making them highly information dense(Table on page
lb)."

Whether any of these or all of these occur in the ECM or are selected for

in some manner, is unknown, due to the absence of a comprehensive understanding of the GAG synthesis machinery. 1); ' 5 Only very recently has it been shown that
such a synthesis machinery has a mechanism for length control71' through a tether
at the nanoscale. HS, on the other hand, can have more than 48 different disaccharide possibilities based on sulfation, making HS even more information dense than
CS/DS GAGs. 11 Thus, it is clear that GAGs have extreme sequence complexity and
very high information density. L'J Due to the high difficulty in understanding unique
chemical compounds from such mixtures, very few putative sequences are known and
identified in a manner that is not always repeatable with the same sample (Table on
page 10). The absence of a means to amplify these identified sequences only makes it
difficult to amplify these substrates and make them available for comprehensive testing for activity. Thus, even commercial LMWH is heterogeneous and the putative
pentasaccharide that is supposed to be therapeutic has a physiological effect very different from the disperse heparin used for treatment since multiple sulfated fragments
of same length have very similar activity. 08;<)9;77 The concept of chain diversity and
heterogeneity is illustrated in Figure 1.5 on page 16
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Figure 1.5 : CS-DS GAG Chain Diversity and Heterogeneity
Heterogeneous mix of
Constitutional/Stereo isomers

Polydisperse
by length
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1.7

Proteoglycans: Structure and Chain Diversity

The classification of several PGs has been outlined below along with dominant tissue
specific expression that is currently known (Table on page 17). PGs are a special
type of glycoprotein that contain a core protein coupled to one or more GAG chains.
Many of the GAG chains and chain fragments have unique biological function as
shown in Table 1.4 on page 10. A set of tissue specific GAGs along with their
associated PG core protein is shown in table 1.5 on page 21. PGs form a significant
component of the ECM. PGs can contain mixtures of CS/DS as well as HS chains
on the same core protein and the total number of chains, their composition as well
as theirprobability of occurrence per tissue is also unknown. There are however only
a limited number of PG core proteins (~ 30), 38;78 which several can take different
isoforms due to alternate splicing. In regards to PG classification, core proteins can
carry different chain distributions as well as variable length distributions of these
GAGs. For example, small leucine rich proteoglycans (SLRPs) 38 contain a majority
of DS side chains with shorter chain length and chain number compared to other
PGs.
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Table 1.4 : Examples of Different Proteoglycans and their GAGs
No
1
2
3
4
5
6
7

1.8

Proteoglycan/

Class

Biglycan (SLRP I)
Lumican (SLRP II)
Oculoglycan (SLRP III)
Nyctalopin (SLRP IV)
Glypican (1,2, ...)
Aggrecan (Large aggregating)
Syndecan

GAG Type
quence
CS/DS
KS
KS
KS
HS
CS/DS/KS
HS

/Se-

Function/

Pathology

Osteoporosis of Bone
Fragile Skin Disorder
Eye
Night Blindness
Bone Development
Osteoarthritis
Wound Healing

Biosynthesis, Sorting and Degradation of Proteoglycans

As stated earlier, PGs consist of a core protein with unbranched O-linked GAGs attached to the cores. The synthesis of HS and CS/DS proteoglycans commences with
the attachment of tetrasaccharide GlcAl —» 3 Gall —>• 3 Gall —>• 4 Xyl 1 -¥ OSer,
which is transferred to the serine of the core-protein by four different enzymes (or
their tissue specific isoforms) in a sequential manner. 42 ' 09 The xylose is first transferred from uridine diphosphate-xylose to serine residues onto the protein initially.
The xylose can be phosphorylated at the 2-0 position. Next, two different galactoses
(GALs) and a GlcA are added by transferases. The GAL attached closest to the
xylose may in turn be sulfated at the 4-0 and 6-0 position independent of sulfation
in the GAG chain. u9 Once the tetrasaccharide consisting of xyl-Gal-Gal-GlcA is attached to the core protein, actual building of the GAG chain consisting of repeated
disaccharide sequences begins. A glycosyltransferase (either GlcNAcT-I or GalNAcTII) then begins transferring either NAcGal(in the case of CS/DS) or NAcGlc (in the
case of HS), respectively, to form either CS/DS GAG or HS GAG respectively. However, the action of GalNAcT-I enzyme (different from GlcNAcT-I) may result in the
addition of -NAcGal at the penta position of GlcA, immediately terminating further
CS/DS GAG chain elongation since a linkage is necessary for further extension into
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a mature CS/DS GAG chain. In the process of chain development, the C5 epimerase
may modify some of the GlcA to IdoA in an irreversible manner' 9 preceding the sulfation event. In decorin proteoglycan-GAG, which generally has one CS/DS GAG
chain, with a predominant DS, the elongation of GAG chain is through the alternate
transfer of NAcGlc and GlcA and occurs in distinct and different sub domains in
golgi and then GlcA is partially modified to IdoA by the epimerase. Thus, in many
DS-PGs, the presence and proper functioning of epimerase is essential for the overall
proper functioning of the resulting PG. 8 0
Once chain elongation matures to a complete form, sulfotranferases come into
play at the golgi apparatus to sulfate the GAG chain. Sulfation is usually done by
one enzyme isoform, or in turns by multiple enzyme 81 in a tissue specific manner. A
single isoform of sulfotransferase causes the sulfation to be uniform with a specificpattern, while multiple isoforms of the same sulfotransferase attacking a given chain
potentially may give a random sulfation pattern as postulated by Pyrdz et al. M These
sulfotransferase enzymes, which are type II transmembrane proteins, transfer a sulfate
(SO^~) from 3'-phosphoadenosine-5'-phophosulfate to the 2 position of GlcA, 3 positon
of GlcA, 4 and (or) the 6 position of N AcGal in the lumen of the golgi. These enzymes
are posited to form multimeric complexes to form patterns of sulfation 81 in an orderly
fashion. It is this sulfation pattern, which seems to be disordered and disorganized
on the chain that results in diversity 66 ' 82 (chain length(s), length distribution) within
the CS/DS andHS-GAGs 42 ' 66 as well as in unique patterns seen on HS-GAGs wherein
occurs the therapeutic heparin-like sequence(s). ll
There are distinct and mutually exclusive sulfotransferases for HS-GAGs and CSGAGs and many tissue specific isoforms continue to be identified, 81 cloned and expressed, although most are unknown even though homologous genes are known to
present.

Further, sulfation of IdoA occurs more frequently than GlcA, while cer-

tain sequence preferences are maintained as shown in the results section of Aim 1.
Although this unique sulfation of IdoA has been reasoned to be due to structural-
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conformational flexibility43 the identification of such sulfation to be predominantly
occurring on IdoA is not easy to substantiate without an enzymatic degradation strategy that deconvolutes the sequence-structure space. For example, it has been found
that IdoA is exclusively attached to GalNAc4£. 83 However the mechanisms behind
such pattern maintenance or preference at the enzymatic-synthesis level within the
Golgi is unknown. 84 Yet pre-sulfation is essential for further post-isomer formation.
Like GAG chain initiation and elongation, disaccharide sulfation and epimerization
is also template independent, meaning that different chains found on the same PG
or in the same PG made by the same cell may have at least a few differences in
sulfation and epimerization between chains as well as different chain numbers (Table
on page 21). The synthesis of individual GAGs and GAG chains takes place in the
lumen of Golgi apparatus while the synthesis of CS PGs takes place in the trans-golgi
network. HS chain elongation 07 and CS/DS chain elongation are carried out by a
set of unique enzymes in the trans-golgi. Once GAG chains mature to some fixed
length, PGs are translocated from the golgi apparatus to the plasma membrane in
an orderly manner where they can interact with signaling molecules. °9 Such variation
in chain number of GAGs is also a very tissue specific phenomena (Table on page
21) and the underlying mechanisms for such variability is also unknown. GAGs thus
exhibit heterogeneity 42 and polydispersity 85-8 ' in all biological sample preparations
with wide molecular weight distributions of GAG chains, in terms of chain length
and chain compositions even within a single aggrecan PG (CS-GAG MW: 10-350 xlO 3
Da). 8 8 The synthesis on chain is summarized in the Figure 1.6 on page 23 along with
different GAGs that can be potentially be enzymatically synthesized
Purification with liquid chromatography (LC) does not get rid of heterogeneity,
and it has proven impossible to pick out enough sequences of an apriori fixed length
and sulfation pattern from a mixture using any currently available strategies. 11 '"
Thus, sequencing GAGs although important, is simply intractable (unlike proteins 89 )
with any or all of the available technological measures.
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Figure 1.6 : CS-DS GAG Synthesis
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PGs on the other hand are degraded by enzymes that are not dependent on the
GAG chain, after which GAG chains are independently degraded by endo-glucoronidases
and endo-hexoaminidases that cleave in a broadly sequence sequence specific manner, 17 reducing the GAGs to approximately 10 kDa fragments. With high sulfation,
these would generally be at the level of hexa-saccharides in size. Sulfatases then work
in tandem with exo-glycosidases to cleave these fragments further, but whether this
tandem digestion is an immutable process is also unknown. GAG degradation is, however, primed by sulfatases in some part before cleavage is completed. The mystery of
GAG chain sulfation, coding, desulfation and degradation of sulfation patterns even
in the ECM has only become more complex by the recent discovery of extracellular
signaling event mediated by an extracellular quail derived sulfatase I (QSULF1) 7 that
selectively denudes the sulfation pattern in a dynamic lysosome independent process.
This naturally occurring tandem-digestion-like phenomenon is precisely exploited in
the use of sulfatase-chondroitinase tandem enzyme combinations in my thesis project
to break down GAGs thereby understand their diversity of sulfation as well to analytically predict the chains that may hold important sulfation patterns and improve
upon the well known IGS approach.
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Table 1.5 : Tissue Specific Profile of PGs
No

Type

ofPG/GAG

1
2

Syndecan /HS or CS
Phosphocan /KS

3

Agrin /HS

4
5

Testican /HS or CS
Brevian / C S

6
7

Appican /CS
NG2/CS

1.8.1

Location /MW in kDa
Transmembrane /80
ECM /300-400 depending on splice variants
ECM /250
ECM /47
ECM /145
Transmembrane /96-130
Transmembrane /300

GAG Chain per core
/Location
3-5 / Brain and Neurons
3-4 /Glial Cells
5-8 /Neurons, Lung and
Kidney
1 /Neuron, Testis
0-5 /Glial Cells or Neurons
1 /Astroglia or Microglia
Glial Progenitor, limb or
bud

Structural Processes

As an example of GAG protein binding, AT-III recognizes a pentasaccharide sequence
on heparin consisting of a unique 3-0 sulfate group 90 on the N-Acetyl glycosamine
making a unique contact with AT-III through only ionic interaction.1:>;1!) However, it is
unknown whether another pentasaccharide sequence can bind AT-III and elicit a same
or similar response, since some CS sequences are known to bind to, heparin binding
proteins and elicit a similar response.;>0;9L This interchangeability or hyper-fidelity
of interaction 91 is what makes identification of a 1^1 correspondence of sequencestructure and potential function hard to justify the effort(s) needed to sequence GAG.
One could then sequence only a partial number of structures, that are somehow
selected for, and show they alone may be sufficient to elicit most if not all of the
responses against all the known proteins. This approach is precisely what is done in
sequencing heparin and detecting other non-heparin like impurities. 7 '
These specific interactions, however, seem to indicate that sequence as well as
chain length is important for interaction in addition to sulfation. These observations
go back to the argument that somehow sulfation and length somehow adjust a cer-
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tain parameter in the sequence that provides a certain uniqueness. 92 ' 93 For example,
heparin interaction with Annexin V and membrane phospholipid has been studied,
and found to be GAG sequence and length sspecific. The specific sequence of causes
Annexin-V to self-assemble and act to make the self-assembled structure stable. u ;° 7 ; 94
Sequence specificity has also been shown in the case of DS I2S-HNAC45 (as part of
the coagulation cascade) which binds to heparin co-factor II thereby inhibiting which
plays a crucial role in coagulation. Although a consensus sequence hypothesis exists
to explain precise interactions of specific proteins with GAG, a component of GAG
has also been posited to play a significant role in the interactions, with gradients
of affinity due to slight changes in sequence, form, and structure, thereby resulting
in an optimal structural fit. GAG chains adopt structures in hydrophilic medium,
and specific interaction and optimal fit of GAG structure to protein can be mediated by the exact sequence specific pattern and given that many of the chains are
semi-flexible coils due to inflexibilities introduced through sulfation. Specific structures also develop as a consequence of specific underlying helical sequences.

The

helical structures have two parameters of importance, namely number of disaccharide
units/turn (n) as well as axial rise per disaccharide (h) coupled with specific tortion
angles.11;fW Specific sequences contribute to unique values of h and n which appear to
go beyond a mere link between ionic sulfate-protein contacts and eventually optimal
fit of GAG-protein. 0 ' A select example of binding affinity as related to sulfation and
the corresponding change in type of kind in heparin binding due to unique sequence
and sequence-sulfation is shown in Figure 1.8 on page 24.
Protein binding on GAGs further induces a kink in the helical structure, as seen
in the interaction of IIS GAGs with proteins (FGF1, FGF2, NK1-HGF etc) and as
shown in Figure 1.8 (bottom figure) on page 24. A select list of the binding regions
and related GAG sequences has been provided in Table 1.2 on page 10 and Table 1.3
indicates the literal diversity of chains that contributes to this unique function.
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Figure 1.8 : Affinity and Kink Formation in Binding
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1.9

Analytical Tools and Technologies

The N e e d for Isomer Identification
Polysaccharides and GAGs in general are a mix of isomers. The goal of many analytical studies is to determine what kind of isomers exist and what methods are best
suited to identify them. Suppose two GAG chains do not have the same atom to
atom connection, say due to sulfation status, then they are naturally structural isomers. At the level of sulfation, this is easy to pinpoint. However, what other isomers
do exist? Say two polysaccharide fragments at the level of A-tetrasaccharides have
similar sulfation but the internal U is an IdoA, the 5' - C O O H is flipped and this
results in configurational diasteromer. All in all, techniques like MS are unable to
pinpoint isomers in such mixtures, whereas nuclear magnetic resonance (NMR) is the
method of choice. Further, in many degradation studies, the mixture obtained has
one conformational enantiomer predominating the other, meaning that the mixture
may rotate light and the mixture is enantio-enriched. These issues highlight the intrinsic potential for high information on each individual chains of GAG which make
polysaccharides hard to separate, purify, and enrich.
Mass Spectrometry
MS has been the method of choice for studying GAGs to extract underlying molecular weight of underlying fragments in a rapid fashion 95 ' 96 and identify fragmentation mechanism, 9 ' whereas NMR has been used to find unique structures that are
bound to proteins as well as identify sulfation and isomerization. 98 ' 99 Enzymatic digestion, however, yields small GAG fragments which are frequently purified using high
performance liquid chromatography (HPLC) before being analyzed with MS. These
small fragments obtained through HPLC can then be characterized to access for their
molecular weights and constraint techniques like PEN MALDI 62 can be applied to
potentially deduce underlying sequence. This method is very limited in scope and

26
is extremely protracted. Currently, CS and DS fragments up to 12 disaccharides in
length from complex mixture, 1()0 have been uniquely identified. MS can also identify
the position of sulfate groups (6S, 4S), as well as IdoA/GlcA epimers 10i when used together with collision induced dissociation (CID), while NMR based techniques cannot
distinguish structures in a mixture unless individual fractions are at least 1%. 7,
1.9.1

E n z y m a t i c Tools

Bacterial CS-DS GAG cleavage enzymes are known as chondroitinases and are eliminases that cleave the GlcA-NAcGal bond as shown in figure 1.9 on page 26. These
enzymes convert the non-reducing terminal uronic acid residue of the oligosaccharide
chain to a A4,5-unsaturated uronic acid (AUA). 1 0 2 A battery of bacterial enzymes is
available commercially for this analysis.
F i g u r e 1.9 : Eliminase Reaction

Chondroitinases
The most common enzyme, chondroitinase ABC (c-ABC) catalyzes the eliminative
cleavage of galactosaminidic linkages in CS/DS chains to give a variety of products
as shown in figure 1.10 on page 32. A recent study 8 8 has revealed that commercial
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c-ABC is however composed of two distinct CS-DS lyases, namely an endolyase chondroitinase ABCI (c-ABCI) 10:J and chondroitinaso ABCII (c-ABCH) an exolyase, 88 and
whose sequences are highly homologous. In the present work, this specificity has been
utilized to understand improved cleavage of GAGs as well as increased A-disaccharide
products revealing more sulfated saccharides. Chondroitina.se ACI (c-ACI) treatment
also has been shown to result in a number of tetrasaccharides, although its cleavage
efficiency is rather reduced compared to c-ABC. Crystal structures of c-ACI at various
resolutions (protein data bank (PDB) ID: 1HM2, 1HMU, etc) are currently available.
Chondroitinaso ACII (c-ACII) cleaves the galactosaminidic linkages attached to GlcA
in CS chains and can be used to distinguish GAGs with differential compositions of
GlcA/IdoA. Chondroitinaso C (c-ascC) cleaves the A 1—»4 glycosidic bond between
GalNAc 6 5-GlcA and thus can be used to selectively cleave 6S sulfated systems of CS.
Chondroitinase B (e-asoB) cleaves DS/CS copolymers in a unique manner, in the presence of Ca 2 + , by cleaving substrates of the form -HNAC45 ""S -I-HNAc45°*<I-HNAc4S
at the ^ p o s i t i o n , the breakdown link, through a /3-elimination reaction. c-asoB does
not cleave moieties with only GlcA or CS only substrates. Due to structural restrictions imposed at the binding site.4'*'104 These constraints impose that a very specific
sequence be recognized by c-aseB; the use of tandem 6-sulfatase could thus be useful
to enhance the cleavage characteristics of c-aseB.10:j Thus, cleavage is selective for the
IdoA epimer attached to an adjacent 4S moiety, and not otherwise and the products
of cleavage are AU-HNAC45-. The crystal structures of c-aseB is available in PDB
(1DBG, 1DBO, 10FL etc). 1 0 6 A number of known enzymes, including HS lyases, 10 '
and their properties are summarized in Table 1.6. Some of these enzymes are analyzed in detail using multiple sequence alignment in Section 9.7 which indicate only
marginal similarity with one another(Ref Table 1.6).

Chondroitinase ABC
(I & II)
Chondroitinase ACI

Chondroitinase ACII

Chondroitinase B

Chondroitinase C
Chondro-4-sulfatase

Chondro-6-sulfatase

Chondro-2-sulfatase

Heparinase

1

3

4

5
6

7

8

9

Heparinase I/II

Heparinase III

10,11

12

2

Enzyme

No

Gkivy.ex-^-GlcA/IdoA (or)
NAcGlc-^<-GlcA/IdoA

S^- GlcA-GlcjV5,65-IdoA2s
Glcjvy^-Sx- GlcA/IdoA 2 X

(Non) Processive +
Endo/Exolyase
Endolyase

Unknown

Endohydrolase

Endohydrolase

Endolyase
Endohyrolase

NAcGal 6 <jX- GlcA
NAcGal 4 S ->• NAcGal with selective length dependent resistance
NAcGal 6iS ->• NAcGal with selective length dependent resistance
NAcGal 2 S -» NAcGal with selective length dependent resistance
GlCjvS)6S-IdoA2S-GlCAr5j3S')6,S'-

Endolyase
Endolyase

with

Endolyase

Endo- and Exolyase

Mode of Action

NAcGal 4 5-^=-IdoA 2 x

NAcGal 4Si6 s-GlcA(CS)
some resistance

NAcGal4s ) 6 5 X-GlcA/IdoA,
with some resistance
GlcA-IdoA co-polymers

Fragment Recognized
in

70.8

N/a

50.0

70

54.0

77.7

115 kda, 2
units
-

~MW
kDa

Table 1.6 : GAG Cleaving Chondroitinase and Heparinase Enzymes

Flavobacterium heparinum
Flavobacterium heparinum

Flavobacterium heparinum

Not
commercially
available

Proteus Vulgaris

Flavobacterium heparinum
Arthrobacter
Aurescens
Flavobacterium heparinum
Proteus Vulgaris
Proteus Vulgaris

Proteus Vulgaris

Species
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Sulfatases
Sulfatases are ester hydrolases 22 and belong to a well characterized family of hydrolases. Individual sulfatases are selective to the position of S0^~ based on two different
mechanisms, 109 shown in Figure 1.11 1.11.
Chondro-6-sulfatasc (C6) (GalNgg, from Proteus Vulgaris) and cliondro-4-sulfatase
(C4) (GalN45 from Proteus Vulgaris) are the only two sulfatases commercially available from Seikagaku, with high purity. These act on saturated, as well as unsaturated
disaccharides and tetrasaccharides; however, only a limited number of specificity studies are available. u 0 They hydrolyze SO^ at the 4 and the 6 position of the NAcGal
within CS/DS chains although they are specific to underlying sequences. 110 Select 2O sulfatase have been cloned and expressed in the lab, and shown to possess a certain
cooperative behavior with HS GAG cleaving enzymes.'' 7 ' 111 In addition, a number of
IdoA and HS specific sulfatases 109 as well as animal specific sulfatases, which may be
extracellular in nature 1 1 2 have been identified to be specific for SO J, although the
specific sequences that resist these sulfatases and the exact length-sulfation dependency has not been fully explored. A select few sulfatases with their known locations
of hydrolysis are shown in Figure 1.12 on page 33. Thus, the use of these chondroitinases and sulfatases in tandem is expected to provide unique opportunities through
which GAG sequences can be broken down and hydrolysed.
Current M e t h o d s For G A G Sequencing
Sequencing polysaccharides has been illustrated by a number of authors 62 ' 1 ' 3 ' 113 preceded by pre-seperation. Chromatography based techniques can be used to separate
GAG fragments from other biomolecules as well as from each other due to their negative charges, and underlying sequence structure and position of sulfate groups. This
strategy, however, will not provide a unique anomer or even an enantiomer, but only
fragments that are nearly similar. The distribution of chain lengths and composition
can also be studied by speed of elution via gel filtration chromatography. 114 In terms
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of separation of the GAG chains from one another, anion exchange chromatographic
methods of separation are advantageous since elution times primarily depend on level
of sulfation. 1L| For example, it has been shown that 6 0 sulfation retards elution,
while in a tetra or longer length saccharide an internal GalNAc 6 s reduces elution in
comparison with internal 4S. U'J Use of special CarboPAC-I columns will thus aid in
differentiating the size of the fragment first, and then its charge density followed by
exclusion based on charge/isomeric position.
MS coupled with chromatography has been a popular technique for characterizing
GAG chains (chain length and polydispersity index (PDI)) under MALDI/electrospray
mass spectrometry. il6 ~ 119 Although GAG molecules are very fragile, current techniques can distinguish mass coupled with isomeric structure very accurately.

In

comparison with MALDI, 1 2 0 - 1 2 3 clectrospray ionization (ESI) gives abundant ions
under the negative ion mode. MS based techniques can also distinguish and quantify
IdoA/GlcA isomers in a GAG mixture based on fragmentation pattern. In addition,
section 9.1 has some developments on matrix free methods, fouricr transform ion
cyclotron resonance (FT-ICR) !to and ion mobility methods, 124 ' 125 along with electron
capture dissociation 126 ' 12 ' and ion-trap tandem MS 6o;128;129 that have also been recently developed to understand GAGs although these methods are still in a state of
development.
The use of MS for GAG sequencing remains difficult63'130 since GAG samples may
vary, and it is difficult to show molecular level consistency in terms of sulfation level
of each chain as well as isomerization states, although these chains may be similar in
terms of intrinsic viscosity ([77]) and(or) weight average(M^) and even number average
molecular weight (M n ) which are measurable in some finite time.
As a result of these ambiguities it is no wonder that the purest form of medically
used heparin is not homogeneous, and does not have an exact Mw, yet, is classified as
pure.'7 In this sense, pure means that it does not elicit any adverse reaction generally,
which is far from optimal in terms of molecular characterization. These ambiguities
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still exist and no sequencing strategy is thus available. Thus, using LC based methods to purify samples never produces a homogeneous sample. 11 This heterogeneity
becomes more dramatic when chain length increases, since not only may a chain look
very similar to another, i.e., in terms of their molecular mass, and even sulfation state
as well as chain length, but differ in terms of the 5' - C O O H leading to subtle variation of GlcA becoming IdoA. Breaking this chain down to understand this isomer
composition is possible, but that in turn breaks down the whole structural arrangement of the chain and all the other chains, as well as the arrangement of sulfation and
hence removes the ability to show a consistent pattern. Moreover, it cannot be trusted
that chains are consistent within a given sample. Thus, although GAG sequencing is
important and even vital to understand sequence-structure-function'

u

relationship,

a whole GAG shot-gun based strategy is generally unworkable in the case of GAGs
that are produced in a non-template manner where such chains are produced in the
midst of significant transcriptional and translational noise, 29 ' 30 and in the complete
absence of a mechanism to correct errors in sulfation states and isomerization or even
chain length. For GAGs, strategies to terminate chain growth at a given length, or
cut and splice do not seem to exist.
The unanswered questions about GAGs are thus summarized below:
• Molecular and Degradation:

What is the underlying molecular structure of

GAGs in terms of GlcA/IdoA as well as SO^ and how this is controlled in a
chaotic and random environment? How does degradation occur in a controlled
manner?
• Structural: What drives the effective structure-function relationship and evolution of GAGs as well as chain number in a PG.
• Bulk: What is the critical concentration of sulfation on the backbone to provide
specific viscoelastic properties?
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Multiple Sulfations exist ranging from mono- di- and tri-sulfation. The absence of rare 3 0 sulfation products was due to
internal degradation. Counting the 3 0 Sulfations all all possibilities, the total number of all possible disaccharides with internal
GlcA or IdoA comes to 20. Considering the internal GlcA/IdoA to also be di-substituted, with 2S,3S, the possibilities are 24.
GlcA and IdoA distinction was due to stereochemistry of 5' -COOH on the internal U. F-Unit is also possible with a NAcGal
replaced by Fucosyl a\ —> 3 linkage to GlcA along with a regular U-G link; meaning a branched GAG. ! 0 8 In turn, each
disaccharide has the a and the (3 isomer due to the anomeric carbon on the NAcGal.
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Figure 1.11 : Sulfatase-Hydrolysis Mechanism
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Figure 1.12 : Sulfatases and Specificity of Hydrolysis
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Chapter 2
Specific Aims
Aim 1: Molecular and Degradation Studies
Major H y p o t h e s i s and Approach:
GA G cleavage by chondroitinases is inhibited by the presence of oversulfated motifs.

An improved GAG degradation product profile may be obtained when chondroitinases are combined with specific hydrolase enzymes. Fluorophorc assisted carbohydrate electrophoresis (FACE) gels can be used to profile products obtained in the
presence/absence of sulfatases.
Enzymatic Methods Development: (1) Chondroitinases in combination with sulfatases have been used in tandem for heparan sulfate GAG sequencing to study unique
structural arrangements, but enzyme combinations have not been investigated for
CS/DS GAGs. Here, the application of such a tandem strategy was shown to be
feasible using FACE and a constraint condition was developed to understand the
composition of GAG. The fragmentation rate in a tandem digestion experiment reflects both competition between enzymes for the substrate GAG chain and the chain
composition itself. Thus, the rate of product formation (at A = 232nm), was monitored and kinetic rate constants (k m and k cat ) and Hill coefficient were determined, in
various tandem digests. The application of tandem-strategy shows that c-ACI with
sulfatases may be best suited to understand chains with a mixture of GlcA-IdoA
polymers with oversulfation of the form -IdoA25-NAcGal45/6s-. Major Implication:
These tandem strategies may be adopted for sequencing longer CS/DS saccharides.
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Aim 2: Structural and Conformational Studies (I) and (II)
Major H y p o t h e s i s and Approach:
Crowded degradation of GA Gs emulates in vivo conditions

GAGs are degraded invivo in the lysosome and select GAGs are also degraded in
the ECM and such degradation is obstacle mediated and far from pseudo first order
kinetics. The modeling of such degradation is critical to understanding GAG breakdown as a function of their sulfation pattern and the resultant change in conformation
as GAG chain lengths are shortened through either a random or processive cleavage
mechanism. GAG chains have an unknown distribution of lengths (and conformation) as they are progressively degraded, and thus the phenomenology of degradation
in a crowded media coupled with size after degradation is least understood. Several
ID and 2D NMR methods including correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY) and hctoro nuclear spin quantum coherence spectroscopy
(HSQC), were used to identify sulfations on CS/DS GAGs.
Biophysical Methods Development: This research involved the study of sulfated
GAGs in crowded environments, followed by this, analytical ultracontrifugation (AUG)
in absorbance mode and numerical models incorporating semi-flexible coil characteristics were adopted to obtain s-value and Mw averages. Major Implication: Native size
fingerprinting

of carbohydrates was achieved using AUG and structural and kinetic

parameters determined for understanding degradation in vivo. NMR based methods
were used to understand composition of degraded and undegraded species.
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Aim 3: Characterize GAGs Using Rheology
Major H y p o t h e s i s and Approach:
GAG chains exhibit entanglement in a concentration dependent

manner.

The precise measurement of entanglement concentration and the overlap is an
indicator of the molecular weight range of linear polymeric species such as GAGs.
Rheological methods were applied in a non-destructive manner to measure these characteristics as well as validity of the Cox-Merz rule under a variety of frequency regimes
for both GAGs and a series of selected man made polymers employed under crowded
conditions.
Biomacromolecular Methods Development: Although rheological methods have been
used to study the overlap concentrations of various polymers including some biopolymers like the GAG Hyaluronan (HA), these methods were used here to find the c* and
ce concentrations of common aggrecan derived sulfated CS-DS GAGs and also measure their intrinsic viscosities coupled with relaxation responses. Major Implication:
This may have implications on why a given tissue with a particular functional behavior contains a particular type of PG that have GAGs of a set chain lengths and chain
distributions.
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Chapter 3
Molecular and Degradation Studies
3.1

Introduction

Identifying over-sulfated sequences on CS/DS GAG is complicated as CS-DS GAGs
are heterogeneous and degradation is performed by a limited repertoire of broadly
selective enzymes. Here, a novel combinatorial tandem enzyme strategy (c-ABC, cACI, c-ACII and c-ascB combined with C4 and/or C6) was employed, along with
individual enzymatic constraints, to identify putative oversulfated disaccharide fragments on CS/DS chains. Fluorophore assisted carbohydrate electrophoresis was used
to assess the abundance of variously sulfated disaccharides from these tandem enzyme
digestions and thereby understand compositional heterogeneity. Degradation kinetics
of the tandem digestions were evaluated by ultraviolet (UV) spectroscopy. And AUG,
using Optima XL-A™was performed to study fragment heterogeneity at 30 mins post
degradation with c-ABC as the only degrading-enzyme on CSC substrate, for the first
time.
Glycosaminoglycans are filamentous polysaccharide chains consisting of disaccharide repeat blocks that are generally bound to a core protein, via a linkage tetrasaccharide, to form a PG. Although GAGs were historically presumed to perform a
mere hydrating role as part of the extracellular matrix 4 ', recent advances in instrumentation techniques have distinctly illuminated the complexity of GAG sequence,
such as variable sulfation patterns on consecutive disaccharides, as well as their
micro-heterogeneity 4 "' 132 , polydispersity, polyvalency 8 '' and length dependent morphology. u,i This sulfation patterning is precise enough to be unique to tissue and
organ type 3;(> , yet arises out of seemingly random sequence generation.
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Chromatography, 115 electrophoresis, 132 and MS based techniques 6 ' 2 ' 63 ' 96 have been
used in conjunction with enzymatic degradation of GAG chains to identity specific
sulfation patterns of a small group of oligosaccharides (predominantly heparan sulfates) contributing to certain biological functions 30 or binding to specific proteins. 96
Elucidating the structure of biologically active short sequences will be vital in our understanding of GAG species, especially with respect to CS-DS GAGs. Interestingly, a
significant majority of biologically relevant heparan sulfate (IIS) GAGs identified thus
far have been shown to contain oversulfated (di-or tri-sulfated) disaccharides within
their sequence, although these oversulfated sequences are found to be rare overall in
GAG fingerprinting studies.' 1 5 When such sequences are present, they appear to elicit
biological responses in not only the well studied HS GAGs, but also in chondroitin
sulfate (CS) and dermatan sulfate (DS) GAGs, even when present as a minor contaminant in heparin. The more common 4-sulfated and 6-sulfated CS/DS GAGs, on
the other hand, do not evince a response when taken orally, 98 suggesting that it is the
oversulfated components that, if present, can activate IgE/IgG-mediated generalized
response mechanisms. Recent experience with contaminated heparin also seemed to
substantiate that oversulfated sequences in CS GAGs, possibly at the disaccharide
level, induced a physiological response through GAG-protein interactions. 98
Depending on the GAG of interest, studies investigating GAG sequence (especially
in HS GAGs) often utilize consecutive digestions by two enzymes of different specificity or by one enzyme alternated with sulfatases. 64 The current methodologies for
identifying short CS/DS GAG sequences, however, have employed a variety of depolymerizing enzymes, each of which, when used individually, has specificity for distinct
GAG sequences.

Commercially available chondroitinases, for example, are bacte-

rial polysaccharide degrading eliminases that degrade -3—>-N-Acetyl galactosamine
/3(1—>4)hexuronic acid a 1—>• through a /3-elimination reaction either endolytically or
exolytically in a manner selective for (GlcA) or (IdoA). 102
Sulfatases, on the other hand, are ester-hydrolases that are highly conserved in
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many bacterial/eukaryotic tissues 109 and have moderate selectivity 110 in their ability
to hydrolyze a given sulfate occurring among other stereoisomers.

Sulfatase tar-

gets include both unsaturated GAGs and saturated sequences that are smaller than
octasaccharides. 11(> Some of the chondroitinase cleavage sites are also marginally sulfation dependent, as shown by high performance anion exchange chromatography, 1U>
although not all possible sulfation specificities have yet been explored using even a single cleavage enzyme. The unique cleavage specificities of broadly specific chondroitinases are, however, influenced by structural patterns (specific sulfation and group
orientation) present within regions of the GAG chains. 106;llt,;134 It is well known,
however, that cleavage bias occurs in CS/DS breakdown, in that a given chondroitinase enzyme (c-ACI, c-ACII, etc.) will be refractory to a particular sequence pattern
(CS/DS copolymer and CS only respectively in the case of the above enzymes) and
cleaves most sequences independent of underlying sulfation patterns. In addition, no
testing of all possible substrate sequence patterns has been performed and only a few
GAGs have been tested 1 3 5 due to difficulties in synthesis 35 and extraction.
Based on storage disorders such as mucopolysaccharidoses, in which sulfatase mutations lead to accumulation of sulfated and even oversulfated CS/DS, it was hypothesized that a significant advantage in identifying unique and rare sequences may
be offered by using marginally isomer specific bacterial chondroitinases and positionspecific sulfatase enzymes 90 in tandem, and that the degradation rates of commercial
GAG substrates may be different between individual and tandem enzyme digests.
Previous tandem enzyme work degrading a heparin fragment with A4,5 glycuronidase
and 2-0 sulfatase x x [ provided some evidence that these enzymes may demonstrate kinetic cooperativity r i l ; 1 3 ( ' and motivated the application of tandem enzyme technique
to CS/DS GAG degradation. Using commercially available enzymes and substrates,
we aimed to address this niche in the analysis of CS/DS GAGs and to understand the
kinetic efficacy of enzymatic cleavage, as well as identifying any novel oversulfated
cleavage products, that resulted from the use of tandem chondroitinase-sulfatase en-
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zymes.
To examine further how differential sulfation affects the early stages of GAG
degradation by c-ABC, the distribution of sizes of fragments of two different CS/DS
substrates were characterized using AUG. Although AUG has been previously applied
to characterize PG size using interference optics, 4 '' 48 modern algorithmic AUG has
never been used to understand the size of GAGs post-fragmentation (approximately
1-20 kDa) without pre-separation, since this approach is challenging. For example,
the sedimentation coefficient (s value) is considerably less than for protein or organelle
analysis and significant heterogeneity of GAG fragment sizes may lead to highly unpredictable diffusion due to variation in their post-fragmentation persistence length
and conformation. 1,! ' Polysaccharide analysis with AUG is also difficult since sedimentation likely occurs over a wide range (0.1 < s < 5) with neither length-conformation
nor size distribution profiles known beforehand. 15 ' A model-independent method for
accurate analysis of such light species without prior assumptions of their size and
shape distributions was thus performed here.
The novel goals of this aim can be summarized as follows:
• Composition:

Predict and ascertain the composition of GAGs using an exten-

sion of the currently existing strategy to sequence heparin and HS like GAGs.
• Oversulfation: Evaluate specific oversulfated bands iteratively in the absence of
clear standards within a tetrasaccharide limit and ascertain constraint driven
arrangements.

3.2
3.2.1

Experimental Procedures and Methods
Materials

CS/DS from commercial manufacturers such as Sigma Inc., have been shown to have
a range of purity 1 0 6 and significant heterogeneity; thus, a broad spectrum enzyme 88
was first utilized to depolymerize these substrates.

Chondroitin sulfate A (CSA,
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bovine trachea), chondroitin sulfate B (CSB, porcine intestinal), and chondroitin sulfate C (CSC, shark cartilage) were purchased from Sigma (St. Louis MO). For the
purpose of comparing substrates from different manufacturers, chondroitin sulfate A
Super Special Grade (sCSA, sturgeon notochord) and chondroitin sulfate C Super
Special Grade (sCSC, shark cartilage) were also purchased from Seikagaku (Tokyo,
Japan); these CS sources are reported to demonstrate higher purity and hence less
heterogeneity; 101 ' Chondroitinases ABC (c-ABC, from Proteus vulgaris), ACII (cACI1, from Arthrobacter aurescens), ACI (c-ACI, from Flavobacterium

heparinum),

and B (c-ascB, from Flavobacterium heparinum), as well as chondro-4-sulfatase (C4)
and chondro-6-sulfatase (C6, both from Proteus vulgaris), were purchased from Seikagaku.
3.2.2

Fluorophore Assisted Carbohydrate Electrophoresis (FACE)

The various sulfated disaccharide products resulting from the enzyme treatments were
measured using FACE. U 2 Stock solutions of CSA*, CSC, sCSA, and sCSC substrates
were prepared in 1 m9/mi glucose stock solution such that 20 \xL contained one nmol
of glucose as an internal pipetting control. Stock solutions of chondroitinases (cACI, c-ACII, and c-ABC) and sulfatases (C4 and C6) were prepared at 10

mU

/^L

in H2O containing 0.1% bovine serum albumin. Replicate 20 \iL aliquots of these
substrates were digested with 3 fiL of enzyme (30 mU ~ 1 fig) of each of the above
chondroitinases alone and in 3 tandem combinations (C4, C6, and C4+C6).

To

determine the effect of Ca 2 + on the enzyme activity, 5 [iL of 0.3 M CaCl2 was added
to replicate samples (prior to enzyme addition) to achieve a final concentration of 10
mM CaCl2; this concentration was previously shown to enhance the activations of
* Commercial substrates generally contain a predominant amount of a singly sulfated entitity
depending on whether it was CSA, CSC etc, although very minor amounts of other sulfation(s) was
present. Thus, it may sound as a misnomer to refer to commercially produced substrates as CSA
or CSC since they not only contain what they are supposed to contain, but also other sulfation.
This exercise, was thus to show these substrates can be profiled for their composition as well as
heterogeneity.
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Table 3.1 : Sample Set for FACE and Kinetics

Chondroitinase
in
Tandem Digestion
cABC
cACI
cACII
caseB

Substrates
CSA (±Ca 2+ ), CSC(±Ca 2+ ), sCSC,
sCSA
CSA(±Ca 2+ ),
CSC(±Ca2+),
2+
sCSC(±Ca ), sCSA(±Ca 2+ )
CSA, CSC
CSB(Ca2+)

cABC: chondroitinase ABC; cACI: chondroitinase ACI; cACII: chondroitinase ACII; caseB:
chondroitinase B; CSA: chondroitin sulfate A (Sigma); CSC: chondroitin sulfate C (Sigma);
sCSC: chondroitin sulfate C (Seikgagaku); sCSA: chondroitin sulfate A (Seikgagaku); CSB:
chondroitin sulfate B.Note: All chondroitinases were used either alone or in tandem with
chondro-4-sulfatase, chondro-6-sulfatase, or both sulfatases

selected chondroitinases. 138 CSB was also subjected to tandem digestions, but only
with c-aseB, and only in the presence of Ca 2 + as shown in Table 3.1.
The above substrate-enzyme combinations were brought to a total volume of 140
\iL by addition of 120 /J,L of 5 mM NH 4 Ac at pH=7.4 and incubated for at least
three hours at 37°C. Samples were then dried using a vacuum concentrator (Savant,
Waltham, MA), fluorophore labeled and derivatized (Figure 3.1 on page 43), mixed
with glycerol, and run in duplicate lanes on 20% acrylamide FACE gels as previously
described. 132 The fluorescent gel bands were imaged using a UV transilluminator at
a range of exposure times and quantified using GelPro software (Ver. 5.0, Media
Cybernetics, Bethesda, MD). Enzyme digestion products (glucose and the various
disaccharides) were identified by correspondence to bands in a disaccharide standard
ladder lane. For each lane, the relative quantity of each product was determined
from the integrated optical density (IOD) of the disaccharide band (scaled to the
glucose band IOD from the same lane); data from duplicate lanes were averaged.
Bright bands containing abundantly derivatized products were quantified from the
lower exposure gels and vice versa. Each experimental sample preparation (enzymes
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individually and in tandem) was repeated twice to obtain three independent FACE
gels.
Figure 3.1 : AMAC Derivatization of Saccharides
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FACE gels were examined to confirm that the sulfatases caused predictable upwards migration of singly sulfated disaccharide bands due to the loss of the charge
associated with the cleaved sulfate group. Gels were also examined to compare the
product profiles from the use of different substrates, different chondroitinases (c-ABC,
c-ACI and on a limited basis c-ACII), and tandem digestions with sulfatases. The
effect of 10 mM Ca 2 + on c-ABCI10,5 as an enzyme catalyst was also investigated
because c-ABCI, a component of c-ABC, 88 was best activated by Ca 2 + 1 0 3 at this
concentration.
3.2.3

Kinetics

Kinetic analyses were conducted as previously described 105 for enzyme digestions of
CSC and CSA substrates. Here, enzymes c-ABC and c-ACI (on a limited basis)
were used individually and in tandem with each of or both of C4 and C6. Sufficient
quantities of homogeneous stocks of enzymes were prepared by pooling resources from
multiple vials and diluting to 10 mU/liL in d H 2 0 . Next, 5 nL of the enzyme was added
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to a quartz cuvette containing 1 mL of buffer (50 mM Tris/HCL, 50 mM Na acetate,
10 mM CaCl2, pH=8.0, 37°C) containing variable concentrations of substrate (0.1 — 5
m

a/mi). This mixture was selected to match the quantity of enzyme (~ 1 fxg) used in

previous kinetic studies 105 and to ensure comparable catalytic levels of the enzymes
being evaluated (Ref Table 3.2). Volume differences in the tandem digestions were
Table 3.2 : Enzyme Amounts
Enzyme

Units/
Vial

Protein in
Hg/vi&l

Sp.
Activity

MW
Kda

[E] mg

[E] pmol

(U/mg)
t

10
231
65
cABC
~115
1.16
1
382
78
0.25
cACI
5
80
cACII
5
57
129
0.29
C4
168
67
5.25
13.3
1.6
130
79
2.6
C6
2.5
22.6
cABC^: chondroitinase ABC (cABCI+II); cACI: chondroitinase ACI; cACII:
ACII; C4: Chondro-4-sulfatase; C6:Chondro-6-sulfatase

8.9
3.2
3.5
7.8
3.3
chondroitinase

<0.5% and presumed not to affect the results. Upon adding the enzymes to the buffer
and substrate solution the cuvette was capped, gently inverted twice, and placed in
a Cary 50 spectrophotometer (Palo Alto, CA). The formation of unsaturated double
bond products resulting from the GAG chain cleavage were monitored by measuring
the absorbance (optical density (OD)) at A = 232 nm every 2 sec for the first 2 mins
(Section 9.5 for establishment of this A value over a time course). Data collection was
continued every 30 sees for the next 5-7 mins to allow the reaction to reach a steady
state. OD data was converted into concentration of product (in / J M ) using the BeerLambert equation A = e x I x c, where A is the OD value, e is the molar absorption
coefficient (3,800 M - 1 c m - 1 ) , 1 3 8 I = 10 mm is the path length of the cuvette, and c
is concentration. Although the kinetic analysis were run in duplicate where possible,
variations in enzyme concentrations between duplicate runs (due to manufacturer
variations per enzyme vial) prevented data averaging and hence data representing
the general trends are presented.
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The kinetic data were then analyzed to extract the kinetic parameters of the
different individual chondroitinases and tandem enzyme digestions. Initial velocity,
VQ, was calculated as the rate of change in OD in the initial burst phase (30 sec),
during which it was assumed that <10% of substrate was turned over 1 0 ! ; l i 8 and
the rate of kinetic reaction was ideal over a linear range. Using an assumption of
pseudo first-order Michaelis-Menten kinetics for the burst phase (substantiated by the
greater than 100-fold excess of substrate to enzyme), initial velocities from the various
substrate concentrations were fitted to nonlinear hyperbolic Michaelis-Menten curves
and linearized Lineweaver-Burke and Hanes-Woolf plots. The evaluation of kinetic
constants vmax and k m were done using Prism5™software (Graph pad Inc., La Jolla,
CA) using the non-linear hyperbolic plots. There was a challenge in determining Umax,
since it could be determined only at very high substrate concentration [s]. Because
reduced rates of product formation were observed at [s] > 2 m9/mi, such concentrations
were avoided for all kinetic calculations. Instead, it was assumed that the maximum
velocity in such a pseudo-cooperative breakdown was approximately 20% higher than
the maximum substrate velocities measured at [s] = 1 ma/mi. The values of vmax that
were initially calculated by the Lineweaver-Burke plots were then adjusted using the
correction factor of 20%. This revised value of umax was applied to all subsequent
kinetic calculations. The turn over number, kcat was then calculated by dividing the
adjusted maximum velocity vmax with [E], which was determined in Table 3.2. The
evaluation of K^t/Km was also done.
Because it was assumed that the enzyme-substrate reactions (particularly the
tandem digestions) would deviate from Michaelis-Menten kinetics, the potential for
ping-pong mechanisms and enzyme kinetic cooperativity was investigated. Ping-pong
reaction mechanism stated here 139 is a case of bi-enzyme reaction with dissimilar
substrates. In case of tandem digestion, sulfatase was added before chondroitinase,
leading to the following simplified hypothetical kinetic arrangement for each substrate
S.
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Ei
S

E2
>PX <

, P2

(3.2.1)

Ei

In equation 3.2.1, Pi denotes all sulfated products (> disaccharides) that can be
acted upon by the sulfatase (C4 or CG, denoted by E2) to give terminal product P2.
In turn, Ei can act on P2 to give terminal product Pi or recycle again. The '

, de-

notes the possible ping-pong interaction between sulfatase and chondroitinase in this
reaction. Since these enzymes are from different bacterial species the formation of a
heterodimer could not be assumed. Although there could be many intermediate products between Pi and P 2 , they have been neglected for simplification. Furthermore, a
given heterogeneous mixture was likely to contain n unique sequences (ranging from
disaccharide to oligosaccharide in length), each occurring n i , r i 2 , . . . nTO times. After
coarse fragmentation of the GAG chain and reduction of the chain length, assuming
that the resulting fragment substrates follow Michaelis-Menten kinetics at the common cleavage sites, each of these substrates should have individual k m , which may
vary widely between substrates. In addition, since the cleavage positions are not
unique (due to sulfation pattern), substrate degradation might give rise to products
that are not accounted for within n unique sequences, thereby adding even more k m
that may deviate from Michaelis-Menten kinetics. To test the individual effect of
each of these substrates, one can simply test whether the tandem digestion tests do
give rise to a sigmoid curve, as was the case for cooperative substrate binding, since
many of these sub-sequence structures that have low k m (refractory to cleavage) can
be hydrolyzed when exposed to tandem enzymes, resulting in the product having an
higher k m .
3.2.4

Hill P l o t Development

Hill plot was developed as a logarithmic plot of initial velocity and was used to show
the deviation from non-hyperbolic plot due to cooperativity resulting from polyvalent binding of GAGs to enzyme(s). 140 To simplify the analysis of multi-enzyme
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multi-substrate kinetics, the Hill coefficient was approximated to measure the kinetic
cooperativity between enzymes. In equilibrium models where protein cooperative behavior was either enhanced or inhibited by enzyme-substrate complex formation, the
kinetics deviate from hyperbolic to sigmoid behavior in a manner that can be characterized by the Hill coefficient 77. The Hill coefficient was derived from a modification
of the Michaelis-Menten equation:

v

° ~ 1?—TJTvn
K0.5 + [s\

{6.1.1}

The equation 3.2.2 can be linearized to give the Hill equation:

log (
\Vmax

^

) = r, log [s] + log (X0.5)

(3.2.3)

— VQJ

where, k0.5 was equivalent to k m for v = umax under ideal Michaelis-Menten kinetics.
Hill plot was thus used to demonstrate any cooperativity between these enzymes.
Thus, the slopes from the pseudo hill plot was obtained and all values normalized
against c-ACI in the evaluation of r\rei.
3.2.5

Sedimentation Velocity (SV) Analytical Ultracentrifugation

Overview
AUC is a non-linear mass transport process and hence can be modeled mathematically
to understand size and molecular weight distribution. AUC has been previousl used by
Hascall et al. 47;48 to characterize PG size through interference optics, however modern
algorithmic AUC has never been used to understand GAG size post-fragmentation
(1 < M „ < 60 kDa), since the s-value is very low and there might be significant
heterogeneity due to biased degradation. Further centrifugation of small molecules
(<C 20 Kda) in highly heterogeneous states only complicates the true-modeling of this
system. X i l The upper bound of « 8 0 kDa was used, in determining run settings and
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analysis since the undegraded molecular weight for CSA is only 25 Kda. Although
much of the underlying mathematical basis has been discussed in Appendix (Section
8.5), the experimental methods are undertaken here. AUG is a transport process and
hence is used to model unsaturated GAG products detected at A = 232 nm during
sedimentation. The Faxen approximate solution to the Lamm equation 141 provides
the concentration gradient as a function of various parameters in a model independent
manner. This approximate solution can be solved for the s-value to obtain the van
Holde Weischet equation as a linear function of t~1/2

where D is the diffusional coefficient (which is assumed to be fixed), rm is the radius
at the meniscus, t is time, (p —
2sut

Cp = Cme-

,

$-

x

^

, Cu is C at the rotor angular velocity u,

is the inverse of the Gauss error function, and s£ is the apparent

s-value at LJ. Although the use of van Holde Weischet method is well established, l42
it is not quite applicable for heterogeneous systems with unknown conformations.
This method can be enhanced by optimizing several parameters, such as scan length
and rotational speed, and accounting for polysaccharide swelling; the data analysis
software simulates AUG runs for optimization purposes using Fujita's exact solution
to the Lamm equation. 14i The data was alternatively analyzed with C (s) and C (M),
the concentration of solute as a function of molecular weight, using a continuous
distribution derivation. The solution to the sedimentation curves as a function of
friction factor and the observed signal is given by the Fredholm integral of the 2 n d
kind: 143

a[r t]

c s

D s r

' -11 ( - i) * (*• ( - i) ' 0

i s xd

(I)

where a (r, t) is the observed signal, f is the solute frictional ratio in anhydrous
media, /o is the solvent frictional coefficient, and x is a kernel function. The ratio /// 0

(325)

--
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can be defined as fw, the weight average friction factor. Each solute species will have
a unique /„, and distribution C (s, f w ) . The frictional ratio fw was set to 1 in models
considering the GAG fragments to occupy idealized spherical shapes in solution ( / =
4.581 x 10~8) and in other models the shape parameters were recomputed (long rod
with axial ratio<10: / = 6.890 x 10~ 8 , /„, = 1.504). If it can be assumed that all
species have the same /„,, the above Fredholm integral can be reduced and transformed
to give the C (M) or molecular weight distribution: 14,!

a(r,t)=

I C (S, M) L (M, D (s, M), r,t) ds x dM

(3.2.6)

where L is the Laplace kernel and C (s, M) is determined from C (s, fw) by a transformation of variables. These methods estimate size without external standards such
as needed for gel permeation chromatography. Here, AUG was used to analyze GAG
samples early in the enzymatic degradation process. Samples of CSA and CSC were
individually digested with c-ABC, using the same buffer and concentrations previously used in FACE analysis, for 30 mins in 10 individual replicate tubes; this 30 min
duration was previously determined in kinetic studies to be within the plateau region
of the degradation curve, ensuring sufficient product. After this partial digestion,
the samples were boiled for 10 mins to denature the enzyme. In a stepwise manner, individual samples were pooled, vacuum concentrated (Savant, Waltham, MA),
and analyzed at A = 232 nm to check for OD>1.8, indicating the plateau region of
degradation. Once this concentration was achieved, 380 (ih of degraded GAG sample
and undegraded control sample of substrate at similar concentration was loaded in
aluminum centerpieces within sample cells and loaded within an AnTi60 rotor in an
Optima XL-A™(Beckman Coulter, Inc., Fullerton, CA) as described by Machtle et
al. 1 4 i The optimal speed, determined using Beckman Nomogram software, was 60,000
rpm (260,000 g) for 24 hrs in sedimentation velocity mode at 20°C. This running speed
allowed the capture of all species greater than or equal to the molecular weight of
disaccharide, since these small GAG fragments could be produced even as early as
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30 mins due to c-ABCII exolytic activity. In practice, the majority of sedimentation
was found to occur within 14 hours. The 380 //l volume was selected so that the OD
read by the AUG monochrometer was consistently between 0.3 and 0.8.
Data was collected throughout the AUG run using Proteome Lab™software (Beckman) and was edited using Ultrascan II™software™(v.

9.9, Dr. Borries Demeler,

University of Texas Health Science Center at San Antonio) to solve the Lamm equation. 142 ;' 45
Based on initial meniscus position, leaks and problems with OD, or even unnatural
sedimentation curves due to low rotor speeds could be detected. The latter is particularly caused by deviant estimates in molecular weights specified for Ultrascan-II Ver.
9.9 J42 simulation and for multiple unknowns in this problem of sedimentation, such
as weight average range for CSA and CSC samples, multiple precautions were undertaken on a continual basis. If there were no leaks, the process was run to completion
for a 15 hr duration set in the ProteomeLab™(Beckmann Coulter Inc. Fullerton CA).
Following confirmation of good radial calibration, acceptable sedimentation curves,
which showed a stable plateau very close to the end of cell, were used for further
calculations. A high boundary fraction was used to capture the data leading up to
and including the initial plateau region.
Simulation was initially conducted using Ultrascan-II™(Figure 3.2 on page 52) to
ascertain the various shapes of simulated sedimentation curves to pinpoint how these
curves may look on actual sedimentation using adaptive space time finite element
method (ASTFEM) l 4 6 ; 1 4 7 implemented within Ultrascan-II™V.9.9. Similar strategies
either employ either Claverie approach 147 or the procedures of Schuck et al., 148 while
the former procedure was adopted as a first pass modeling approach. A number of
parameters including M\y, s-value and component(s) were adjusted. To this effect, a
base heterogeneous model, 1 or 2 components and a set speed of 60,000 revolutions per
minute (RPM) for 24 hrs was assumed. Although, most of the actual experiments were
run for much shorter periods since no pelleting was observed at such long duration, the
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simulation was done for the maximum duration. In addition, partial specific volume
was set to v — 0.61 ml/gm (an average of polysaccharide range), and the approximate
Mw range varied from ~ 4 — 16 kDa in these simulations before arriving at ~ 8 Kda
as the maximum limit. A set of sample simulation curves are shown in Figure 3.2 on
page 68
The upper limit of s was slowly reduced to 2, and the resolution setting was
increased to 50 during C (s) fitting to improve analysis of small molecule data. Using
Ultrascan II™software, C (s) analysis was performed individually for each cell, first
using a diffusion tolerance setting of 0.001 then raising this tolerance setting to 0.01 in
cases where there were fewer scans or where good boundary capture was not possible
either due to high noise or low absorbance. The values of f/f0 input into the C (s)
analysis were chosen to represent individual shapes ranging from spherical to oblate
and prolate spheroids. The highest value of /// 0 was set at 4 to represent motion
in a crowded system. S-values and molecular weights (for each assumed /// 0 ) were
averaged from the analysis of three independently run samples.
Since, there are several unknowns in this type of analysis, the experimental curves
obtained had to be prejudged before proper analysis could be carried out. The Figure
3.2 on page 52 illustrates the general flow diagram for analysis used with two independent algorithms and software suite. A sample scan is shown here in Figure 3.11
on page 69.
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Figure 3.2 : Simulation and Data Analysis Set Up
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Results

This section overviews the majority of digestion results and tandem-enzyme data
that were obtained with not only multiple enzymes x sulfatases, but repeated across
multiple substrates with and without Ca 2 + . AUC data are also presented.
3.3.1

FACE

c - A B C Tandem Digestion
The utility of c-ABC as a broadly selective enzyme is made use of in studying the
final product profile. Enzymatic digestions of CSA and CSC substrates with c-ABC
alone yielded primarily ADi-6S and ADi-4S. Multiple samples across multiple gels
were run to ascertain the repeatable nature of at least major bands, as shown for
CSC and CSA Figure 3.3 (d) and (e) in page 62.f The digestion of CSA and CSC
using c-ABC in tandem with sulfatases (40 and 60) caused predictable shifts in the
mono-sulfated A Disaccharide bands, namely that the ADi-4S moved up to ADi-OS
in the presence of C4, while the ADi-6S moved up to ADi-OS in the presence of C6.
^Major bands denote ADi-Os, ADi-4S and ADi-6S all singly sulfated unsaturated species and
minor bands are bi-, and trisulfated species with either 2 0 or 3 0 sulfation of internal U or AU
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No oversulfated Adisaccharide bands were observed in the digestion of CSA, CSC
with c-ABC (Figure 3.4 (a) on page 63), either alone or in tandem.
c-ACII T a n d e m Digestion
The utility of C-ACII is being CS specific in breakdown is made use of in studying the
final product profile. Tandem digestions utilizing c-ACII, which were performed to
ascertain the composition of regions of the CSA and CSC substrates that contained
only CS or chondroitin, showed a similar pattern of Adisaccharide bands (Figure 3.4
(c) and (d) on page 63) as revealed by c-ABC-based tandem digests (Figure 3.4 (a)
on 63 and Figure (b) on page 63) respectively. Further, multiple gels were used to
obtain IOD from the repeatable nature on major bands, were normalized and they
are shown individually for CSC (Figure 3.3 (d) on page 62 and CSA in Figure 3.3 (c)
on page 62).
In the case of c-ACII digestion in lanes with CG, no ADisaccharide has been
found with 6-sulfation and a similar result has been found in the lane with C4; while
in the lane with bi-sulfatases both these are absent. This repeatable nature, across
gels, indicates that indeed there has been sulfatase activity in each case with the
corresponding enzyme digest and such results were indeed repeatable.
c-ACI Tandem Digestion
The utility of C-ACI is being CS-DS specific in breakdown is made use of in studying
the final product profile. Digestion of CSA with c-ACI alone showed oversulfated
Adisaccharide bands (Figure 3.5 (a) on page 64) that were not found by treatment
with c-ABC or c-ACII alone (Figure 3.4 (c) on page 63, Lane:l), and c-ACI-based
tandem enzyme treatments suggested the presence of ADi-2,6S, ADi-2,4S, and Adi2,4,6S in the original CSA chain(s) set. The major band intensities were also evaluated
to show consistency across gels as shown in Figure 3.3 (a) on page 62 for CSC and
Figure 3.3 (b) on page 62 for CSA. In lanes with C4, no ADisaccharide has been
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found with 4-sulfation and a similar result has been found in the lane with C6; while
in the lane with bi-sulfatases both these are absent.
Multiple samples across multiple gels were run to ascertain the repeatable nature
of at least major bands, as shown for CSC and CSA Figure 3.8 (a) and (b) in page
62. In addition, multiple samples across multiple gels were run to ascertain even the
repeatable nature of even the minor bands, as shown for CSC Figure in page 65, for
CSC-c-ACI minor band evaluation.
c-ACI Tandem Digestion w i t h Ca 2 +
The over-sulfated bands (bisulfated) were evaluated from the total band intensity and
found to be <10% in each case and those with tri-sulfation was less than 7%, while
none were found in digests with the activator calcium. As indicated for CSA and CSC
Figure 3.5 (c) and (d) on page 64 there are no bands other than ADi saccharides that
are mono-sulfated.
c-ACI Tandem Digestion with C S B and sCS Digestion
The utility of C-ACI is being CS-DS specific in breakdown is made use of in studying the final product profile of primarily IdoA substrate CSB and the seikagaku's
substrate. To distinguish between substrates from different manufacturers, CSA and
CSC from Sigma were compared with e-ACI-based tandem enzyme digests of substrates from Seikagaku (termed asCSA and sCSC), which are reported 88 '' 06 to be
highly purified products. As shown in Figure 3.7 (a) on page 65 and (b) on page
65 these substrates contained only singly sulfated Adisaccharide bands that demonstrated predictable band shifts in the presence of sulfatases.
Selective Sulfation Patterns Inhibit Cleavage
The results obtained in so far indicates that over sulfation sequences might be resistant
to cleavage (single enzyme; c-ACI, c-ABC lanes in comparison with lanes containing
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tandem C-ACI+C4/C6) and that such underlying resistance appears to the fore front
when sulfatases are used in tandem with chondroitinases. Comparing this result with
c-ABC digest of CSA/CSC, the absence of critical bands in the presence of multiple
sulfatases (4- and 6- sulfatase), but the presence of 2S band indicates these 2S bands
must have been GlcA2s-GalNAc4/6,s arrangement. The presence of ADi-2,6S in lanes
1, 3, and 4 can be inferred through the presence of a ADi-2S band in lanes 5-8, in
which the CSC samples were treated with CG as shown in Figure 3.4 (b) on page
63. Further, it is clear that in lanes with C4, no ADisaccharide has been found
with 4-sulfation and a similar result has been found in the lane with CG; while in
the lane with bi-sulfatases both these are absent. This repeatable nature, across
gels, indicates that indeed there has been sulfatase activity in each case with the
corresponding enzyme digest, and these oversulfated bands were also repeatable. It
was further concluded that the di/tri sulfated banding pattern (be it a disaccharide
or a tri or even tetrasaccharide) in the presence of mono-sulfatases was indicative of
more sulfated saccharides occurring amidst the major bands of 6S and 4S in longer
saccharide chains. The presence of ADi-2S in the lanes 5 and 6 indicates that they
were indeed ADi-2,6S or even tetrasaccharides which confirms this conclusions. Yet,
it was unclear why a ADi-4,6S would appear in lanes 3 and 4, since sulfatases are
normally expected to hydrolyze these. Further, it was also unclear why an extra
band appears when one would normally expect only the pre-existing bands to be
hydrolyzed. This hydrolysis is clearly seen by the increased intensity of ADi-OS in
each successive lane. This observation draws the speculation either these bisulfated
moieties are partially resistant to hydrolysis by 4 0 sulfatases (with rates of hydrolysis
slower) and (or), the identification of the band may be incorrect. This incorrectness,
still, does not affect the outcome that in the presence of sulfatases novel bands are
observed, that isn't seen when chondroitinases are used alone, which in itself is a
novel result.
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Other Observations
In many of the gels, a monosaccharide sized entity was seen in some of the product
lanes (Figure 3.5 (a) on page 64), appearing in Lanes: 4 and 6 just below the uniform
dotted entity which is generally assumed to be the unreacted fluorophore, also see
Figure 3.5 (b) on page 64, Lanes 3,4,and 5. A disappearance of band can also be seen
in Lane 4 in Figure 3.5 (b) on page 64, when the band in between 2-aminoacridone
(AMAC) and ADi-OS on the adjacent lane has disappeared. It appears that sulftases
have activity on singly-sulfated monosaccharides.
3.3.2

Tandem Kinetic Assays

Nonlinear hyperbolic fits of the Michaelis-Menten equation to the data from the full
range of CSC substrate concentrations, as well as raw data showing the rate of product
formation, revealed that [s] > 2 m9Jmi had reduced initial enzyme velocities (Figure
3.7 on page 65). For this reason, these data points were dropped from further kinetic
analyses and vmax was estimated as 20% higher than the highest measured enzyme
velocity at [s] = 1 m9/mi, as described above, in all determinations of the kinetic
parameters (Table 3.3 on page 58). In all Lineweaver-Burk plots, the r 2 > 0.9,
assuring a fair accuracy of results, even though utilization of substrate concentrations
[s] < 0.1 m9/mi was found to cause appreciable shifts in the inverse domain (Vw). The
v

max w a s highest for the least selective enzyme, c-ABC, when it was employed alone

(Table 3.3 on page 58). There was a reduction in vmax for c-ABC in tandem with
sulfatases, particularly for those involving C6, especially as shown by the increased
slopes in the Hanes-Woolf plot, Figure 3.8 (c) on page 66 . These reductions in
maximum enzyme velocity suggest a ping pong state in which the substrate can
transition between multiple enzymes before becoming completely broken down. Other
states were also considered before this conclusion was reached. For example, it was
thought that the enzyme may form a ternary complex, but these enzymes are not
from the same species. Further, it was felt enzymes may act independently on the
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GAG chain. Yet, the sulfatases are resistant to long chain sequences and will act on
only very short sequences. Yet, based on length calculations, these chains are too
short for multiple enzymes to simultaneously process the sulfation or proceed with
breakdown. Thus, ping-pong characteristics seem to be the only mode of breakdown
of these chains with a simultaneous back and forth between two enzyme states that
may be available in close proximity.
The Vmax for c-ACI alone was about 80% of that for c-ABC alone, but the addition
of sulfatases had a profound effect on the vmax of the c-ACI-based tandems (Table
3.3 and Figure 3.8 (d) on page 66). For example, C-ACI+C4 had a umax that was half
that for c-ACI alone while the ismax for C-ACI+C6 and C-ACI+C4+C6 were within
10% of that for c-ACI alone (Figures 3.8 (d) thru (f) on page 66). The Michaelis
constant, KM, for c-ABC digests was greater in the presence of single sulfatases (C4
or C6), and reduced more than 50% when both sulfatases were used. In contrast,
KM measured from c-ACI alone was comparable to reported values, lM yet changed
roughly an order of magnitude when used in tandem with sulfatases. The use of
sulfatases, C4 and C6 either alone or in combination, caused consistent reductions
in Kcat, the apparent unimolecular rate constant, for c-ABC (Table 3.3). For c-ACI
studies on the other hand, Kcat for C4 tandem digestions was only half the value of
Kcat for all other enzyme treatments. Moreover, the Kcat values for c-ABC and c-ABC
tandems were 2-3 fold less than for the c-ACI and c-ACI tandem groups, indicating a
clear distinction between groups. Finally, catalytic efficiency (Kcat/KM) of the tandem
enzyme combinations was lower than for the chondroitinases alone. All of the above
results were found using CSC as a substrate. When CSA was used as a substrate, it
showed the same reduction in enzyme velocities at higher substrate concentration as
found with CSC (data not shown). Although the full battery of digestions was not
performed with CSA, it was subjected to c-ABC, c-ACI, and C-ACI+C4 treatments
in triplicate studies. For CSA degraded with c-ABC alone, umax was 40.32 ± 5.833
(standard error) ^M/min, which is about 15% lower that the vmax for CSC degraded by
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c-ABC. For CSA degraded with c-ACI alone, vmax was 42.16±2.805 »M/min, which was
comparable to the rate of CSC digestion by this same enzyme. When degraded with
c-ACI and C4 in tandem, umax was reduced to 27.34± 1.201 »M/min\ this reduction was
again comparable to the CSC findings. Similarly, KM for C-ABC+C4 was 38.6 fiM,
which was higher than for c-ACI alone (21.7 fj,M). K^

for C-ACI+C4 was 46.60 sec - 1 ,

which was lower than for c-ACI alone (266.2 sec - 1 ); the catalytic efficiency ^ ' / K M
was 1.207 fM/sec-ifor C-ACI+C4 but 12.25 rM/aec-i for

C -ACI

alone. With respect to

the cooperativity analysis, the tandem enzyme studies did not show sigmoidal kinetic
curves, but the parameter r\rei < 1 for almost all studies, indicating an interaction
between the chondroitinases and sulfatases in cleaving GAGs. The c-ACI enzyme
reaction appeared more kinetically favorable in the presence of 4-sulfatase compared
to the other two reactions, as demonstrated by rjrei ~ 2 for C-ACI+C4 and rjrei ~ 0.5
for the other 2 tandem combinations (Figure 3.9 (a) on page 67). All c-ABC tandem
reactions showed r\rei < 1 and is indicated in panel (b) in the same figure.
Table 3.3 : Kinetic Constants in Tandem Digestion

Enzyme Combination
cABC
cABC+C4
cABC+C6
cABC+C4+C6
cACI
cACI+C4
cACI+C6
cACI+C4+C6

^max

54.9
44.5
29.7
25.8
44.6
23.2
45.1
40.3

%fi

K-cat

Kcat

31.2 78.2 2.50
71.2 63.3 0.88
44.5 42.3 0.95
19.4 36.8 1.89
5.3 232.3 43.2
58.3 120.8 2.03
32.6 234.8 7.2
94.9 209.8 2.2

The kinetic evaluations of k m and k cat parameters were done using non-linear
hyperbolic fits and are indicated for singular enzymes and tandem enzymes in Table
3.3 on 58. The kinetic plots on the other hand indicate a set of non-linear hyperbolic,
and linearlized versions of these curves are also shown in Figures 3.8 on page 66
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(a) thru (c) for c-ABC digestion and (d) thru (f) for c-ACI digests for the same
substrates. Although linearized versions are less reliable (for mathematical reasons)
than non-linear curves, they are used to demonstrate the variability of each of the
curves with the same substrate, but treated with a different enzyme set. The data
was also repeated twice in most cases, but one representative data has been shown.
The Hill plot has also been shown based on the methods outlined earlier and indicate
linearized approximations of the non-linear power law Hill equation.
3.3.3

A S T F E M Simulation of Sedimentation Curves

Sedimentation had to be studied prior to sample derived sedimentation to realize the
duration of run as well as the type of sedimentation curve that may be obtained
to specify algorithms needed for analysis. Simulation of sedimentation of low Mw
species was adopted in Ultrascan II™suite;142 although the underlying theory of this
preliminary simulation work has been discussed in Appendix:8.7.3. Both diffusion
corrected and un-corrected regimes were simulated for ranges discussed in methods
upto Mw=S0 Kda, assuming the maximum rate per minute in aluminum cells. One
simulation with a molecular weight distribution near the bounds was also performed
as illustrated in Figure 3.10 (a) to (h) on page 68. The simulation parameters were
then automatically obtained and resulted in approximate rotor speed of 45,000 RPM
as indicated earlier.
3.3.4

Sedimentation

Followed by simulation, and concurrent evaluation of sedimenting species, a number
of samples were sedimented and boundary captured after initial and final scans were
removed and absorption spectra cleaned of spurious noise. Starting with Figure 3.12
(a) on page 70, the sedimenting species of CSC sample at 30 mins is displayed along
with two color hatches. A single annotated scan is also shown in Figure 3.11 on page
69.
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The boundary cut off is shown by green, while the sedimenting boundary is indicated by yellow. Figure 3.12 (b) in indicates the sedimenting species of the same
substrate made again with a new digestion study, while (c) and (d) represent the
same sample of CSA. Figure (c) demonstrates the sedimentation, (d) refers to a finite
element (FE) fit of the data in an iterative manner with a non negative least square
(NNLS) based numerical minimization of calculated FE error function(e). As shown,
in a single sample, Figure 3.12 (a) on page 70 shows an imaginary cross over point to
the right of zero, in the extrapolation plot, was noted, indicating there was not only
heterogeneity but also potentially attractive interactions between the GAG fragments
in solution and(or) conformational changes. The boundary fractions vs s-value curve
(b) also indicates a right slant and such diagnostics indicates GAGs are indeed attracted in-solution. These four figures were then segmented and further cleaned and
processed to obtain the next step of molecular weight estimates.
Enhanced van Holde Weischet Analysis
Analysis of Ultracentrifugation data was done with Ultrascan II™,first after some preprocessing with Beckman's Proteome Lab™suite. The initial sedimentation curves are
shown in Figure 3.11 on page 69 and Figures 3.12 (a) thru (c) on page 70. Such curves
were also simulated empirically on Ultrascan II™149 to ascertain speed and scan rates
and matched published work of Schuck et al. 148 for 0.5 s-value. The boundary curves
obtained were processed as outlined earlier and plateau cut off was set as highlighted
by the interface between yellow and blue regions.
Sedimentation curves of CSC fragments after 30 min treatment with c-ABC initially showed a boundary just beneath the meniscus and a long plateau region (Figures
3.12 (a) thru (d) on page 70), but over time the boundary progressed further away
from the meniscus and the plateau region became shortened (Figure 3.11 on page
69). By analyzing various fractions of the boundary curve (Figures 3.13(a) thru (d)
on page 70) and inverse-linear plots calculated the enhanced van Holde Weischet
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method (Figure 3.13 (a) on page 71), the s-values were shown to moderately converge
around 0.2 — 1.1 x 10~ 13 . Using the continuous distribution analyses to calculate the
molecular weights of GAG fragments using various f/f0 values and three independent
sample sets, C (s) was fairly consistent, ranging from means of 1.03 — 1.09 x 10~13
sec (Table 3.4). The values for C (M), however, were much more sensitive to f/f0 and
ranged from means of 5.19 x 103 kDa for ///„ = 1.0 to 4.32 x 104 kDa for ///„ = 4.0.
The relative distribution of s-values for partially fragmented CSC appeared largely
unimodal (Figure 3.13 (c) on page 71). Although the CSA analysis showed in a similar overall magnitude and range of s-values as found for CSC, there was a bimodal
distribution of fragment sizes with two primary fragment sizes approximately corresponding to tetrasaccharides and octasaccharides. The molecular weights of these
species were evaluated without sulfation and with oversulfations and determined to
be type and range of products obtainable in this degradation sedimentation. The distribution analysis plot is shown in panel (c) on page 71 coupled with a comparative
plot of van Holde Weischet plot from synthetic data in panel (b) on the same page
indicates the successful implementation of Enhanced van Holde weischet (EvHW)
method. Finally, panel (d) indicates the boundary value plot indicating that s-values
over the whole range has only a very small deviation, although at the edges (top and
bottom of cell) this is high, as expected.
Table 3.4 : Weight Average Molecular Weight

UL

1.0
1.5
2.0
4.0

13

M™ Kda

«20,iu xlO

5.19±1.33
9.73±2.22
15.2±3.35
43.2±9.10

1.09±0.229
1.06±0.219
1.05±0.218
1.03±0.217

sec
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F i g u r e 3.3 : CSA and CSC Tandem Digestion IOD Averages of Major Band Evaluation
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Figure 3.6 : Minor Band Evaluation in CSC-ACI Digestion
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Figure 3.9 : Pseudo Hill Plot of ACI and cABC Tandem Digestion
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Figure 3.10 : Simulated Sedimentation Curves (OD vs Radii)
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F i g u r e 3.11 : Single Scan of Sedimentation
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Figure 3.13 : Comparison of Enhanced van Holde Weischet Analysis
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3.4
3.4.1

Discussion
Overview

The intrinsic heterogeneity of GAGs leads to difficulty in elucidating their structure
and consequently their sequence-dependent functional roles. 45 '" The unavailability
of a large battery of selective enzymes, analogous to peptidases or DNA restriction
enzymes, to cleave specific sugar moieties further complicates the understanding of
such species since the final product of cleavage cannot be used to back calculate
the original sequence or composition. The limited enzyme repertoire, however, can
potentially be expanded by combining a broadly selective enzyme with a more or less
selective enzyme, with the intended result being a synergistic effect in total cleavage
and a greater understanding of compositional complexity. Tandem enzymes have been
used in limited cases for heparin sequencing, 63 ' 04 ' 11 ' 3 but their analytical utility has
not yet been explored for CS/DS GAGs. In this work, chondroitinases were employed
in tandem with chondro-sulfatases to elucidate compositional heterogeneity. Results
demonstrated that the addition of sulfatases to chondroitinases revealed the presence
of bi- and even potentially tri-sulfated precursor CS/DS fragments; the cryptic nature
of these fragments may indicate an important biological function. Partial yet selective
de-sulfation appeared to enhance fragmentation specificity and yield. The kinetics
of GAG degradation by the tandem enzymes also differed from chondroitinase-only
degradation, and suggested interactions between the enzymes that were in some cases
cooperative and in others ping-pong. In addition, the sizes of the fragments in the
first 30 minutes of chondroitinase degradation differed between two different CS/DS
substrates, CSA and CSC. This measure provides a novel fingerprint of substrate
heterogeneity as well as information on the rate of production of fragments small
enough to elicit biological sequelae.
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3.4.2

Oversulfation and Inhibition of Cleavage by Chondroitinases

The results indicate that oversulfated sequences in certain substrates are resistant
to cleavage by relatively broad spectrum chondroitinases, which may serve as a protective mechanism for short GAG sequences that serve necessary biological functions. These oversulfated sequences were revealed only after treatment with sulfatases
caused the appearance of novel bands (such as ADi-2S) on the FACE gels, indicating
that they were the products of both enzymes acting on di- or tri-sulfated oligosaccharides. Overall, the abundance of oversulfated disaccharides was much lower than
for monosulfated, suggesting that only a small portion of GSA or CSC GAG chain
is possibly involved in signaling, as has been found in heparin. 69 Tandem digestion
likely improves cleavage by chondroitinases by removing unique sulfate groups, which
may increase the general cleavage ability of chondroitinases and reduce steric effects.
Taken together, it can be concluded that c-ABC and c-ACII alone are not able to
recognize every possible cleavage site, potentially due to steric inhibition, and may
have a limited ability to recognize regions with oversulfation in precursor tetra- or
hexasaccharide chains. In the future, an alternative analytical method could be used
to investigate this issue, since FACE best resolves at the disaccharide level. Additional evidence to support this explanation of cleavage inhibition exists in vivo, in
which GAG degradation is mediated by sulfatases and hexosaminidases working in
tandem and in series, 17 which seems to imply multiple enzymes are probably required
to cleave some, if not all sequences.
Suitability of Chondroitinase c-ACI
Since a broad based understanding of where these oversulfations were derived, a more
in depth analysis of c-ACI is presented. Tandem enzyme treatments based on c-ACI,
which was capable of cleaving GlcA-IdoA co-polymers within the substrates, were
performed to ascertain specificity of IdoA to preferentially carry oversulfation. The
results of c-ACI digestion of CSA/CSC indicate that ADi-2S presented with increased
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intensity in multiple tandem-enzyme digestion lanes (Figure 3.5 (a) on page 64 Lanes
4-6, Figure 3.5 (b) on page 64 Lanes 3-5), and the ADi-2S must have then come from
a precursor tetrasaccharide containing oversulfation in whioch one of those sulfated
groups were hydrolyzed. Thus, it was questioned what these tetrasaccharides could
be. Since there are no native saturated tetrasaccharides in the same, all tetrasaccharide must be of the basic form A U - G - ^ U - G , with the internal U taking either
a GlcA or a IdoA moiety with the shift at 5' -COOH of U (Refer Figures 3.14/3.15
on page 83 which indicates the variation in internal isomer that causes the final ADi
saccharide product to lose the arrangment). However, the sulfation could be different
depending on whether the disulfation occurs on the internal U or the terminal AU.
If one picks ADi-2S, in lanes with c-ACI+4 sulfatase, the precursor tetrasaccharides
should have a 2,4S attached to AU or the internal U, although it was unknown if that
internal U is a 7 U or a ^U. This is only one possibility, since the product could very
well have come from hexa- or higher saccharides; sulfatases, however, restrict this
search space to within hexasaccharides since they are mostly inactive against longer
saccharides, 109 making these unique arrangement a more constraint driven process.
Therefore the analysis is restricted to a limited set of tetrasaccharides, wherein
the potential arrangement of sulfation has to be understood using available data.
Referring to the possibilities, shown in Figure 3.15 on page 83, and starting with (a)
gives only the 2S with inversion of stereo-center in the internal U on degradation with
and without sulfatases. However, c-ACI digest (without sulfatase) should have given
this product, since it cleaves IdoA GlcA sequences and such products were not found
either. Now, moving to the next choice, (b) was possible in 4 sulfatase lanes and in
addition some appearance of ADi-6S is also noted. On the other hand a bisulfated
entity with 4,6S sulfation would result in ADi-6S, a result of a 6-sulfatase+c-ACI
tandem run. While, a 4 sulfatase run with c-ACI would yield that ADi-2,6S, since
the hydrolyses of that 4-sulfation would move the band to OS position way up and
would merge with existing ADi-OS. This was exactly what was observed in this case.
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Thus, it has been shown that internal composition is not random (atleast at the level
of tetrasaccharide), but arranged in set patterns that normally do not show up with
one chondroitinase enzyme alone. This has also been confirmed by Lauder et al., 11 ''
who showed that same oversulfated tetrasaccharide with only an internal GlcA was
not seen when c-ABC was used independently with c-ACII. Interestingly, digestion
of CSC with c-ACI alone produced no oversulfated Adisaccharide bands, but tandem
digests with sulfatases revealed several such oversulfated moieties (Figure 3.6 on page
65). The Figure 3.16 on page 84 illustrates how a tandem digestion can be used
to profile the compositional complexity of a sample containing a chondroitin sulfate
K (CSK) as well as CSE containing specific internal moieties (Figure 1.10 on page
32) when some or much of these sequences may be resistant to some or all of the
chondroitinases, although at different regions. The visualization of products, at each
step, may be used to predict the composition of such chains.
Implications of G A G Structure Based on Activity
The successful application of bacterial sulfatases, which act on di-, tetra-, and possibly hexasaccharides but not larger oligosaccharides 110 not only indicates that the
chondroitinases were capable of cleaving the intact CSC and CSA chains into fragments of these sizes, but also offers clues about the arrangement of sulfation patterns. In order for chondroitinases to create oligosaccharides containing these rare
and resistant groups, oversulfated saccharides are likely present in clusters of no more
than 2-3 disaccharides are bound by domains that are easily cleavable, such as the
non-random block form previously suggested for sulfation domains. 151 Because the
bacterial sulfatases used in this study are endo-sulfatases, they were able to desulfate
internal disaccharides whereas most mammalian sulfatases, which are exo-sulfatases,
are limited to hydrolyzing sulfates in the non-reducing terminal disaccharide. 1U) The
exolytic nature of mammalian sulfatases would serve to preserve these biologically
critical oversulfated sequences in vivo, since they appear to resist breakdown by chon-
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droitinases. In addition, the large number of oversulfated bands demonstrated by the
c-ACI digest-especially for CSA-indicates that these are located in regions of GlcAIdoA copolymers. Moreover, for CSA these bands were not revealed by c-ACII (alone
or in tandem), thus they must have been located on an IdoA-containing disaccharide.
In the future, it will be important to extend these methods to learn how the specific
sulfation patterns and positions of oversulfated groups along the GAG chain length
influence their functional roles, susceptibility to cleavage, and persistence within their
biological environment. Furthermore, polysaccharide chains adopt definitive conformations in solution in a length dependent manner; shorter chains with fewer saccharides are rod-shaped, while longer chains become semi-flexible coils.4'5 Because
the ability of enzymes to fit into binding pockets is improved by molecular flexibility, oversulfated short GAG chain fragments would be less susceptible to enzymatic
cleavage simply based on their structural features.
3.4.3

Substrate and Calcium D e p e n d e n c e

The requirement for tandem chondroitinase-sulfatase treatments to reveal the cryptic
oversulfation in CSC, compared to CSA in which c-ACI alone was able to demonstrate oversulfated groups, suggests that the CSC substrate commercially available
from Sigma has a more complex makeup in terms of how sulfation is arranged. In
contrast, the samples from Seikagaku were much less complex and more uniform; no
oversulfated disaccharides were observed, even in the case of tandem enzymes. These
manufacturer differences may be attributed to the original source tissues or possibly
due to being processed in a way that eliminates oversulfated moieties. 115 Although
the addition of Ca 2 + did not affect the c-ABC tandem results, the absence of oversulfated bands or even ADi-2S when Ca 2 + was used for the c-ACII and c-ACI tandems
is very surprising, since it is considered an activator of most chondroitinases. 1()'J It is
speculated that Ca 2 + might play an inhibitory role in the site selection and cleavage
mechanism of chondroitinase enzymes, even though it otherwise seems to enhance
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the rate of cleavage. Since novel banding was usually observed only in lanes with
sulfatases (in the absence of Ca 2 + ), sulfatase selectivity to hydrolyze saccharides may
have also been inhibited by the presence of Ca 2 + and warrants further investigation.
3.4.4

Purity Analysis

An analysis of both the substrates and enzymes were understaken to establish the
presence of non CSDS GAGs as well as other small molecule or hydrocarbon impurities. Since much of the analysis was done assuming these substrates to contain
nothing but the GAG backbone, a brief analysis of purity is made here. If these
cryptic bands (bands that run lower than mono-sulfated bands) are indeed impurities and not what is interpreted to be, they need to either arise from substrate,
enzyme, or buffer. However, they are eliminated as follows. Visualization of products
in gels is solely through fiuorophore tagging and not otherwise and only GAG derived
products tag to AM AC.This impurity should show up consistently in all lanes if it
is an impurity in substrate or buffer. The buffer has no impurity, since they were
tested using dynamic light scattering (DLS) and no molecule in the >5 nm range
was found. If the impurity is in c-ABC, c-ACI or one of these enzymes, then they
should be consistent in not only the sulfatase-lanes, but also in lanes where these
enzymes are used individually. If it is an impurity present in a sulfatase enzyme, it
should not only show up in those sulfatase only lanes, but also sulfatase only lanes
used in CSB (which is very clean). Suppose this impurity is present only in the C4
but not CG or vice-versa, then the same impurity must also show up in not only the
lanes where a single-sulfatase (4- or 6-) is used but also in lanes where both are used.
None of these cases occur, so, it cannot be an impurity and must be some breakdown
product, although, some ambiguity exists as to whether all the products identified
are of the ADisaccharide type as some could potentially be ATetras, that have not
fully degraded to ADi. ID and 2D NMR also shows these impurities that are present
as trace-components in substrate have methylene group on aliphatic chains, and are
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non GAG like, thus, fluorophore tagging of these trace components is not possible.
NMR also did not find any consistent impurity in enzyme(s), thereby eliminating any
substantial and consistent fouling of experiments.
Caveats of FACE
Although FACE is a robust and straightforward method for profiling certain aspects
of GAG chain makeup at the level of disaccharides, 132 it cannot distinguish between a
sulfate on a GlcA and an IdoA. Second, band identification is commonly performed by
referencing a disaccharide ladder standard run, but as there is no ADi-3S standard, it
was impossible to determine whether some or all of the doubly sulfated saccharides at
the 2S level or below also had some mixture of the rare 3-sulfated GlcA, although some
authors epeculate 3 0 sulfated saccharide auto-degrades and is rarely identified.' *2
This confusion could have been obviated by observing band movement following the
use of tandem digestions employing 2 0 sulfatase; 2 0 / 3 0 sulfatase, however, is not
commercially available. These 3S moieties resist cleavage by c-ACII 153 and even cABC, 1; ' 2 which could explain why the bands obtained through c-ACII digestion were
not identical to those from c-ABC. l o 3 Third, the total fluorescence signal obtained
from the different enzyme treatments was not always consistent amongst FACE gels
lanes. All FACE studies, however, employed triplicate gels and means of normalizing
for pipetting errors, however, so inconsistencies in fluorescent signal were attributed
to the random origination of degradation processes with different steps terminating at
various stages once resistant sequences were encountered. Fourth, the appearance and
disappearance of these bi- and tri-sulfated Adisaccharides implied that the precursor
saccharide, namely a tetra-saccharide or higher, had these arranged in an adjacent
manner, but the FACE technique was not able to pinpoint this arrangement.
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3.4.5

Analysis of Kinetic Results

Although the majority of the kinetic parameters agreed with previously reported
ranges 103 ' 106 ' 138 there were notable variations throughout the different studies. The
fall in kinetic rates starting as a substrate concentration of 2 m9/mi (and proceeding
to a stop at 20 m9/mi) was likely due to growing interpenetration of GAG chains 133
and suggests that chondroitinase enzymes reach maximum catalytic efficiency at low
[S]. With respect to KM, previous kinetic studies using chondroitinases have found
widely different values, 103 ' 138 possibly due to buffer or cuvette conditions, substrate
homogeneity, excess protein content in the manufacturer's vials, or units of enzyme
activity that are only relevant for a specific substrate. Using the heteogeneous CSC
and CSA substrates from Sigma, it was found an order higher KM from the values
previously reported for highly purified, homogeneous substrates such as those from
Seikagaku. 1; ' 4 The current values for enzyme velocity vmax were approximately 2-3
times higher, well within one order, of previous studies, 111 ' 138 as were those for the
turnover number, Kcat, and catalytic efficiency,

Kcat

/Km, for the c-ABC studies. 1 0 3 ' 1 ''

Moreover, the catalytic efficiencies were within the diffusion limiting range of 108
M - 1 sec - 1 . The turnover numbers and catalytic efficiencies for c-ACI, however, were
higher than for c-ABC, suggesting that c-ACI can work through more substrates
from a given heterogeneous substrate mix so long as they are CS/DS copolymers.
In the c-ABC studies, turnover numbers were consistently lower for tandem digests,
indicating a substantial ping-pong effect in which one of the c-ABC enzymes (c-ABCI
or c-ABCII) must wait for the substrate as it is being hydrolyzed by the sulfatases.
This delay is evidently not compensated sufficiently by an increase in activity of the
c-ABC enzymes. In contrast, the turnover numbers for the c-ACI tandems (except
C-ACI+C4) closely match c-ACI alone. Thus, delays due to sulfate hydrolysis are
being compensated by increased catalytic efficiency of c-ACI, likely due to removal
of specific sulfates. We conclude that c-ABC cleaves in a broadly selective manner,
whereas c-ACI cleaves CS-DS copolymers with some underlying selectivity of sulfates.
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Tandem E n z y m e s and Cooperativity
Since the kinetic parameters of the tandem combinations differed substantially from
the chondroitinase alone (especially the turnover rates), a relative Hill parameter
(Vrei=risulfatase+chondroitians<:/vchondroitinase) was determined to understand pseudo cooperativity.

The potential for kinetic coupling was previously explored by Myette et

a l . , m who showed that the use of 2-0 sulfatase in tandem with A4,5 glycuronidase
to degrade disaccharide substrates of varying sulfation greatly reduced KM- In this
investigation of chondroitinase-sulfatase tandems, according to the relative Hill parameter, for c-ACI with 4-sulfatase alone the reaction seemed to be kinetically favorable (r]rei ~ 2) compared to the other two c-ACI tandem reactions (both using
6-sulfatase), which were more kinetically unfavorable (r)rei ~ 0.5). Thus in spite
of a ping-pong delay, the c-ACI cleavage efficiency was improved when hydrolysis
occurred in the 4 0 position of a predominantly 6 0 sulfated substrate (CSC). All
c-ABC tandems reactions also had rjrei < 1. These cases with rjrei < 1 likely did not
have negative cooperativity but rather a significant interaction amongst enzymes in
cleaving GAGs, as described in the previous paragraph. This finding that only 1 of
6 tandem conditions showed positive cooperativity is reasonable given that no such
coupling was found in previously published sulfatase tandems. 111 The findings that
the addition of sulfatases in most studies slowed the degradation rate suggests that
less sulfated CS/DS would have a higher degradation rate, as previously shown for
HS GAG sequences, 103 ' 106 than would oversulfated sequences. However, oversulfated
sequences cannot be completely refractory to degradation enzymes; otherwise, they
would accumulate over time. Thus, it is proposed that multiple enzymes must cooperate to degrade them; since this cooperative event is likely to be rare and dependent
upon close proximity, 103 the oversulfated and presumably important signaling groups
would be preserved.
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3.4.6

Analytical UltraCentrifugation D a t a

The sizes of initial CSC and CSA fragments obtained through the analysis of ultracentrifugation data had small s-values that were spread over a large molecular range,
indicating molecular weights ranging from approximately 1 kDa (tetrasaccharide) up
to 10 kDa (20 disaccharides). Broadening of the sedimentation boundary curve can
be due to sample heterogeneity and/or diffusion. The van Holde Weischet method,
however, assumes the broadening due to diffusion grows at a rate of y/i and over an
infinitely long time, thus the plot of s vs. y/i

makes the s-value independent of

diffusion effects and broadening due to sample heterogeneity can be assessed. Indeed,
heterogeneity was shown by the range of s-values at t —> oo and shown by sets of
scan curves. If we assume that the initial size of the CSC or CSA substrate was
mono-disperse, then the evident dispersity of fragment sizes after 30 mins of degradation indicates that the most easily accessible cleavage sites are not distributed evenly
throughout the GAG chain. The bimodal nature of the CSA s-value distribution further suggests that there may be easily cleavable bonds in between blocks of smaller
sequences and in between blocks of larger sequences. Overall, the comparison of these
initial fragment sizes from these two substrates provides additional confirmation of
their distinct makeup and may provide an additional means of fingerprinting GAG
chains. The imaginary cross points to the left of zero in the extrapolation plot can be
interpreted as the presence of conformational changes and/or attractive interactions
between the GAG fragments in solution. Given that the molecular weight distribution skews dramatically higher for weight average friction factors>2, which model
more crowded, interpenetrating conditions, f/f0 values between 1 and 2 are likely
more representative of these small GAG species, even after concentrating to obtain a
sufficiently high OD.
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3.4.7

Implications for U s e of A U C in G A G Studies

This work represents the first demonstration that AUC can be used to study carbohydrate dispersity without serious difficulty1'37 on an absorbance optics. The power of
these modern algorithms to deconvolute dispersity information from boundary curves
is shown by the agreement in the range of s-values, across 3 independently prepared
samples, resulting from the enhanced van Holde Weischet and continuous distribution
methods. These newer numerical tools could even be used to evaluate previously published AUC data for proteoglycans. 4 '' 46 The promise of AUC in the study of GAGs,
however, is balanced by numerous challenges. AUC is difficult to apply to protein-free
polysaccharides, 13, especially so in absorbance mode, since they are not natively chromophoric, exhibit heterogeneity and polydispersity, and demonstrate various shapes
in solution. These conditions can impact the relationships between sedimentation
value and time. To address these challenges, it was necessary to produce fragments
of GAGs under dilute conditions that promoted efficient chondroitinase activity, then
to concentrate large volumes to ensure a sufficiently high OD. In addition, the enhanced van Holde Weischet method 1 4 2 assumes that diffusion is negligible compared
to sedimentation, but as it is suspected that these short GAG chains crawl or 'reptate'
rather that diffusing normally 156 (especially at the concentrations required to obtain
a high OD), it is uncertain how this diffusion condition would affect the calculated
heterogeneity profiles. For this reason, more than 50% of the scans were eliminated
from the analysis since they indicated back diffusion by absence of a stable plateau.
In the future, some of these challenges could be circumvented by acquiring intensity
data instead of OD, employing interference or Schlieren optics, examining rotor or
temperature effects, or performing time-of-degradation or sedimentation equilibrium
studies.
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Figure 3.14 : Some Tetra Saccharide Possibilities Containing Internal GlcA
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Figure 3.15 : Some Tetra Saccharide Possibilities Containing Internal IdoA
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3.5

Conclusions and Applications

The results of this study suggest that the complexity and arrangement of sulfation
patterns, especially the rare presence of oversulfation, within chondroitin sulfate GAG
chains leads to selective inhibition of chain fragmentation by chondroitinases, protection of oversulfated moieties within tetra- and hexasaccharides, and polydispersity of
fragment size during the initial stages of enzymatic degradation. It was also shown
that bacterial sulfatases will generally interact with chondroitinases to degrade G A G H
in a ping-pong kinetic manner and that these enzymes can be used in tandem to reveal cryptic oversulfated groups, which likely exist in somewhat structured patterns
along the CS/DS chain. This study also demonstrated many substrate, enzyme, and
Ca 2 + dependent effects on CS/DS degradation and important caveats about the use of
FACE and AUG as tools for fingerprinting GAG heterogeneity. In conjunction with
alternative strategies such as mass spectroscopy and NMR, these approaches offer
great potential towards identifying and understanding the diverse biological functionalities of these fascinating molecules using groups of enzymes rather than just one at
a time.
Implications in Heparin Contamination
The techniques described here may be extended to identify such oversulfations and
(or) IdoA moieties in biological samples of heparin GAGs, 98 ' 157 since chondroitinases
are unique to CS/DS GAGs and not HS-GAGs, and might be applied to uniquely
distinguish the presence of CS contaminants in heparin. It should be noted that the
CSB samples were extracted from porcine intestinal mucosa, the same source of therapeutic heparin. However CSB tandem enzyme runs did not yield any oversulfated
sequences as shown by Guerrini et al. 98 in the contamination study and as seen by
many other authors that impurities in heparin are generally of the CSB-DS type.
Thus, it is proposed the CSB utilized here probably had far fewer quantities than
what could be reasonably ascertained using FACE alone and NMR based techniques
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alone. Even so, the biological reactions observed in kidney dialysis patients (as reported by FDA) are attributed to atleast 0.1 gm per-individual of contaminant, thus,
FACE should have at least detected at nano moles of these disaccharides each weighing nearly ~ 1 Kda. Thus, the conclusion by Guerrini et al. , 7 ; 9 8 these oversulfated
sequences were added artificially, or entered through some processing stage is given
strong credence. Furthermore, most commercial heparin and much of the commercial
CSB does not seem to carry these potential oversulfations.
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Chapter 4
Structural and Conformational Studies I: NMR
4.1

Introduction

NMR identification of CS/DS GAGs has been performed by a number of authors
to fingerprint the spectra, Lo8 both in the undegraded form as well as partially degraded form to identify unique GAG sequences that are bound to proteins. 108 ' 1 ' 3
NMR, is an useful technique to identify constitutional isomers and anomers unambiguously and can also be used to pinpoint impurities that are sugar like.7' NMR is
also a nondestructive method and has been utilized to characterize compounds such
as polysaccharides with high number of chiral centers in longer chains." NMR is also
a capable method for studying oversulfation on CS-DS GAGs which at times may occur in very minute amounts. 9 8 Thus, in addition to MS, NMR provides an important
window into the structure and composition of these complex GAGs, to which effect
both ID and 2D NMR methods are available with each having a distinct set of advantages and when used together, can provide an excellent orthogonal means to study
these species. ' 7 Hence, NMR will be utilized to characterize impurities, structure, as
well as composition of GAGs in this present chapter. This chapter concerns with the
structural analysis of three different substrates (CSC, CSA and CSB) by NMR and
the heterogeneity of these species was evaluated for both undegraded and degraded
GAGs. The novel goals of this chapter are delineated as:
• Heterogeneity: Understand whether the undegraded sample is heterogenous and
whether it contains any impurities.
• Product Identification:

Following GAG degradation by c-ABC enzyme analyze
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and quantify the disaccharide products.
• Isomers: Predict and quantify the amount of anomers in the products.

4.2

Experimental Procedures and Methods

As shown in the Table 4.1 several different CS species (CSA, CSC and CSB) were
evaluated in degraded and undegraded states (i.e., before depolymerization) using
both ID and 2D NMR.
Table 4.1 : Sample Set for NMR
Buffer
Substrates(Repeats) (3)
Types (2)
1D-NMR (dir)
2D-NMR (3)

NH 4 Ac (Mainly 10 mM)
CS-C(3)
CS-A
CS-B
Degraded and Undegraded
:
H and 13 C
COSY, TOCSY and HSQC

Undegraded Sample Preparation
Samples were prepared by dissolving 10 mg of substrate in 2 ml D 2 0 , followed by
multiple cycles of lyophilization until dry. The dry substrate was re-dissolved again,
lyophilized again and the process repeated thrice to remove any residual water in
substrate. About 600 /iL sample was used for all NMR studies. In this study and all
subsequent studies, 3-trimcthylsilyl propionic acid (TSP) in the form of sodiated salt
was added.
Degraded Sample Preparation
Degradation was conducted similarly as previously described for FACE, with NH4AC
as buffer; 20 similar sample vials were set up with 3 fiL of 10 mU/nL enzyme added
every hour for a duration of 4 hrs, unlike FACE where all the enzyme was added at
once. This method was adopted after initial sample runs with FACE-like digests that
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showed trace undegraded fragments without the unsaturated ends. After digestion,
the sample vials were pooled and dried. Then, samples were dissolved in 600 [xL of
D2O, vortexed strongly for 5 mins, and dried. The process was repeated thrice until
sample products were fully dry and was stored for future use. On the day of NMR.
study, 1 mL D 2 0 was added and sample strongly vortexed to completely dissolve the
pellet and about 600 /J,L was used for NMR work. This procedure was the same in
each of the experiments, but substrates were varied, (CSC, CSA to eventually CSB)
as shown in Table 4.1.
4.2.1

Instrument Procedures

Although 1D-NMR techniques are used to characterize purified molecules, both small
and large, it is rare to study unpurified mixtures—mixtures of GAGs—using NMR.
Thus, methods were adopted using a high resolution 600 MHz and 800 MHz instrument coupled with a variety of 2D NMR methods (Table 4.1) to understand specific
contributions of molecules within the mixture. The specifications of ID NMR are: 16
scans taken with gradient shimming and spinning set to 20 Hz on a pulse sequence
of presat*, with a relaxation delay of 6.00 sec, acquisition time of 4.00 sec at 25°Cfor
a total duration of 3 mins. The specifications for HSQC-NMR included a relaxation
delay of 1.5 sec, acquisition time of 0.142 sec, a pulse width of 8384 Hz, 2D width
of 14101 Hz, with 96 repetitions and 2 x 360 increments. A total of 16 scans, 110
ppm (carbon carrier at 50 ppm) and 160 increments for a low

13

C resolution survey

spectrum was used, and 36 ppm (carbon carrier at 68 ppm) and 1100 increments for
a high

13

C resolution spectrum was used for the digested samples. However, a slight

change was made for the undigested with 1 sec relaxation delay, 360 increment of 96
scans each were collected over a carbon sweep width of 93.5 ppm with the carbon
carrier set to 63 ppm. Carbon decoupling was Wurst40 with an effective bandwidth
of 120 ppm. The observation of XH was at 599.7635 MHz and decoupled
*Proton ID spectra where acquired without solvent suppresion or presaturation pulse

13

C was
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set at 150.81977 MHz. A power of 39 dB was used, and was set to on during acquisition and off during delay and modulated according to W40_600Cold_120 protocol.
The proton TOCSY experiment used 1060 increment (16 scans each) over a 6.6 ppm
indirect proton sweep width with a 1 sec presat pulse in place of a relaxation delay
(proton carrier set on the water resonance) and a 1 sec acquisition time; the proton
spin lock was at 80 msec at an radio frequency field of 6.4 KHz. The proton COSY
experiment used 576 increments (32 scans each) over a 3.6 ppm indirect proton sweep
width with a 1.5 sec relaxation delay and 1 sec direct acquisition time. Total run time
for HSQC was around 23 hrs and experiment was performed at 25°C. Each of these
methods have unique advantages and disadvantages over the other when it comes
to characterizing mixtures of polysaccharides. Each of them provide complementary
information and can be used together to validate the results.

4.3
4.3.1

Results and Discussion
I D N M R of Undegraded Sample

For the initial annotated polymer, shown in Figure 1.2 on page 6, and each of the hydrogens denoted was identified through NMR as well as cross-correlated with carbons
in 2D NMR spectra.
Three spectra were undertaken in *H for CSC; CSA and CSB were taken once.
These spectra of undegraded substrates are Figures 4.1(a) thru (c) on page 93. In all
the spectra, the characteristic regions are slightly different, although a forest of peaks
are seen in the region 3.5-5.0 ppm in all cases, although they are not all superimposable. For example, a strong peak at 3.7 ppm is visible in the CSA undegraded sample,
but not visible in the CSC. Due to heterogeneity of sample, no particular assignments
were made. No down field peaks are seen, meaning the substrate does not have any
breakdown products The huge peak corresponding to residual D20 are indicated at
4.8 ppm. The peaks in these regions were also signature peaks for whether the samples were CSC, CSA or the CSB. In all these, the TSP standard is clearly visible at
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0 ppm. NMR was also taken on two repeat samples of CSC and this is overlaid with
the ID spectra of CSA as shown in Figure 4.2 on page 94 and overlays shown on
page 117. There is clear overlap in regions of CSC although slight discrepancies are
observed. It is however clear that CSA does not quite match with either of the two
CSC regions as shown.
4.3.2

I D N M R of Degraded Samples

Three sets of data for CSC in full degraded state were also simultaneously acquired.
The very first clean spectra involved a 1 H spectra taken in a 800 MHz instrument
with 16 scans at gain of 30 with pulse sequence s2pul. The spectra was devoid of
any residual water post D2O exchange, with a TSP signal visible at 0 ppm. The full
spectra of degraded samples of CSA, CSC are also shown (Figure 4.3 on page 95).
The absence of characteristic peaks in these regions 3.5-4.7 ppm were indicative of
complete polymer-depolymerization. The plots were analyzed in several ways. First,
analysis was done by comparing with published standards data shown in Table 4.2
with known J-couplings.15!) Next the spectrum was split into characteristic ranges
and analyzed independently. The hydrogens on and near unsaturated AC/ was most
characteristic since it was far downfield and was used first to pick out number of
species. Multiple regions were then analyzed for the degraded samples: Alkenyl for
both CSA and CSC (Figures 4.4 on page 97),* followed by the analysis of anomeric
region for CSA and CSC (Figure 4.5 on page 99), followed by analysis of methyl
region for CSA and two samples of CSC (Figure 4.6 on page 103), and finally of the
Acetyl region, where only the CSC is shown in Figure 4.8 on page 100. These figures
are individually discussed in the upcoming sections.

^The analysis of third sample and potential for overdegradation is presented in the appendix
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Table 4.2 : Chemical Shifts of Select CS Disaccharide species
ppm Shift 1H Spectra
H6 (a) H6 (13)
GAG Type
H3
H5
H2
#i
#4
C-OS GlcA
3.352 3.567 3.767 3.686 n / a
n/a
4.48
C-OS NAcGal 4.528 3.990 3.794 4.109 3.682 3.788 3.788
C-4S GlcA
4.426 3.374 3.573 3.796 3.667 n / a
n/a
C-4S NAcGal 4.598 4.032 4.016 4.745 3.807 3.807 3.807
C-6S GlcA
4.499 3.371 3.579 3.744 3.701 n / a
n/a
C-6S NAcGal 4.567 4.017 3.825 4.171 3.956 4.224 4.224
4.903 3.533 3.918 4.109 4.715 n / a
n/a
DS 4 S IdoA
4.667
4.032
4.032
3.844
3.804
3.804
NAcGal
4.667
DS 4 S
DSes, DSos as well as C-(bi, and tri) sulfated entities were not
identified in this fragmentation study
Adapted in part from Toida et al.

HNAC

n/a
2.011
n/a
2.035
n/a
2.021
n/a
2.081

5.5

5.0

4.5

Ul
3.5

3.0

2.5

2.0

.0

5.5

5.0

(a) CSC Undegraded

4.0

1.5

4.5

1.0

3.5

3.0

2.5

2.0

(c) CSB Undegraded

4.0

0.5

1.5

1.0

;(/b
3.0

2.5

2.0

0.5

ppm

(b) CSA Undegraded

3.5

Figure 4.1 : ID NMR of Undegraded Sampli

1.5

1.0

0.5

co

CO

J

;M

'•-"'

y--

40

y^,J\j\.

'•••--,.../

,~X

• ,

.A

/\

35

,.<A... _ ^..

^/"v.

""'- v.

JO

"- —- •

..

-

:s

—

-

'

JO

,\

l|
\~

»>"

--

CSC (2)

CSA

CSC (1)

Note the two characteristic regions marked and how they differ slightly across CSC and CSA starting with (A), (B) for the
three samples.

45

Ivv. ./*-'--,

*C^-.-

^ A

If

/

Water

Figure 4.2 : Overlays of Undegraded Substrates in Select Regions

CO

(a) CSC Sample (1) Full

(c) CSA Full

(b) CSC Sample (2) Full

F i g u r e 4.3 : ID NMR of Full Spectra

CD
Or

96
The analysis of alkenyl regions in each of the 1 H ID spectra indicate characteristic
multiplets in the regions ranging from 5.89-5.92 ppm, 5.98-6.00 ppm and the 6.04-6.06
ppm. In addition, the alkenyl region of CSA Figure 4.4 on page 97 indicates very
minor peaks in the 5.86-5.89 ppm. However, degradation products of CSC (Figure
4.4 on page 97) indicate a slightly different set of multiplets although occuring in
the same region. The set of multiplets in the latter sample (2) of CSC, as shown in
Figure 4.4 on page 97, has multiplets in the far downfield region to be of much lower
intensity when compared to sample 1 (CSC) as shown in Figure 4.4 on page 97.
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Since minor quantities of these saccharides were also noted in FACE gels. CSA has
been proposed to contain certain minor oversulfated saccharides that were also shown
using FACE to be in the range of 5-7%. It was proposed that such products may
also be present in the NMR spectra. Therefore, the alkenyl region of the unsaturated
saccharide *product was further analyzed for presence of products in the 5.86-5.89
ppm range and shown in the figure 4.4 on page 97. The reason these multiplets are
non-superimposable is still unclear, but they could potentially be differing ratios of
constitutional isomers.
Similarly, the anomeric region of products were analyzed, in Figure 4.5 on page 99
hatched light shades in both. They are characteristic of results previously described
by Toida et a l . ' l 9 Similarly, the anomeric region in the degradation product of CSA
were analyzed as shown in Figure 4.5 on page 99. The characteristic fingerprint
region is seen between 5.2-5.3 ppm followed by minor peaks in the 5.41 ppm (5.39
ppm for CSA) and a set of possible doublets in the 5.54-5.57 ppm. Similar set of
doublets are seen in the CS samples. Followed by this, the acetyl hydrogens were
determined for individual disaccharide species, (Figure 4.6 on page 100) and three
species were here identified for the first time with ratios of isomers indicative of a
scalemic mixture (Figure 4.7 on page 101).l These were the characteristic regions
used to pick out number of individual species, before the identification of unique
constitutional isomers. Thus, the identification was a two part process, first to pick
out unique resonances and signals that may indicate species (that may or may not
be constitutional isomers) and then proceeding to identifying these isomers.

*A scalemic mixture is non-racemic with percentages of two anomers ^ 5 0 %
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Analysis was further performed for the methyl regions of each of the substrates.
One CSA methyl spectra and two repeats for CSC indicated a dissimilar pattern
(Figure 4.8 on page 103). In the case of CSA, a strong set of singlets are seen at 2.042.06 ppm along with a potential doublet at 2.10 ppm. In the case of CSC (sample
2), shown in Figure 4.8 on page 103, a similar pattern was seen in the same region,
although sample-1 (on page 103) indicated more numbers of clustered singlets in the
same region. Although, in sample-2 (on page 103), a set of minor peaks are seen far
down field in the similar region in the 2.23-2.25 ppm, it was unclear what these might
be, but it was suspected this downfield shift of around 0.12 ppm may be caused by
oversulfations, present in very minor quantities and occurring in certain fragments.
This small shift has also been shown to be the case by Toida et al ] °9 in his work with
different standards of CS GAGs.
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The assignment of ADi-2S,6S was done through ID NMR using 800 MHz instrument by the characteristic presence of multiplets between 6.04-6.06 ppm, followed by
the assignment of ADi-4S and ADi-6S multiplets in the 5.98-6.00 ppm and 5.90-5.91
ppm. The values are also confirmed by the standard chemical shift shown in Table
4.2. The four hydrogens of AU are shown in the table 4.3 for this species. Individual
ratios of each of these identified ADisaccharide species were also quantitated on both
this instrument as well as 600 MHz using both CSA and CSC substrates. The raw
areas, for example, were quantitated for ADi-2S,6S, ADi-4S and ADi-6S and were
found to have the areas of 1696.39, 2684.15 and 3809.46 respectively. The consistent
nature of these product ratios are shown in Table 4.4 and indicate the repeatability
of studies across samples, instruments and conditions.
Table 4.3 : XH of ADi-2S
Hydrogen

Sample 1

HI
H2
H3
H4

5.569
4.482
4.208
6.041

Sample 2
5.539
4.485
4.198
6.048

Published
Data
5.521
4.466
4.180
6.031

Table 4.4 : Corroborative Data on CS-C Degradation
Sample
Reaction Mix NH 4 Ac
NMR Instrument MHz
%

AC/ - G 6 5
AU - GiS
AU2S — GQS

4
1
2
5
6
3
10 mM 10 mM 20 mM 5 mM 100 mM 10 mM
600
600
600
800
600
600
Percentage Realized After Area Integration
42.9
44.5
45.1
50.6
50.7
72.9
33.1
33.1
33.1
33.1
17.7
33
22.4
9.4
21.8
16.3
16.3
23.9

For example, there was always a greatest proportion of AU-Ges and lowest portion of a double sulfated Al^s-Ggs, regardless of the experimental condition like
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Table 4.5 : Glucuronic Acid
Hydrogen

Sample 1

HI
H2
H3
H4

5.245
3.804
4.123
5.894

Sample 2
5.200
3.808
4.1215
5.898

Published
Data
5.184
3.770
4.105
5.877

NH4AC buffer of the instrument (600 MHz or 800 MHz) or replication of samples
in the same instrument. Table 4.4 on the previous page indicates the identification
of three ADisaccharide species described above. The repeatable nature of this data
was necessary to act as good internal controls since much of NMR data need to be
repeated to avoid instrumentation specific differences as well as experimenter bias. It
was clear that the ratio of AU — G^s fell within 42.9 to 50.6% in 600 MHz instruments
while it was quite high in the 800 MHz. Similarly, the ratio of AL^s — G6s fell between 16.3 to 23.9% in the 600 MHz, while it was very diminished in the 800 MHz, as
was the the ratio of At/ — G^s, although it was unchanged by variation in the buffer
NH4AC. Although the reasons for such accurate match of the 4 0 sulfated species is
unknown, and rather surprising, on the 800 MHz this number is only 50% of what
was found in the 600 MHz. These patterns however together seem to indicate that
degradation process was repeatable for three species. Further, the data matched for
the GlcA hydrogens shown in Table 4.5 measured using two sample sets and indicated
on column 2 and column 3; both these are repeat CSC samples. The data in the last
column indicate published data of the four hydrogens that are found. It was clear
they match to the order of 0.01 ppm range and are consistent with published values,
and thus, this forms one of the bases for corroboration of results.
The 6S residue on the NAcGal, contains a or a. (3 isomer, due to orientation of Hi,
and the two isomers give rise to two sets of data for the same species of hydrogens
existing in two isomeric forms.

The data in the last column for example on the
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Table 4.6 : Galactosamine 6S Residue
Position a-isomer Published /3-isomer Published
HI
5.232
5.215
4.735
4.683
H2
4.284
4.006
4.301
4.016
4.142
4.022
H3
3.953
3.840
H4
4.234
4.246
4.169
4.170
H5
4.384
4.347
N.D
3.930
N.D
H6
4.220
4.200
4.210
N.D
4.151
4.140
4.160
H6'
The preseiKze of H6 and H6' are due to presence of SO4 at the
Table 4.7 : 2 nd most intense At/, Doublet of doublets for H4
Hydrogens
HI
H2
H3
H4

CSC (Sample 1)
5.315
3.844
3.956
5.982

CSC (Sample 2)
5.278
3.862
3.960
5.987

Hi shows the match for not only the a isomer, but also the /3 isomer. Since no
standards were run in NMR to identify the species unequivocally, this cross-match
with published data on the 500 MHz was taken for confirmation. i;>9 Although most
of the hydrogens were noted, some peaks were not detected starting with H 5 on the f3
isomer; the reasons are unknown. Similarly, the cross match for two different isomers
with identification done on the 2S on GlcA indicates a similar matching result as
shown in Table 4.3 with the a isomer shown in the left and the /3 isomer in the right.
Finally, Table 4.7 shows the pattern for 2 overlapped doublet of doublets for the two
isomers for the second most intense peak, namely that of ADi-4S with the identified
hydrogens on the unsaturated GlcA. Recent comparative data was also available in
the form of partial NMR to indicate that in the HSQC, the signal for H1/C1 was
4.50/107.1 ppm for CSC, 4.46/106.6 for CSA and ^ / " C NAcGal for DS was at
4.67/104.9 ppm and IdoA is at 4.87/106.1. 77 These data were used to identify the
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Figure 4.9 : NMR Detectable ADisaccharide Products
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The three samples that are detected through NMR indicate there are six possible species
and these have been uniquely identified using NMR. The stereocenter is the anomeric
carbon in NAcGal where the orientation unknown symbol is used for the -OH.
Table 4.8 : J-Couplings of 2S-6S Sulfated Entity
MJ2S - G6S
s(chem.shift*/ppm)
a
J (H4-H3)Hz
4
J (H 4 -H 2 )Hz

CS-C(II)
CS-C(I)
AC/ -Hi
6.043/6.050 6.041/6.048
4.7
4.8
1.5
1.5

CS-A
6.043/6.050
4.8
1.4

AU-H!
s(chem shift*/ppm)
a
J (Hi-H2)Hz
4
J (H!-H 3 )Hz
s(chem shift*/ppm)
a
J (Hi-H2)Hz

5.570/5.541 5.569/5.540
2.1
2.1
1.1
1.0
G-Hi(a)
5.227
5.227
5.6
2.9

5.570/5.541
2.1
1.1
5.227
3.0

species as to whether the species was CSC or more precisely the 6 0 sulfated. Finally,
the J-Couplings were also concurrently obtained and are indicated in Tables 4.8, 4.9
and 4.10, for 2,6S, 6S and 4S entities. Much of this data match with published data
of Toidaet al. 15y
4.3.3

2D N M R of Substrate

Two sets of 2D NMR was done to understand further the heterogeneity of undegraded
CSC and CSA substrates, followed by undegraded CSB. For example, the 2D NMR
of these samples in HSQC are most representative with correlations of the

1

H-nC

showing a forest of peaks in the same region. Sample heterogeneity is also observable

Table 4.9 : J-Couplings of 6S Sulfated Entity
AC/ -

G6S

s(chem.shift*/ppm)
3
J (H4-H3)Hz
4
J (H 4 -H 2 )Hz

CS-C(I)

CS-C(II)

AU
-HA
5.898/5.902 5.892/5.897
4.1
3.9
0.9
0.8

CS-A
5.897/5.901
4.1
0.9

AU-Hi
s(chem shift*/ppm)
3
J (Hi-H2)Hz
4
J (Hx-H3)Hz
s(chem shift*/ppm)
3
J (Hi-H2)Hz
s(chem shift*/ppm)
b
J (Hi-H2)Hz

5.251/5.207 5.244/5.199
4.6
4.6
0.8
0.8
G-Hi(a)
5.232
5.233
3.6
3.7
G-Hi(/3)
4.737
4.743
7.2
8.3

5.249/5.205
4.5
0.8
5.233
3.6
4.741
8.4

Table 4.10 : J-Couplings of 4S Sulfated Entity
AU -

G4S

CS-C(I)

CS-C(II)

CS-A

At/-#4
s(chem.shift*/ppm)
3
J (H4-H3)Hz
4
J (H 4 -H 2 )Hz
s(chem shift*/ppm)
a
J (Hi-H2)Hz
4
J (Hi-H 3 )Hz
s(chem shift*/ppm)
3
J (Hi-H2)Hz

5.892/5.986 5.981/5.986
4.8
4.6
1.3
1.3
AU -H l
5.317/5.281 5.314/5.277
3.1
3.1
1.2
1.1
G-Hi(a)
5.222
5.221
3.4
3.8

5.983/5.988
4.8
1.3
5.316/5.281
3.0
1.0
5.222
3.4
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and the ID and 2D spectra of CSA and CSC are not superimposable. The results are
shown in Figures 4.11-4.13 on pages 114, 115 and 116 respectively. The identifications
of two specific regions (marked by circles) in the undegraded CSB (Figure 4.13 on
page 116) along with an arrow indicating Acetyl groups are shown.

The central

circled region appears to correspond with the forest of peaks found using ID NMR
between 3.5-4.7 ppm. In addition, an oval shaped region was marked in undegraded
CSA and CSC and this may correspond to very heterogeneous backbone structure.
No identification of any backbone structure could be performed.
these samples, developed using vNMRJ2.2D

The overlays of

are also indicated in Figure 4.14 on page

117, which clearly show that although there is significant cross match in terms of
composition per species, their arrangement is however not the same. Indeed, this
result was also observed in FACE, that although composition wise they may be alike,
they may not all be arranged in a similar manner. Although the undegraded substrate
shows significant cross match between CSC and CSA, there is not a lot of significant
match with CSB(blue). It is probably due to the fact it has a majority of IdoA.
The potential match in these regions of CSA and CSC with CSB can be inferred as
between sulfated groups on IdoA on all three.
4.3.4

2 D N M R of P r o d u c t s

Followed by the gross study of sample heterogeneity in the undegraded state, the
degraded spectra of both CSA and CSC were also collected to ascertain their unique
composition profile under both HSQC and COSY.§ Following acquisition of ID spectra, a variety of 2D spectra were acquired to realize cross-peaks and cross-correlations
of degradation products. The assignment for < 40 ppm was determined to be the
Carbons of the form - C - CH^-C with the italized entity being one of interest. This
set of hydrocarbon peaks are not found in the breakdown products and hence can
§A TOCSY spectra was also produced. Although this remains unannotated spectra are shown
in the appendix, Section on page 252.
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be safely neglected from further analysis. Hence, all peaks that are >40 ppm on
the

13

C were alone considered for analysis and those that fell below this limit were

considered impurity peaks. Thus, for example, the comparison of ~ 3.79ppm XH and
~ 54.91ppm on

13

C was determined to be critical region that was synonymous for

ADi-4S and ~ 4.22ppm XH and ~ 61.35ppm

13

C was determined to critical region

that was synonymous for ADi-6S. In addition, COSY data containing 1 H- 1 H was also
interpreted as shown in Table on page 110 was used to calculate the specific species
present, namely that of degraded products which are mostly Adisaccharides and (or)
tetra- or longer saccharides with unsaturated end. The overlays of these three samples
is also indicated here in Figure 4.18 on page 121. The spectra is also indicative of the
fact that CSA and CSC have significant majority of similar components, yet there
are some components that are present in one and absent in another. This indicates
that difference between these substrates is very minor, and it is these minor amounts
that were also found in FACE digests.
Table 4.11 : COSY ^ H - 1 ! ! ppm)Data Interpretation of Degraded CSA

At/
Hi
B*2
H^

iq
Hi
H2
H3
H4
H5
H6
H6/

A t / - G6S
a
P
5.245 5.201
3.807
4.123
5.895
Ges
5.233 4.738
4.301 4.017
4.143 3.954
4.247 4.170
4.384 3.975
4.222 4.235
4.157 4.185

At/2S - GQS
a
P
5.570 5.540
4.485
4.205
6.045
Ges
5.227 4.751
4.303 4.020
4.165 3.970
4.115 4.033
4.379 3.974
4.202 4.216
4.135 4.176

A t / - GiS
a
P
5.278
5.315
3.854
3.958
5.984
G4S

5.221
4.382
4.323
4.696
4.296
3.787
3.710

4.791**
4.072
4.169
4.627
3.864
3.792
3.751

* Resonances from a and /3 stereoisomer of G partially resolved; Peak centroid reported
** Frequency taken from indirect dimension since high resolution xPk buried in solvent line.
AU- Unsaturated uronic end. G- N-acetyl Galactosamine substituted at 6/4 positions.
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The COSY spectra of AU (Figure 4.15-4.16 on page 118 and page 119) were used
to match hydrogens marked in the figure along with carbon positions indicated on
the NAcGal and these were shown to indicate the 6S sulfated entity (Figure 9.10 on
page 259). The 1ISQC spectra of the same degraded sample was analyzed to obtain
further structural detail. The data interpretation for the Figure 4.17 shown on page
120 was as follows: The AU-H 4 entity was folded over the spectra and appeared
at the very edge of top and bottom axes at around ~5.9 ppm on the 1H axes. In
agreement with COSY data, a uniform signal at ~ 3.8 ppm on 1 H and ~ 54.83 ppm
on

13

C was obtained indicating that atleast the assignment of ADi-4S was correct.

The confirmation of ADi-4S was alternatively obtained by degrading CSB which on
breakdown gave a ADi-4S product that was indistinguishable from a CS products
obtained with substrates like CSA and CSC. Confirmation on CSB was also done
from published data on CSB. 9 8 Thus, the assignment using NMR for the ADi-4S in
substrates like CSA and CSC was completed based on the comparative analysis with
a standard as CSB and the presence of similar cross peaks was used to isolate a single
species amongst a mix of other species within the heterogeneous substrates as CSC
and CSA. Partial assignments were done for the NAcGal's Hi for both the a and
P isomers as shown in Figure 4.7 on page 112. They were noted independently, for
three potential structural isomers of the AU25-G6S, AU-Ges and the AU-G4S kind
(amounting to 3 x 2 closely matched spectra that included a and /3 anomers). The
H i / C i for /3 isomer of NAcGal of the AU-G45 and AU-G 6 5 are at 4.75 and 4.82 ppm
on the 1 H and almost at 98 ppm on the

13

C. This use of orthogonal measurements

are essentially required to understand the effect of hydrogen-hydrogen cross coupling
as well as hydrogen-carbon coupling whereby, subtle variations in one or the other
can be used to pinpoint the position or S O j . 7 '
Similarily the a isomer of the same species were identified at approximately 5.2
ppm/95 ppm.

Further, the Hi of AU of the two isomers (6S and 2,6S) of these

species again were noted between (4.8-4.9)/98 ppm (AU-G 6 s-0!, AXJ-Ges-P), 5.2/105
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Figure 4.10 : Two Isomeric Forms of Conformational Enantiomers
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They are called Anomers since the conformation is affected on the anomeric carbon

ppm (AU 2 S -G 6 S -a), 5.25/105 ppm (AU-G 6 s-/3), 5.3/103 ppm (AU-G 6 S -a), 5.33/103
ppm (AU-G 4 s-a), 5.5/100 ppm (AU 2 s-G 6S -/3), and 5.61/100 ppm (AU2ls-Gg,g-Q!) respectively. The identification of the hydrogens on the NAcGal was far upheld, between the 3.8-4.6 ppm range and located for: H 2 on the NAcGal present at 4.37/52.5
ppm (AU-G 4S -a)» (4.28-4.3)/51.9 ppm (AU-G 6 S -a), 4.05/56 ppm(AU 2 5 -G 6 S -a), and
(3.96-4.l)/55 ppm (AU-G 4 s-/3) and finally, the clusters of AU-GQS-P

and nearly over-

lapping AU2s-G 6 5-a for the last of the ppm shifts in the 3.96 range.
On the AU, H 2 was noted at 4.45/77 ppm (AU 2 s-G 6 s-/3), isomer, at 3.83/71.5
for the same H 2 for the AU-G4S-Q; isomer, as well as /3 isomer almost overlapping,
followed by the H 2 of AU of AU-Ges-a and the /3 isomers at 3.8/72.5 ppm. The H3
of the AU was found at 4.2/65 ppm for the AU 2 s-G 6 S -a; at 4.1/68.9 for the AUGes a a n d AU-G6S-/3 species, followed by peaks at 3.93/67.5 for the A U - G ^ - a and
AU-G4S-/3. The H 5 of the NAcGal however, mirrors itself across a plane of symmetry
for the two isomers of the three species identified here. They are: 4.37/71.1 ppm for
AU 2 5-G 6 5-o; and AU 6 s-a with its mirror at 3.95/75.5 ppm for AU-Ges-p and AU 2 sG6S-l3 respectively. The H 5 for the AU-G45 was: 4.28/73 for the a isomer and 3.85/77
for the /? isomer. H3 shows a similar mirroring as well, for AU-G45, it was at 4.3/76
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ppm and 4.15/78.5 ppm for the a and f3 isomer respectively. Similarly, for AU-G6S, it
was at 4.13/79.5 ppm and 3.92/82.5 ppm for the a and j3 isomers. Finally, for AU2SGQS it was at 4.17/79.5 ppm and 3.97/82.5 ppm for the a and f3 isomers. Some H4 of
NAcGal of the AU-G6S also existed in and around (4.15-4.25)/71.5 ppm for both the
a and (3 isomers. Although not comprehensive, this mapping indicates the complexity
of peaks and their spreads in 2D NMR when samples are not preseparated; even then
in most cases, only a partial NMR can be realized. The H 6 and H6> of NAcGal was
located right below the Tris impurity peak (3.75/62 ppm) as a broad peak between
3.698-3.79/64 ppm on 1 H/ 1 3 C but these were specific for the AU-G45
similar cluster of H 6 and H6/ was found for AU-G 6 s p AU-G 6 s
ppm.
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Figure 4.14 : Overlays of Undegraded Substrates: HSQC

Note the two characteristic regions marked by Orange (CSA), Blue(CSC) and
Green(CSB).
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Figure 4.18 : Overlays of Degraded Substrates: HSQC

Note the two characteristic regions marked by Orange (CSA), Blue(CSC) and Yellow is
Methylene peaks. Yellow indicates a potential impurity.
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4.3.5

Impurity Analysis

In the absence of pre-separation of GAG products, sample purity is of primary concern. Purity was checked in the small molecule range at least for one enzyme. The digested substrate had enzyme and buffer added for digestion and then D 2 0 exchanged,
whereas substrate only sample had substrate mixed in D2O. The NMR regions are
identical in the Figure 4.19 shown on page 123 indicating that c-ABC does not contribute to any impurity in the small molecule range. These identifications were done
by comparing the same regions shown in Figure 4.19 in 123 with both the substrate
and digested substrate. Any peaks <40 ppm on the

13

C within the HSQC were deter-

mined to be methylenes either from impurities and such peaks were quickly identified.
For example, ~ 26 ppm on

13

C was identified as acetate and the position of a Tris

was also shown in multiple samples. These peaks were not present in the substrate,
but in the enzyme and buffer.
4.3.6

Overall 2 D N M R

Two dimensional NMR consisting of COSY, TOCSY and HSQC was performed for
several reasons. Identify unique sulfation states, predict any impurities in the sample
and finally, show that degraded products were all ADi saccharides and not any longer
saccharides.

All of these goals were achieved successfully.

HSQC spectra clearly

indicated the differences in heterogeneity-homogeneity across undegraded substrates
and shared two major domains.
shaped domain.

Heterogeneity caused the appearance of an oval

The combination of these spectra indicate that CSB was highly

homogeneous and a result that was also confirmed by FACE results in Aim 1. On the
other hand, CSC and CSA are heterogeneous as observed by NMR and this was also
further confirmed by multiple FACE data. Identification of specific sulfated fragments
were performed for a limited number of samples although multiple samples were used
to demonstrate consistently repeatably digestion product. Analysis of unique 1 H13

C correlations as well as 1 H- 1 H correlations were also performed to confirm the

1.0

ppm

This shows a substrate only analysis in the region that is generally not characteristic for products or saturated GAG species.
This run was conducted and compared between substrate and substrate+enzyme (degradation digest) to pinpoint whether this
non-characteristic regions changes as a result of enzyme addition. That would mean impurities are added by the enzyme. The
characteristic region remains unaltered in both spectra, and only one is indicated here to show this trace impurity is substrate
driven.
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unique presence of specific ADisaccharides stated earlier.

Partial annotation was

done on specific hydrogen-carbon correlates. Impurity analysis also indicate there
were trace amounts of non-GAGs with certain methylene peaks of unknown origin
and a prominent signal for Tris impurity. The three structural ADisaccharide entities
and their stereo centers are identified unambiguously and are shown in Figure 4.9 on
page 107.

4.4

Limitations

NMR analysis of GAGs have been performed by a number of authors 1 ' 9 to make
qualitative and quantitative comparisons of various sulfated species as well as compositional complexity of an unknown GAG species. The identification of some of these
peaks are difficult to perceive without the use of electrophoresis methods like Capillary electrophoresis (CE) since they were not separated enough in ID NMR spectra in
the present study. Further, purification and desalting of the CSA, CSC could not be
done, since the available material was less than 1 gm and recovery of the material with
the available instruments was doubtful. The classic liquid chromatography or a Laser
induced fluorescence (LIF)-LC was also not available to pick up products that may be
later quantified in NMR, making this only an approximate process of identification at
best. Further on, identification of ADi-OS saccharides was ambiguous considering the
solution to be a mixture of entities. The complexity of ID spectra made identification
and elucidation of unique structures difficult and only the most prominent could be
picked out, although, definitely, there are other structures present. The identification
of small molecule adducts was further dependent on the concentration of species 3-5%
in the case of 600 MHz, or if a cryo-probe with a 800 MHz can be used, any impurity
(small molecule or GAG like) upwards of 1% can be identified, 7 ' and such resolutions
were not achieved; components in exceess of 10% alone were identified, since without
pre-separation this lower limit cannot be achieved even in a 800 MHz with even a
cold probe. The identification of most major bands were done satisfactorily, but the
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fundamental question remains regarding to what extent other oversulfated entities
occur in what amounts in any sample; these groups are putatively critical to the cell
and should be identified in each and every case. This problem of oversulfation identification is actually not only a NP hard problem but could also be considered more
difficult than identifying Post translational modification (PTM) on specific proteins.
Specific Limitations of H S Q C
HSQC has several unique limitations, in that its resolving power is much less than
traditional ID NMR and in the absence of isotope labeling, the experiments needs
to be run overnight.

In particular, the ones with proton chemical shifts under 3

ppm were not useful. If they arose from C6 on the galactosamine monosaccharide,
they were attached to either an -OH group or an -OSO^~, both substituents would
keep the chemical shift in the same region (3.5-4.5 ppm) as all the other hydroxyl
methine (-CHOH-) groups. Subtle differences was seen in proton chemical shifts
caused by various sulfation states in the ID and 2D COSY and TOCSY experiments
because data was acquired for 0.5 sec or longer, which leads to very narrow width.
For the HSQC, because of carbon decoupling, acquisition can be done for only 0.15
sec, so the lines were very broad; this increased line width can hide or mask the subtle
differences caused by sulfation. The water peak also masked the understanding of Jcouplings of all but single species., whose a and j3 isomer could be identified. Besides,
ignoring possible branched structures, there are only 4 possible sulfation states of the
C6 of NAcGal: OS, 4S, 6S, and 4,6S. Any sulfation on the internal U does not cause
appreciable NAcGal

13

C- 1 H shifts, due to short acquisition times and were not hence

located. The use of Homo nuclear spin quantum coherence spectroscopy (HMQC),
Hetero nuclear multi bond correlation spectroscopy (HMBC) use in combination with
HSQC may provide an even better opportunity to understand the composition of
GAGs.
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4.5

Conclusions and Applications

This work has enabled understanding of the complete depolymerization of CS-DS
GAG by the complete absence of substrate peaks in the ~ 4.5 ppm region, and provided a measure of heterogeneity of substrates prior and post degradation. It has
also enabled the quick and rapid identification of disaccharide products in mixtures
without the use of LC and pinpointed several unique sulfation states. Orthogonal
interpretation strategies within NMR have been implemented to triangulate and pinpoint number of components in mixtures atleast to the extent of ~ 10% abundance.
Finally, this work has proven the sample contains impurities which was expected from
these commercial manufacturers, but are non-GAG like. This work, in addition to
the the use of FACE, AUG, and other biophysical techniques can be used to study
the structure and conformation of GAGs.
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Chapter 5
Structural and Conformational Studies (II)
5.1

Introduction

GAG degradation was studied as a function of oversulfation as part of Aim 1 whereas
in this chapter, it is studied in the context of a more cell-like environment. As the
intracellular concentrations of proteins and macromolecules can exceed 400 ms/m(,
the concentrations of these molecules around GAG degradation zones in the lysosome can be even higher. The cellular environment is a non-Newtonian and gel-like
environment 160 with very low viscosity (~10 cP). The arrangement of microscopic
non-reacting entities that make up ECM 161;162 is likely of low viscosity with an entangled network of GAGs and PGs. Further more, the cell is full of obstacles that
may not only hinder their natural diffusive motion of a similar sized protein or even
a PG, but also may provide a randomly sticky surface. On the other hand, the bulk
properties of ECM affect diffusion of catalytic enzymes, 163;'164 from a purely mechanistic perspective and a molecular perspective. Cellularly, the lysozome is also equally
crowded and packed, and as chains are enzymatically degraded their lengths and
conformations 165 get altered. GAG degradation of such an altered chain would not
be the same and its diffusive power and translational frictional factor immediately is
altered due to lowered M\y,lbb as shown through total internal reflection-Fluorescence
photobleaching recovery studies. To this effect, a number of crowding studies have
examined protein-diffusion in the cell using fluorescence recovery after photo bleaching (FRAP) 1 6 4 and studies investigating protein folding in the midst of crowding
agents, 1 6 ' coupled with diffusion in disordered media as a means to understand how
a polypeptide particulate may diffuse or fold and be active amidst such disorder. 168

128
These studies uniformly suggest structural changes in proteins in the midst of crowders 1 6 ' as well as sub-diffusive169 and non-ideal behavior, 1 ' 0 ' 171 but they have not
concomitantly evaluated the associated catalytic activity of many of these proteins or
the polymeric shape of GAGs as these proteins break them down and few real studies exist. 1 ' 2 GAG and HA morphology are also different at the low concentrations
(< 2 m9Jmi) compared to in vivo environment where there is significant overlap. The
high charge, length dependent conformation and polydispersity of GAGs provide a
great technical challenge to understand these moieties from the aspect of degradation
and size. These conformational questions complement work done in Aim 1 which
attempted to show their compositional complexity.
Analyzing GAG degradation in the midst of a Crowded environment provides an
ideal platform, since their metabolism and catabolism is universal, and is governed by
only a few select enzymes and degradation is controlled by a series of broadly specific
lyases in the lysosome. 17J Traditional Michaelis-Menten kinetic parameters k m /k c a t
have been determined for enzyme-GAG degradation 105 ' 134 ' 154 but at non-physiological
buffered regimes, thus they are not quite applicable in crowded media. 1 ' 4 Here, UV
spectroscopy was employed to explore initial rate of kinetic degradation of GAGs to
understand, macromolecular size and concentration effects,162'175 on two substrates
(CSA and CSC, Sigma Inc. MO) and two enzymes (c-ABC and c-ACII, Seikagaku,
Japan) using previously used by of Torvard Laurent. 172 This work done by Laurent
many decades ago, and is the only study that even attempts to understand how
degradation of these GAG species may be altered in the presence of external crowders.
Other than Laurent' work, the present work is the only one known to understand how
polymeric degradation of GAGs in the presence of crowders will be affected.
The approach of Laurent' 7 2 using hyaluronidase with HA was thus adapted and
extended here to study a kinetic process with a variety of crowders. The novel goals
in this aim can be thus summarized into:
• Size/Packing

Effects on Degradation: Demonstrate the effect on GAG degra-
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dation by external crowders
• Size Distribution:

Analyze breakdown products of GAGs using numerical conformation-

specific methods within the context of analytical centrifugation
• Viscosity:

Evaluate viscosity (rjsp, rf) measures of samples of both crowders

and GAGs at cellular concentrations under dynamic and steady conditions in
physiological concentrations.

5.2

Experimental Procedures and Methods

Overview
A combination of crowders—viscosity enhancers—which are areactive and of known
shape/ size/ Mw

(Table 5.1) (Ficoll™70, Dextran, and Polyethylene glycol (PEG))

were used in the presence of two well characterized GAG substrates (CSA and CSC)
and two enzymes, used individually (c-ABC and c-ACII). AUG under sedimentation
velocity (SV) mode was used to understand the partially broken down dispersity
profiles of CSA and CSC species-using a worm like coil (WLC) model suite and other
models for polymers. 1 ' 6 Using the WLC model, the persistence length of crowders
and GAG species were also ascertained. Molecular diffusion through light scattering
at dilute concentrations and steady rheometry tests on highly viscous solutions were
further used to understand how bulk properties relate to observed molecular data at
crowded conditions.
5.2.1

Crowder Kinetics

Kinetic studies were conducted in two phases, self crowding and inert crowding. The
first phase involved using the GAG substrate CSC or CSA (Sigma Inc. MO) in a
buffer of 50 mM Tris HCL, 50 mM NH 4 Ac, 10 mM CaCl 2 (pH=8.3).* Substrate con"This pH was determined to be most optimal for many of these crystalized enzymes when their
activity was studied with known substrates
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centration varied from 0.1 m9/mi to 10 m9/mi with the enzyme c-ABC and c-ACII used
individually at a concentration of 5 fj,L at 10 mU/nL enzyme stock added to equivalent
volumes of substrate. These degradation conditions were adopted from previously
established buffer conditions. 1 '' 4 This pH was optimum for the enzyme, and CaCl2
at 10 mM 10,! provides optimal processing of Dermatan-containing CS/DS chains by
c-ABCI, an endolyase component of c-ABC. 138 c-ABCI and c-ABCII are bacterial
GAG cleavage enzymes used commonly to degrade ECM components into longer and
short disaccharides respectively. One enzyme is an endo- and another an exolyase and
are two highly homologous components of the enzyme c-ABC. The same conditions
were also adopted with c-ACII for the sake of continuity and internal control. In
the second set of study of inert crowders, a substrate solution was carefully made in
the above buffer such that concentration of substrate was 1 m9/mi. This solution was
then used to make up small volumes of crowded solution wherein individual crowder
concentrations were varied from 1 m9Jmi to up to 400 ms/mi. As previously described, a
kinetic scan (See page 263) of the undegraded crowder solution was obtained.^ GAG
degradation was performed and scanned from 170 nm to 800 nm and a wavelength of
^max = 232 nm was determined to be most optimal for detection of the unsaturated
degradation product, which always formed as a result of a lyase action. This set
wavelength was used for all successive kinetic measurements as well as for the AUG
monochromater in detecting sedimentation (to be described in a latter section).
Each of these substrate of substrate-crowder solutions were placed in a 2 sided
matched quartz cuvette (Starna Inc. Atascadero CA) in a Spectramax M2™instrument
(Molecular Devices Inc. Sunnyvale, CA) and(or) Cary 50 (Varian Inc. Palo Alto CA).
The enzyme was added, the cuvette inverted quickly thrice, and data acquired every few seconds for the first 30 seconds followed by data being acquired for every 30
seconds for the next 6 mins in a quartz cuvette. Even in crowded conditions, the
substrate:enzyme ratio was such that it was always pseudo-first order irrespective of
*An UV scan indicated that no chromophoric products were noted in this solution
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Table 5.1 : Properties of Crowders
Dextran (~76 kDa and
~185 kDa)
C2n+2H4„+60 n + 2, 1—>6 Main links and
Apolar and lin- 1—>3 side chain, linear/Slightly
branched
early branched
and polar
PEG (~8 kDa)

Ficoll (~70
kDa)
Spherical
and polar

CSC/CSA
Hairy rod and
polar polysaccharides

the areactive filler. The OD obtained within the first 30 seconds was extracted as
slope of the linear region of the kinetic curve and converted using the Beer Lambert
law A = e x I x c, setting e = 3800 M - 1 . c m _ 1 to obtain a converted OD (the rate of
product formed) in ^M/min. In the case of highly crowded conditions, the significant
OD was measured after a 20-40 second delay due to slowed kinetics.
5.2.2

D y n a m i c Light Scattering

Dilute solutions (0.1% , 1% and 5%) solutions of Dextran (67-76 kda and ~170kda
Sigma Inc.

MO), PEG (~8kda, Fluka/Sigma), Ficoll™(70 kDa, Amersham/GE

Health Care Inc. NJ ) and GAG (CSC and CSA., Sigma Inc. MO) were carefully
prepared individually in the same buffer used for kinetics, and syringe filtered using
0.45 /im and by 0.2 /im filters (Whatman Inc. NJ). A slightly higher concentration
that was semi-dilute was also investigated as were mixture of dilute solution blends of
some of these polymers. The resulting data for a mixture is presented in Appendix on
page 268. The molecular weights of Sigma's GAG samples were unavailable from the
manufacture and thus they were adapted from Seikagaku (personal communication)
from a substrate from the same source. All solutions, including buffer and GAGbuffer solutions, were spun at 4000 g for 10-15 mins on a desktop centrifuge (5415D,
Eppendorf AG) to break down un-natural aggregates. Size measurements were made
using the 90 Plus Particle Sizer (Brookhaven Instruments Inc. NY) equipped with
a bi-avalanche photo diode (APD) (APD, Brookhaven Instruments Inc.), high power
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35mW diode laser set to A = 659 nm, scattering angle set to 90° and temperature set
to 25°C. All samples were set to equilibrate before data was acquired within the software interface, and Conditions were set to homodyne, over self-beating and a known
refractive index of media was input.
The DLS instrument was first calibrated for accuracy using highly monodisperse
Duke Nanosphere standards (Cat No. 3090A, National Institute Of Standards (NIST)
Traceable, Size 92 ± 3.7 nm), in 4 ml disposable polystyrene cuvettes (Whatman Inc.
and GE Health Care Inc. NJ). The buffers and water used were first filtered (0.1
/xm) filter and ascertained to be particulate free by obtaining a readout of undefined
as particle size prior to an individual sample run. Analysis was performed using the
9kdlsw™software from Brookhaven to size particles on a preliminary run. In case of
9ksdw32™Ver. 3.49 software from Brookhaven, a total of 3 scans were undertaken and
averaged each time over 3 mins each, and then 9kpsdw32™suite was used to analyze
data using cummulant, NNLS (Ref Section 8.8) methods. Since (NNLS) was known to
provide better size profile, than constrained regularization program for inverting noisy
linear algebraic and integral equations (CONTIN) (Ref Section 8.8) for polymers, and
possible algorithms such as Double exponential (DBLEXP) were more suitable for bimodal distributions with a narrower width of poly-disperse species, NNLS was used
throughout for analysis since the size-dispersity was not known apriori for any of
these polymers, and some molecular weights were unconfirmed.
5.2.3

Conformation Specific M e t h o d s

Although AUG data was acquired in Aim 1 conformation specific methods (Table 5.2
on the following page)were employed here to understand the process of sedimentation
of partially broken down GAG fragments. For example, the analysis of the set of
sedimentation of one sample of CSC is shown across four algorithmic strategies in
Figure 5.6 on page 152. Panel (a) indicates a floating v based C(s) analysis which
does not a priori assume a fixed partial specific volume. This model had a fixed friction
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Table 5.2 : SedFit Analysis: Six Algorithms
Methods(6)
Ls-g*(s): With and without prior knowledge of size estimate
Ls-g*(s), 1 Lamm Exponent
C(s): Continuous distribution, with prior knowledge, Worm like chain (WLC)
C(s): Floating z?; fixed 4C(s,4-); C(s) estimated for fixed /// 0 per shape/morphology
Enhanced van Holde Weischet
Parameters: v — 0.61 ~ Resolution: 100 were used in all except one with floating v. Sphere:
4- = 1; for all other shapes: 4- > 1

factor fw — f/fo = 1.5 as input (meaning shape fixed), but density was kept invariant.
The fixed fw was obtained from iterative analysis done by C(s) methods. On one hand,
the molecular weight and weight distributions of these samples is unknown. Further,
enzyme specificity is also not clearly known, thus, the distributions of products is
somewhat ambiguous, thus, estimates had to be obtained before analysis could be
done with any of these methods. On one hand, C(s) distributions require a fixed
fw, starting with sphere morphology to rod conformation. This value can also be
obtained in an iterative manner within Ultrascan II™by finding the best fit FE curves
to the observed sedimentation. This fit value, obtained in an iterative manner, was
used for C(s) analysis with floating v.
For example, the C(s) model with worm like chain topology assumes that the
sedimenting species consists of macromolecules that have a distribution of s-value, but
demonstrate a fixed persistence length and partial specific volume v and consist of the
same repeat monomer units. The translational friction factors of these sedimenting
macromolecules which was given by Yamakawa et al., 1 ' 7 can then be used to derive
the C(s). The floating v method in contrast does not assume the species to have a
fixed partial specific volume, but iterates through the value of v by assuming an initial
value and ascertaining the error e that was determined as a correction for the observed
sedimentation. The set of obtained absorbance curves of the boundary-sedimentation
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is generally error prone, due to imperfections in the AUC cell window termed timeinvariant (TI) noise and the radially invariant noise. Noise decomposition from actual
data is a protracted process 178 and the use of g*(s) that calculates the apparent svalue distribution is modified to incorporate noise-decomposition using least square
principles. Unlike the C(s) distribution that takes diffusion into account for very small
molecules, the Ls-g*(s) method does not, hence there will be observable diffusion
broadening in the data. The calculation of Ls-g*(s) simply follows taking either the
time derivative or the radial derivative of C (r, t) on the generalized equation that
defines for concentration via the g*(s) distribution: C (r,t) — J g* (s)U

(s,r,t)ds.

Thus, taking a radial derivative on each side, this equation becomes:
dc(r,t)
dr
The approximation of —^r

=

f f (s,r,t)
| f9 » ( s ) r dU
^M(fa

= e 2u st

S \ r — rmeu

st

(5.2.1)

J, where 5 is the Dirac delta

operator. Substituting this back into the above integral equation,
dc (r, t)
= fg*(s)
dr

e~2"2st5 (r - rme^st^j

ds

(5.2.2)

Now, returning to the well established approximation for C(r,t) that is given by
Faxen, 141
C(r,^C"e"2'""(l-^(r"(^' + ' 2 ° ^ ) ' " '

g ( r > )

))

(5.2.3)

coupled with r = rmeSUJ * and taking the derivative
ds _dcdr
ds
drds

(c0e-2sujH\
\
2

rmuH _a 2
I yJnDt e

where the variable a = r™%£ (s* — s), g* (s) ~ e
2VDt

a

. This distribution for Ls-g*(s)

gives a typical Gaussian and also takes into account the noise decomposition.

135
The least square Ls-g*(s) was utilized coupled with NNLS method to produce a
robust data 1 7 9 from these sedimentation curves. Since deconvolution of Fredholm integrals are fraught with a number of numerical instabilities, algorithmic stabilization
of data was performed using NNLS to account for large deviations in the final distribution for only very minute initial perturbation. In addition, the Ls-g*(s) can also
be done with one Lamm component (exponent). In this case, the same is assumed
to have a minor species whose component contribution is superposed on the observed
data. This component is usually a small molecule species which will cause diffusion
broadening. Thus, the smaller s-value can be generally clumped in all calculations if
and when it arises in the course of obtaining apparent s-value(s) from these distributions. Thus, for the sum of scans used, the sum of all independent Gaussians are
determined, since these sets of equations are for a single scan. This model thus makes
use of an a priori assumption as to the approximate s-value that the user inputs and
then deconvolutes the whole set of scan curves by accounting for diffusion broadening
for the small species.
Yet another model is the C(s/// 0 ) which evaluates the distribution for a fixed
value of frictional factor and computes the distribution taking all the species to have
the same morphology.

Finally, the EvHW method that was discussed in Aim 1

is a conformation independent method that extrapolates s-value for t —> oo and
assumes s oc £2. All these methods, however, assume the sedimentation occurs in
a dilute regime, and the following section corrects for a semi-dilute regime using a
concentration scaling.
5.2.4

Semi Dilute Regime

SV AUG is supposed to be performed in dilute conditions to maintain ideal diffusive
regimes within the Lamm equation model as well as to avoid further complications.
Concentration effects in modeling sedimentation of nanocrystals to proteins can be
modeled and generally a linear relationship is obtained between s-value and concen-
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tration of species used. This concentration effect is modeled in the case of spheres
where it is possible to estimate the effect of concentration on a solution regime. In
the case of polymers this estimate is modeled differently.
Due to the concentration procedure used to perform AUG, the study follows a
more semi-dilute regime, for small molecules' 48 and polymer translocation may be
expected to be non-ideal, resulting in unclear sedimentation boundary. In much of
the sedimentation performed here, an unclear sedimentation boundary was indeed
observed. This issue arose as a direct result of low OD caused by large fragments in
low numbers, degradation was adjusted sufficiently to give reasonably sized products,
and then the samples were concentrated. As a result, the solution regime, containing
undegraded CS/DS GAGs occurring along with partially degraded GAGs was far
away from overlap (c*). Because, c* ~

M

/R3 and R ~ _^f0.6.i8o

an(^ n e n c e )

c*

^

M~0-8 (~ denotes scaling; read c* scales as M - 0 8 ; M-molecular weight, and R-Radius
of gyration) it was possible to predict the overlap of solutions and hence scale the
resulting data. In the present case, the Mw ~ 5.0 kda and the predicted s ~ c - 0 5 or
the s-value has a slight dependency on concentration, but independent of molecular
weight of species. As per the proof of de Gennes, 18L and as explained in an earlier
section on AUG simulation, distributions of species could not be assumed apriori in
this solution regime nor was the pellitizing at the bottom of the AUG cell was no way
significant as observed visually. 148 Usually, large samples sediment at the bottom of
the cell and in the present case, even after very long duration of run, no such pellet
was observed and most the GAGs either were still in solution or formed a gradient
along the cell.
Returning to the idea of De Gennes Blob theory, 182 overlap concentration (c*)is
given by:
c* ~ N 1 - ^
where, screening length (£) given by:

(5.2.4)
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C~ (c(0)c(r)-c2)

(5.2.5)

(u is the excluded volume exponent and is 2/5 in a good solvent, N is the number
of monomer repeats and d takes an integer value of 3 in a good solvent). It is a time
average of the correlation length c; and that the sum average of radius of gyration is
defined as a function of screening length through
< # ) = ^ C 2 = <2

(5-2.6)

for a given number of monomer repeats N and g is the number of repeats of such
units found in a De Gennes blob. l8:! The value of g, which is < N is some number of
repeats of monomers that are found inside each blob. The screening length defines
the dimension beyond which the coil lengths are not correlated, while they are inside
the blob. Thus, inside such a blob the excluded volume exponent v comes into play
along with the length of a repeat, (b) in this case a disaccharide, through a connection
with screening distance 181 as
C2 ~ g2vb2

(5.2.7)

and in turn the sum average radius of gyration is given by
(R2) ~ Ng2v-1b2

(5.2.8)

In addition, in a semi-dilute regime where c* < c < ce, the number of disaccharides
inside a blob is again concentration dependent and is given as a scaling function
g ~ cf; which when substituted back into Equation 5.2.7 gives:
(R2) ~ Nc^^H2

(5.2.9)

however, it has been shown that c* ~ JV1_i/d and substituting this for concentration
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c, at c = c*, equation: 5.2.4 on page 136 and 5.2.9 on the preceding page, the relation
for (R2) ~ yv(i-^)(2"-i)z+i. The same relation for (R2) ~ N2v also holds for c*, thus,
equating, the relation obtained for x becomes:
x = (1 - vd)~l

(5.2.10)

and using the equations 5.2.6 and 5.2.5 on the previous page, and the equation 5.2.10,
the screening parameter ( can be rewritten as
^2 _ c ^ A - ^ 2

(5.2.11)

and, when u = 3/s and d = 3, x = —5/4 and £2 ~ c~5 Continuing, the derivation of
sedimentation value s under SV conditions are stated in Equation 8.5.3 on page 225,
and as shown in multiple Fredholm integrals (Equation 8.7.2 and 8.7.1 on page 233),
s-value and M„, are invertable using the Equation 8.7.8 on page 235. Thus, s-value
scaling can be written simply as a ratio as

s~

M

/fw

(5.2.12)

using the same notations described in the above referred equations. Thus, continuing
this derivation further, when the semi-dilute De Gennes blob consists of a swollen
structure that is not admixed with solvent and the blob is in turn defined by the
screening length, £, then, M — c£ 3 and the weight average friction factor in turn is
defined as fw oc £. Incorporating these in Equation 5.2.12,
s ~ c( 2

(5.2.13)

and applying Equation 5.2.11 in Equation 5.2.13 and taking the condition of good
solvent where, u — 3/5 and d = 3, the resulting relation results in an implicit relation-
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ship
s ~ c"0-5

(5.2.14)

This relationship implies that the s-value within the concentration regime (c* < c <
ce) scales as the inverse square root of concentration. The same idea has also been
explained in a different concept, known as the Johnston Ogston effect184 and implies
that the effect of doubling the concentration increases s-value by 1.142x. Thus, at
sw « 0.6, this effect is almost imperceptible. In this work, concentration was varied
for CSC samples 2-6 fold before C(s) evaluated. Since the absorbance detector in the
instrument requires an OD of between 0.5-1.5 OD and many of the samples commonly
did not reach this number, a concentration procedure was as described as in Aim 1.
This procedure of scaling was used to understand that s-value was not concentration
invariant and that marginal s-value perturbations may be observed when sedimenting
in the semi-dilute regime.
5.2.5

Persistence Length and K u h n Length

Persistence length and Kuhn length are two of the many parameters used to evaluate stiffness of a polymer chain. Although these lengths are discussed in detail in
the appendix (Section 8.1), briefly, persistence length indicates if a polymer chain
whose length is < Lp is behaviorally a rod and for longer lengths can be modeled
as a Gaussian chain. Thus, persistence length provides one ideal tool to understand
conformation of polymers.
From the WLC model, Kuhn length (/?) is related to L p for a semi-flexible condition. The assumption of semi-flexible chain is made for a variety of polymers and
Kuhn length (/?) evaluated as follows as an example. A model calculation for Kuhn
length for ~ 8kda PEG uses the molecular formulae of the monomer as the input
to obtain Kuhn length as output. The mass and length of a PEG contributing unit
- C H 2 - C H 2 0 - is 44 Da at 0.44 nm C-C bond was 1.5Aand the C = 0 bond is 1.45A.
The 8 kda PEG is about 180 monomeric units and thus the total contour length is
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79.2 nm. The Kuhn length (/3) is evaluated to be 1.8 nm (L = iV/3) and Persistence
length L p is evaluated from Kuhn length as 2 x /3. Hence, the Kuhn segment length is
792

/i.8 where 1.8 nm is the Kuhn length of PEG and this equates to around 44 Kuhn

segments, or to calculate the mean averaged end to end distance of the PEG polymer
chain v//LB?) = \/~Nl = \/44 x 1.8 = 11.94 nm. Thus, it is possible to evaluate
polymer chain properties.
Density Calculations
As shown in density curve in figure 5.1 on page 140, density was evaluated for various crowders and GAGs. As expected, there was an increasing trend in density for
increasing concentration of crowders and also shows an increasing trend for a fixed
concentration and for increasing M\yFigure 5.1 : Density of Crowders

5.2.6

Overlap, Entanglement and M e s h Size

Overlap and entanglement concentration determination is of primary concern in man
made and biopolymers since much of these depend on polyelectrolytes, solution condition and conformation. Once such a determination is made, from an in vivo point
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of view, the evaluation of mesh size is of even more importance: Cellular mesh size
in the ECM is dictated by the appropriate concentrations of PGs and GAGs and
therefore in this work, a brief understanding of concentration dependent mesh size is
done for CSA and CSC GAGs polymers.
Conformation dependent mesh size (Figures 5.2 (a) and (b) on page 141) is briefly
explained here as a function of polymer overlap and entanglement Mesh size is an
Figure 5.2 : Polymer Mesh

a: Uniform and ideal mesh of a porous sieve, b: Non uniform mesh in many man-made or
natural polymers

indicator of sieve property of the polymeric system at concentrations beyond their
overlap; and is defined by £. The mesh size is correlated to radius of gyration Rg for
3

4

good solvents as £ = /? s (—) and c* can be in turn empirically calculated from radius
of gyration and Mw as c* — 4^f%3, where in addition to the usual notations, A is the
Avagadro's number. This overlap concentration can be explicitly determined through
intrinsic viscosity measures or by finding M„, using DLS. Using the radius of gyration
obtained 18i> from known Mw, an apriori estimate of the overlap concentration was
calculated and used for CS substrates, while for other substrates, these were estimated
using their known M\y. The set of overlap and entanglement concentrations obtained
here were used in a variety of calculations, ranging from mesh size to evaluating the
semi-dilute regime(s) in AUC, to even NMR (Chapter 4)in what concentration to
take the breakdown mixture so as not to affect tumbling of molecules.
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5.2.7

Viscosity Measurements

Although a more detailed setup has been discussed later (starting section 6.2.3 on
page 181), the preliminary set up to obtain specific viscosity of solutions is described
as follows.

Viscosities of the crowding and substrate solutions was measured on

a computerized ARES-1KFRTN1 LS™rheometer (TA Instruments Inc., New Castle,
DE) with an airbearing motor, auto circulator, and 17 mm internal diameter stainless
steel couette fixture for applying rotational oscillatory shear to 1.12 ml of sample
solutions (CSA and CSC at 10, 50, 200, and 400 m9/mi; crowders at 200 and 400
m

9/mi). This system has a dynamic range of six decades to allow inertia free dynamic

measurements of very low viscosity liquids. Temperature was maintained at 25°Cand
pressure was maintained at 60 psi. RSI Orchestrator™software (TA Instruments) was
used to control the system and analyze data to determine storage (G') and loss moduli
(G"). The samples were also re-tested after 15 min rest intervals and found to give
similar values. Several dynamic strain sweep and dynamic frequency sweep (DFS)
tests were performed to determine the ideal ranges for frequency and shear strain
rate, respectively. Next, transient and then steady state test (SST) were performed
to determine the dynamic viscosity 77 (77 = T / 7 a ratio of shear stress to shear strain).
To evaluate whether the substrate and crowder samples agreed with the Cox-Merz
rule, r?* = 77^1=7 was compared with the modulus of complex viscosity (77*) and
given by (77' — irf = —£^) and as determined in DFS test. 1 The complex viscosity
77* = 77 + 777" can be expressed as

rf -

ir]"

= 9iM

(5.2.15)

iu
for oscillatory or a periodic shear condition.
•^Parameters: a: The Mark Houwink exponent for individual polymers; <f>: Volume fraction of
solution in solution; 77Q:Solvent's zero shear viscosity at 25°C=0.89 cP; //: Apparent or Dynamic
viscosity; 77sp:Specific viscosity='"'~ 7)Q where 770 is the zero shear viscosity of solution
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5.3

Results

5.3.1

Crowder Kinetics

Self Crowding
The analysis crowding as related to substrate was necessary to understand the effect of
substrate-concentration effect on its own enzymatic degradation. A number of kinetic
studies at buffered substrate concentrations were run using only c-ABC on Cary 50,
as controls for further work. As shown in Figure 3.7(d) on page 65 an increase in
CSC concentration increases the rate of product formation until 1-2 m9/mi substrate
and beyond that the rate (UQ) drops appreciably and becomes zero starting 10

m

9/mi.

This concentration of 10 m9Jmi well exceeds the overlap concentration c* determined
through rheometry. The kinetic curve at 20 m9/mi and beyond was similarly flat for
a long initial period. Thus, at concentrations above 10 m9Jmi substrate, there was no
product formed even after prolonged wait time. Hence, the reaction does not hence
follow the traditional Michaelis Menten Kinetics. The self-crowding study of CSA
showed the same result. The enzyme used (c-ABC, c-ACII) did not affect the results.
Substrate and Inert Crowders
The utility of external density enhancing crowders was to understand the differential
effect on external agents to substrate-concentration effect. The same crowding result
can be observed in the Figures 5.3(a) and (b) on page 147 irrespective of enzyme
and substrate, indicating that this effect was simply concentration dependent. There
was also significant increase in the rate or products formed with increasing crowder
concentration (up to 50 m9/mi in 1 m9/mi substrate) and which the values of u0 start
to fall (Figures 5.3(a) and (b) on page 147). At high concentrations of polymeric
crowders, the rate of reaction was negligible without showing any substrate specific
or OD preference.

144
5.3.2

D y n a m i c Light Scattering

Buffer Alone
The buffers were run after filtering with 0.2 ^m Syringe filter (Whatman Inc. NJ),
followed by 0.1 /xm filter, and were found to have an undefined readout as nominal
diameter, indicating no particulates of size that would interfere with the sample. The
correlation function, shown in Figure 5.5 on page 149, indicates there was no decay
for the buffer.
Substrate in Buffer
The analysis of substrate in dilute solutions was necessary to realize R g of native
crowders in an ideal solvent. Dynamic light scattering was used to determine the
average nominal diameters (twice the hydrodynamic radius R^) of the substrates
and crowding agents in the dilute regime using the NNLS algorithm. For chain-like
polymers (chondroitin sulfate A (CSA), chondroitin sulfate C (CSC), Dextrans, and
PEG), there was an increase in nominal diameter with increasing molecular weight.
The nominal diameter of the nearly spherical Ficoll™70 (Fc70), however, was much
lower than that of the 70 kDa Dextran (Dex 70). Thus, all crowding agents had a
small hydrodynamic radius (R/i), i.e., < 50 nm. The undegraded chondroitin sulfates,
in contrast, showed nominal diameters that were larger, i.e., greater than 100 nm,
which could indicate that the chains were large or that there may have been GAG
chain aggregates (Figures 5.4 on page 148). The effective correlation functions of
each of these substrates are shown in Figure 5.5 on page 149. As described in the
appendix, the translational diffusion coefficient (Deyy) is deconvoluted from the time
correlation function C (r) = e~Deffq T, as illustrated in the appendix (Section 242)
and select results are shown in Table 5.3 on the following page.
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n
/
a
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n
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a
1.5
8.9
2.5
CS(~11)
Rod
Conformation
DLS studies were all done in dilute regime. The calculations using WLC model were done
independent of solution conditions. Symbols: R 5 : Radius of Gyration; r]sp: Specific viscosity;
D e j j : Translational diffusional coefficient; L c : Contour length; £: Mesh size. /?: Kuhn length,
evaluated as L p =2 x j3, where Lp is the persistence length
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Table 5.3 : DLS Based Hydrodynamic Radii of Filler Agents and Miscellaneous Properties
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Table 5.4 : Evaluation of Mesh Size and Size Parameters

Figure 5.3 : Crowder Kinetics of Two Substrates
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concentration.

Figure 5.4 : Light Scattering of Various Polymers
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Figure 5.5 : Correlation Function
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5.3.3

Length Calculations

Persistence Length and K u h n Length
The evaluation of persistence length was performed to take into consideration the
sulfation content of GAG species, as they can drastically alter the persistence length.
The WLC model was used to model this parameter in column (3) as shown in Table: 5.3 on page 145. The data indicated that persistence length (Lp) increased
dramatically for CS modeled as short chain GAG with only 6 or 11 kda M ^ with
high sulfation. It was marginally lower at 0.738 for undegraded CSA and 0.936 for
native CSC. The evaluation of contour length was similarly done and increased based
on M ^ . It was highest for CSC and reduced further for CSA and was the least for
fragments that were only 6 kDa in length.
5.3.4

Analysis of G A G Fragments w i t h S V - A U C

The analysis of AUG data was done through six models (Table 5.2 on page 133), two
of which, EvHW and C(s) with fixed fw, were discussed in Aim 1. Here, the remaining
four models are described and compared with initial analysis. For these studies, three
independently prepared samples of CSC were degraded to the same time point and a
select set of weight distribution were initially shown in Table 3.4 on page 61. This set
of data were further analyzed. When this set of data was further analyzed, it can be
that their C(s) distributions did not get altered nor did their 'wing-spans' < 0.2S in
the left or > 1.2S in the right. However, for f/f0 > 4.0, there was extreme skewness in
molecular weight distribution within each sample. The s values are very narrow, and
generally less than 2s and C(s) indicates a molecular weight distribution between 4-8
kDa using an iterative C(s) fit implemented in Ultrascan-II™Ver.9.9. that calculated
and best fit the /// 0 for the given distribution data. Best fit distributions were also
done using the additional algorithms for a single set of data and two of these models
indicate s-values outside of the 2s-value.
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The C(s) method with floating v method of analysis provides a slightly asymmetric
curve centered around 0.83 s-value (Figure 5.6(a) on page 152). The least square
method (Ls-g*(s), panel (b) in Figure 5.6 on page 152) provided a similar curve
centered at around 0.55 s-value with less broadening compared to C(s). Two sets of
curves were also generated to understand the effect of discretization parameter on
the final numerical analysis. Since much of data stabilization and data integrity is
guarenteed by the use NNLS algorithm, it was felt that multiple methods of numerical
discretization may shed light on potential shift in sedimentation curve. It can be
clearly seen that such a difference is seen and On the other hand the C(s) with
variable f/f0 and WLC models indicate similar distributions betwen 0.1 < s < 1.2 svalue but also show distributions away from these regions. However, all these methods
indicate that the predominant sedimentation to occured in the small molecule regime.
Further parametric analysis is also shown in panel (b) and panel(d). Panel (b) shows
the fixed Lamm component of s = 0.7 and partial specific volume of 0.73. This set up
for single Lamm exponent took care of diffusional effects that may be caused due to
this sedimenting component. Panel (d) shows the responsiveness of C(s) distribution
to two different /// 0 . Only the higher friction factor system showed a mid s-value
bump between 3-4 s-value. The spherical model (///0 = 1) did show this outcome.

Figure 5.6 : Comparison of SedFit Based Analysis of CSC Degradation
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Table 5.5 : Selected Complex Viscosity(77*) and Dynamic Viscosity(7/)

5.3.5

Material/ Concentration (m9/ml)

Condition

tCS-C (400)
tPEG (200)
tFicoll™70 (400)
tDextran 76 kDa
(400)
CS-A (100)
tCS-C (50) R
CS-A (25)
tCS-C (50)
tCS-A (10)
tCS-A (10)

DFS (70% strain)
DFS (70% strain)
Steady
DFS (30% strain)
DFS (20%
DFS (70%
DFS
DFS (50%
DFS (50%
Steady

strain)
strain)
strain)
strain)

V*

f]

212±1.76
4.7±0.19
309.6±7.09

245±2.45
4.9±0.149
329.5±2.3
N.E.

7.9±0.1
4.2±0.54
4.78±0.25
4.47±0.53
3.2±0.13
N.E

N.E
3.96±0.42
N.E
4.32±0.77
5.84±0.24
1.58±0.00

Viscosity Studies of Crowded Media

Rheological studies were conducted to evaluate the viscosity (77* and r\) of the CS GAG
solutions and crowder solutions as a function of set concentrations, and thus determine
if increased viscosity could explain the reduced rate of GAG degradation product
formation. The data, in brief, is shown in Table 5.5. At concentrations <200 ms/mi,
the GAGs had very low viscosity, on the order of tens of cP or less. The viscosity of
crowder and substrate solutions increased several fold at concentrations approaching
that of intracellular proteins (400 m9/mi).

The interpenetration of polymer chains at

high concentrations even lead to glassy behavior. At 400 m9/mi, Fc70 had the highest
viscosity. The Dextrans and CS GAGs had slightly lower viscosities, and PEG had
the lowest viscosity. Viscosities determined from DFS and SST tests were compared
to ascertain the validity of the Cox Merz rule, lsfa which was found to be valid for low
frequencies for all cases.
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5.3.6

Iterative M e t h o d for Evaluating M e s h Size

The evaluation of mesh size for polymers can use multiple empirical formulae and here
mesh size was determined through radius of gyration (Rff) and overlap concentration
(c*). Each of these were inturn evaluated, either empirically or through the use of
Rfe obtained from DLS. Mesh size was used to provide an additional understanding
of crowding induced limitations to enzyme diffusion.
Radius of Gyration Evaluation
For linear chain(s) such as PEG, Dextran etc, the Graessley curve 133 was used to
estimate c*. In the case of Ficoll™, its R g was used that to evaluate the c*. In the
absence of small angle light scattering or Static light scattering (SLS), an approximate evaluation of R s was made as follows. Certain published results for unbranched
Dextran in the molecular weight used in this study are known. Thus, if one could
potentially match published data on R/,, using DLS, then, one can assume the published value of Rg for all further calculations. Thus, Dextran (~ 67 — 76 kDa; M u) =70
kda), had a nominal diameter of ~ 21 nm using DLS, amounting to R/> ~ 10.5 nm,
that matched within 5% of published data (specifically sample D4 as illustrated by
loan et al.). 1 8 ' This value was also ascertained to be correct using the appropriate
constants in Mark Houwink Sakurda equation (D = KMa

) by extracting the value

of corresponding diffusion coefficient of Dextran (~ 70 kDa) polymers in dilute solution, which returned a Mw of ~ 62 kda using the right exponent for polysaccharides
(a = —0.55,and K = 1.63 x 10~4 ). Thus, value of Rg for Dextran ~ 70 kda was
taken to be ~ 19 nm without further analysis. Similarly, the Dextran sample with
Mw ~ 185 kDa has a published Rh — 17 nm and hence its Rg ~ 21 nm was taken
from the same publication described above (Ref Table 5.4 on page 146). Using these
values of Rg, one calculate c* of these polymers and apply them for verification of
rheometry. The Rg values of undegraded CSC (Rg = 4.1 nm) and CSA (Rg ~ 5.79
nm) were based on their approximate weight average M m . l!,i ' However, it was clear
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that the R g values for CS samples are one order less than that of commercial Dextran,
suggesting that it was compacted more. This could be due to the sulfated groups and
polarity of GAG chain. For PEG (~ 8 kda) especially, the value of radius of gyration was evaluated as prescribed by the empirical relationship 188 (Rg = 0.02M 058 , v
Rg oc M 3 / 5 nearly maintained) and determined to be 3.67 nm. Finally, the radius of
gyration of Ficoll 7 0 P M was determined to be ~ 5.1 nm (v Rg = Rh ) since Ficoll™is
a rigid sphere. 167 thus all the parameters were obtained to calculate mesh size of each
of these polymers in the crowded environment.
c* E v a l u a t i o n
This section utilizes much of the information obtained in the previous sections to
3

evaluate overlap concentration c* The mesh size parameter £ = Rg ( ^ )

4

can be

evaluated knowing c* = 4 ^f|p • Thus, evaluation of Rg was possible for all crowding
species. Sometimes, for example, c* for Dextran (M„ ~ 70 kDa and Mw <~ 185 kda)
was originally calculated as ~ 4 ms/m/ and ~ 10 m9/mi. However, the higher Mw
Dextran must have a lowered c*, since they are both compositionally alike and linear
chained. This result indicates either the value of Mw or Rg was not right, however,
Mw was considered correct, since it was manufacturer provided data. Thus, the value
of Rg was re-evaluated using the relation Rg oc MjA for the ~ 185 kDa species to
be 34 nm and not 21 nm as stated in the results section 5.3.2. Using this new R s
value the value of c* ~ 1.86 was determined as m^/m(, and which maps well onto the
Graessley curve for the set molecular weight. li3;189 Using the same relationship, the
c* for PEG (M„ ~ 8 kda) was evaluated to be ~ 5.16 majmi. These evaluations are in
ideal solvent or a good solvent as used in this case.
M e s h Size E v a l u a t i o n
Having obtained all the parameters, mesh size was calculated for these polymers in
the crowded environment. It is clear that mesh size dramatically reduces once c> ce
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is reached and the sample turns into a porous media that may or may be even > pc
(percolation cluster). However, the mesh size value, although gets reduced for each
successive and increasing values of c > c*. This phenomena is seen uniformly for all
substrates. Although R g has been approximately maintained to be constant across
all regimes (dilute, semi-dilute, and entangled), a ratio of Ra/(. moves more slowly as a
function of concentration. Thus, for a fixed concentration, Dextran has highest value,
compared to others.

5.4

Discussion

The use of crowding agents caused a range of inhibition of the rate of GAG degradation, especially considering overlap concentration of approximately 2 m9/mi beyond
which there was significant inter penetration and the solution became semi-dilute. The
kinetic degradation curves in concentration conditions also showed a lag in the initiation time of the reaction that increased with increased crowder concentration (Figure
5.7 on 156). Further, different sized and shaped crowders were used (Spherical, and
Figure 5.7 : Heel Formation
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linear chain) and how the rates of reaction and decrease in rate of reaction for individual GAG-crowder polymeric mixture was not the same. These in total point
towards non-size bulk properties and morphology as major factors in the observed
kinetic rate changes. At high concentrations, >50 ms/mi for external crowders and
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>20 m9/mi for GAG crowders, the reaction regime was likely limited by the mesh size
which was particularly diminished when c »

ce, the entanglement concentration. At

high concentrations, however, it was probably the dramatic fall in diffusion of enzyme
species that affected reaction rate 1 7 2 . At lower concentrations of crowders, the initial
reaction rate actually seemed to rise above the rates without any crowders. This
initial rate increase could be due to crowding-induced reduction of reaction volume
(i.e., closer proximity of substrate to enzyme). Although PEG has been shown to
be 3x as effective as Dextran in excluding proteins 190 ,here, Dextran was generally
superior to PEG in mid-range concentrations in enhancing u0.
Self crowding was also required to characterize the size and conformation of partly
degraded GAG chains using AUG. After scaling s-values to account for crowding
(semi-dilute regime), the GAG fragments were characterized using several methods.
These models gave a weighted average s-value of 0.7 x 10~ 13 sec indicating that very
small fragments (hexa- octa and decasaccharides) were produced after only 30 mins
of enzyme treatment. AUG analysis using the WLC model illustrates a major s-value
peak between 0.2s and 1.2s matching traditionally used algorithms such as EvHW
and C(s) but also identified potentially larger aggregates.
On the other hand, the dynamic viscosity measured by a rheometer illustrated a
range of viscosity enhancer regimes for individual crowders but as expected, did not
correlate with how these crowders influenced u0. Viscosity enhancers seemed not to be
the reason for the aberrant kinetics observed here, nor was viscosity or size exclusion to
be blamed for any misfolding of enzyme in the degradation process. U)1 The persistence
length of individual crowders and GAGs was also evaluated and showed that highly
sulfated GAG has a high radius of gyration and persistence lengthccompared to its
contour length.

158
5.4.1

Overview of N o n Ideal Obstacle Driven Kinetics

After observing the effects of crowders on initial velocity VQ it was clear that the
traditional Michaelis Menton kinetics may be inapplicable;1'59 in vivo GAGs may
even act as self crowders. A modified Schnell Turner kinetic model/Jammed kinetic
model 192 " 194 was used to understand crowding by GAGs and its effect on their own
degradation, by assuming some known material parameters. A schema of jammed
kinetics is shown in Figure 5.8 on page 158.
Figure 5.8 : Obstacle Kinetics

This shows a chain in the midst of obstacles and unable to freely move
reptates. The enzyme has to cleave and navigate amongst these obstacles.

These results were compared with experimentally measured crowding effects of
PEG/Dextran on GAG degradation. Assuming pseudo-first order conditions ([S] 2>
[E]) the Michaelis-Menten equation is modified to apply a crowded regime 192 such
that,
Vmax [So]
^0

(5.4.1)

Km + [So]

where, Km — TKm considering Km is the ideal constant, in the under dilute conditions, Km the apparent Michaelis Menten constant and V was a correction factor that
depends on the thermodynamics of the reaction. More specifically,

Km = T

'KS.jtZi-1 +
K\t-Xhl

K\t^

(5.4.2)
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where the forward and backward constants are denoted by .?Cr|:r=-i,i,2- K\ and K2
denote specifically the forward reactions from [E] + [S] —>• and [ES] —>• and K_\
denotes the backward reaction from the [ES] —>• [E] + [S]. t|-i,i,2 denotes the time
correction factor from the Kopelman condition for individual K's. Thus, Ki — K®t~h
connects the non-ideal K with idealized K° for individual forward or backward kinetic
constants. To understand factors that govern this constant, diffusion or flux of a solute
is simply dependent on the concentration gradient across a plane cross section and
is given by J = —DVc. Furthermore, flux is not only a function of cross sectional
area, but also time, and hence Fick's second law of diffusion can be written as dc/at =
V- (DVc) where, D denotes a tensor for diffusion if not isotropic. Likewise, diffusion
of enzyme in an ideal dilute regime is given by (r 2 (i)) RS ta, where a < 1 in a subdiffusive regime and is defined as (r2 (£)) = QTta, combining the time invariant F for
a 7^ 1. In the ideal regime this equation reduces to (r2 (t))6Dt.

The exponent a

is inversely proportional to the molecular weight, Rg and concentration of crowded
species. Excess substrate based inhibition, or rather the effect of higher concentration
of substrate alone on enzyme function has been previously studied 19a but has not been
investigated to understand the breakdown of GAGs. To gain an understanding the
effect of crowding effect, the crowders themselves were analyzed.
5.4.2

Sizing of Polymers w i t h DLS

Using DLS self-self diffusion coefficients as well as hydrodynamic radii of dilute solutions of GAGs and crowder sets were obtained through linear, quadratic and quartic interpolations from the correlation function.

The self-self diffusion coefficient

(Deff) was confirmed to be nearly correct using the Mark-Kuhn-Houwink Equation
D = kMa,

assuming a linear polysaccharide entity with appropriate scaling coeffi-

cients k = 1.63 x 1 0 - 4 and a = —0.55. Furthermore, the measurements of Ficoil™70
matched well within ~ 10% to known stoke radii of 5.1 nm (Figure 5.4(c) in page
148) which was considered very good at such small sizes since DLS is less sensitive at
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< 7 nm. This match was the fundamental basis for relying on further DLS data although particle size polydispersity was always contiguously high at 0.25 (25%). This
may be due to how channel determinations were done for data acquisition. DLS was
also used to size the crowders along with the two CS samples. The size ranges were
also confirmed to be appropriate by considering their molecular weight and intrinsic
viscosity as ascertained through rheology.
5.4.3

Physical Analysis of Crowder(s)

Since multiple crowder species were used in this study, individual shapes were considering to explain some of the observed results. 19b It was clear that the size of these
filler agents (assuming spherical topology) were not particularly large. As a group,
the nominal diameter of polymers increase with Mw except for the spherical copolymer Ficoll™. The diffusion coefficients of GAG substrates were remarkably similar,
given their differing Mw, while that of Dextran and Ficoll were significantly lower.
At physiological concentration of 400 m9/mi r/sp was the highest for Ficoll™and somewhat less for GAGs and Dextrans. The persistence length L p was most significant
in that it was sulfation dependent. Similar molecular weight fragments of CSC were
found to exhibit highly different L p depending on sulfation factor, whether 1.0 or 1.5.
The contour length was as expected not significantly altered based on this factor.
Furthermore, the radius of gyration showed a steep increase when the sulfation factor
and charge per dimer were highest and indicated Rg = 8.9 nm a very significant value
indicative of a rod-conformation for such small molecule. On a similar note, the evaluation of R 9 of the globular protein c-ABCI was made using the empirical relation
Rg ~ 2.2Af0-38, where N was the number of amino acids (assumed to be in both cABCI and c-ABCII) in the globular protein thus, Rg ~ 30.6 nm. The high sequence
level homology enabled the use of the same number of both the homologues, c-ABCI
and c-ABCII. In a polymeric media, the entanglement or more precisely entanglement
concentration c e was linked to the molecular weight of a linear polymer chain and such
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entanglement is in turn linked to percolation threshold. 197 ' 198 Because size and shape
play a predominant role in effective a given porosity, mesh size and material property
at concentrated solution conditions and are responsible for macroscopic phenomena
seen in such crowded media and thus they will be discussed in more detail.
The volume fraction (4>c) of crowders is proportional to the third power of the
R g of individual crowders. 5 The initial velocity (I/Q) was increased in Dextran based
crowder studies, more than for the other two crowders, for increasing volume fraction of crowders. This increase was very pronounced when (f>c < 20% in both sets of
experiments. Dextran is modeled as a dumbbell, with two spherioids connected by a
bond, then as described by Homouz et al. 19b the value of number of species halved
for the same volume. Thus, the effective volume fraction available for a protein for
a fixed 4>c doubles. Further, the fraction of unstructured units in a given protein diminishes for a dumbbell shaped crowding agents, in comparison to spherical crowding
agent for the same fixed <pc > 25%. Thus, a protein (as in this case chondroitinase)
may mostly be folded and be most active in the case of Dextran crowder, when compared with Ficoll™crowder. As shown in this study, R s of Dextran was « 4x that
of Ficoll™through the dumbbell approximation, Dextran would be only 25% larger
than Ficoll™The space available for protein would only be only doubled, but it was
shown here by coupling the light-scattering studies with WLC model that this space
availability ( 1 _ ^ C /PC), actually increased multifold. Moreover, polymeric crowder based
voids can actually enable folding of proteins by ameliorating crowder-protein random
interaction.

This interaction, however, was prominent for PEG based crowder as

described in the study limitation (Section 5.5 on page 172).
Further, Homouz et al. 19( ' also point to the existence of a critical <j)c where the
stability of a protein might be most enchanced, and indeed, there was some sub§ Suppose the volume fraction of crowder(s) is defined as <f>c = w3V '•, for a known radii of
crowder Rc in a volume V and with number of individual crowding species given by iVc and a
parameter say pc = N-cJy then an enzyme like chondroitinase may occupy a volume fraction given
by 1-*<=//Oc assuming a spherical crowder molecule.
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stantiation to this effect in this study for all crowders, except PEG. This critical
concentration at which cf>c occurs was around 200 m9Jmi for Dextran for the degradation of CSC by c-ABC, although this number was far lower for the comparable
degradation of CSA. Thus, this 4>c may be mechanistically independent of crowder,
but more a function of protein or reaction in which inert crowders are bystanders.
Such critical values were not clearly observable for Ficoll™or for PEG. Further, Homouz et al. showed that for <fi > <f>c, the rate of reaction diminishes which agrees with
the study data. Thus, by excluded volume theory, size as well as shape of crowder
molecule does play a role in affecting reaction kinetics.
Size effects can also be examined further by additional application of the excluded
volume theory. 17°;19<J By this theory, the chemical potential JJL is given by
H = /z° + RT In a = fi° + RT In ( 7 C) = RT In (—

JC

(5.4.3)

where, /J° is the standard unperturbed chemical potential, a refers to the concentration, c is the concentration of a test species, 7 is the apparent activity coefficient
and va the available volume for that test molecule, as in this case both the GAG
and c-ABC. Now, two equations can be written, one for the chemical potential of the
denatured species (unfolded enzyme) and two for the enzyme as is, using chemical
potential notations (IN and fi£> using appropriate subscripting as ua,N^%, etc., for
native (N) and similarly va,D, ^r> denatured(D) enzyme etc. These two states always
are in some set equilibrium that depends on their chemical potential and temperature
and through excluded volume theory the equilibrium constant is given by

K°

(T) = e

RT

(5.4.4)

By applying Equation 5.4.3 in Equation 5.4.4 with transformed subscripts as indicated
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above, the exponential vanishes and reduces to

«° (T) = ^

(5.4.5)

Now, the ratio of concentrations of denatured to native state is given by an approximate equilibrium constant, say K = ^-,

and the ratio of concentrations can

m

and applying Equation 5.4.3 on the

be rewritten from Equation 5.4.5 cLS K> — AC
previous page this reduces to K,0^2-,

which is simply a ratio of volume availability.

Thus, the space available amidst the crowder starts to be less than what is required
for a protein or for similar crowded concentrations (4>c S> 30%). For smaller crowded
species the crowding effect was more pronounced than for larger crowding species;
this is precisely what was seen for PEG. However, for GAGs based self-crowding, this
effect is even more pronounced at far lower concentration, favoring the compacted
state since many spaces account for native state, but not so for the denatured one
since K, reduces dramatically.
Orderly Packing
Kinetic models and analysis of critical volume fractions also must consider the various
lattices that can be formed by various shaped crowders. Because these crowders are
randomly arranged, not packed by some orderly manner, it was possible to realize
the fraction that will provide the criticality in terms of percolation cluster, where,
0 < pc < 1. The critical fraction is termed percolation threshold and is defined by
pc = YZ\I where Z denotes the coordination number. Even though the ECM consists
of heterogeneous bodies that cannot be classified in one shape, and has a swiss-cheese
like microstructure, it is possible to assign probabilities for bond and site percolation
for various shapes as shown in Table 5.6 on the following page. As such, the use of
individual crowders will result in specific shapes that will provide unique Archimedian
lattice, provided one assumes a fixed shape of crowders. The cell, on the other hand, is
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Table 5.6 : Percolation Thresholds for Various Networks and Lattices
Site p c
Lattice
Bond p c
Square
0.5927
0.5
Triangular
2 sin (ft) =0.3473
0.5
BCC
0.2464
0.1803
FCC
0.1203
12 0.198
FCC: Face centered cubic, BCC: Body centered
cubic

not a random conglomerate of entities, but a seemingly orderly packed system. Hence,
packing densities will be discussed here as they correlate with volume fractions found
in the cell. It is well known that packing spheres creates the highest packing fraction
of 4> =

TTTJ'

k u *' the densest packing achievable in R 3 is <p^ax = n/VTe> = 0.7408 and

a variety of packing densities for various shapes have been derived most notably by
Torquato et al. 200 The orderly maximal packing of other various shapes have also
been derived by the same authors and the upper limit of such packing for a given
shape is given by

<

lupperbound
rmax

"particle

= mm

^sphe

"

(5.4.6)
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where Vpartide is the volume of the particle, vsphere is the volume of an inscribed sphere
and the maximal packing is always 1.
Confinement of Enzyme(s)
Another effect of external crowders was that of enzyme confinement2()1 within a microcage. For example, considering the enzyme to be a Gaussian chain or a random coil
with the parameter b, the individual bond length or peptide length, and a probability
density function given by G ( R, i? 0 , n) where vectors R and R0 denote the final and
initial positions of chain as a result of diffusion phenomena, then the diffusion equation
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that denotes the change as a function of n residues is:

dG(R,Ra,n)
dn

=

b2

-V2G(R,R0,n)

(5.4.7)

In this equation, n denotes a residue number after which the chain reaches the new
state point R. One can assume the protein to have N ~^> 1 residues, and the boundary
condition in a confined space of a cage or wall is denoted by G (R, RQ, n ) = 0, meaning
at the wall the probability of the presence of a chain's state point —> 0.17(l
Figure 5.9 : Caging Dynamics

N: Number of Aminoacids. Y axis: &AG/KBT
here for various shaped structures 201

is the Gibbs free energy change and shown

Further, for an enzyme which is a statistical ensemble of various random structures, the apt regimen to work with is a partition function Zustandssumme

(Z for
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short) denoting the sums of states, and which denotes the partition of probabilities
of individual states as Z — ~^2s e~0E", or a sum over individual states s where /? = -^
that is a function of Boltzmann's constant K and temperature T. As per Doi and
Edwards, this partition function can be rewritten for individual chains as

Z^J2d^d^G(R,Ro,N)

(5.4.8)

v
which can be reduced into the integral form

Z = f dRdRoG (R, R0, iV")

(5.4.9)

where the sum over states is replaced by a similar volume. 1 ' 6 Two different confinement constructs may be developed: one with two parallel plate type of walls with
boundary conditions at 0 and wall length I as well as a cube with side length I.
A sphere topology may also be developed with radii of Z. In the former case, the
partition function is given by

s=l,3,5...

where, (3 = ^Nb2. And, for the latter, confinement within a sphere is given by
_

d3

^

1

/

7T2fc2\

,_..,

When the wall distance / 3> N^2b, the chain dimension, then exp (—fgfs") —> 1 and
Equation 5.4.10 reduces to ~ | | f» I. Thus, at large cage volume, achieved in dilute
concentrations of a crowder, the enzyme's chain can explore all native structures
and the partition function is of the order of the width of wall cage. The plot of
A AG versus 1/RH indicates that the system of confined protein experiences a minimum
or that the stablization is most when the size of either a wall type- or a sphere
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type of cage is only ^ Rh, when Equation 5.4.10 on the previous page reduces to
Zs=i m | | ^ - e x p (— ~p)

for a wall condition. Thus, for the mesh sizes calculated,

and for crowded kinetic results, the enzyme is quite active at crowder concentrations
that probably approximate cage-size even up to « 5 x Rh beyond which A AG^
increases (becomes less negative), thereby the protein fold structure does not benefit
from a drop in size of cage (Figure 5.9 on page 165). This far out regime where AAG
starts to become less negative may correspond to the far entangled regimes that are
currently worked through in this result at concentration of crowder S>100 m9/mi. In
addition, there is an effect of caging on a protein of a known N (polypeptide length)
as well as the combined effect of iV and cage shape (sphere, wall type). As reported
by Zhou et al. 201 that A A G rises appreciably from its base minimum for iV RS 800
for a spherical eager and rises at around iV m 400 for a cubic eager. In the present
work with crowders, it is clear that the eager approximates to a dodecahedron or
even an icosahedron with each of the facet formed by a strand of crowder molecule.
This shape approximation is made for increasing concentrations of crowders where the
pore encased by the crowder starts to become more and more spherical with increasing
packing. As such, a spherical cage created by a crowder has the highest potential to
accommodate all the random-coil variation, and all others have limitations in the value
of N. The protein or chondroitinase used in this study (c-ABCI) has N « 1000, yet
the cage was far away from a spherical topology. The hydrodynamic radius of a native
polypeptide can be approximated to Rh — 3.73A^3 « 37.3 nm for c-ABC (alternate
method gives 30.6 nm for Rg as shown in Section 5.4.3). Thus, it was possible to
calculate the concentrations at which maximum stabilization occurs for this enzyme,
and which turns out to be <100 ms/mJI It is approximately this concentration range
that shows maximum initial velocity of VQ.
^Relative change in entropic differential between a free energy in native and unfolded state
IIExact determination of concentration(s) was done not since crowded kinetics was performed at
only discrete concentrations
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Knudsen Diffusion Through Pores
In studying crowding, it is critical to understand how enzymes diffuse in a porous
system. Although the preceding sections provide an overview of multiple physical
phenomena, the intrinsic diffusion of enzyme in the midst of an entangled networked
structure must also be considered from the perspective of a porous diffusion, where
a regime p > pc exists. Neglecting the enzyme's functionality or fold-shapes, the idea
of this being a rigid body and diffusing through the porous structure is examined.
If viscosity and subdiffusive parameter a is neglected, and diffusion is studied only
as a function of pore-properties, the simple derivation that follows seems to indicate
that this diffusion coefficient is mainly dependent on pore-radius (r) (obtained from
mesh size) or alternatively, on obstacles and shape of these crowders. For simplicity,
the crowders are assumed to form a static fixed porous structure for the analysis
of diffusion of a single molecular entity. The diffusive properties of a molecule are
described by the mean square velocity derived from kinetic theory v = y^jjf-

In

turn the flux through a porous medium can be defined as a function of this mean
velocity and a probability parameter w — §•£ and hence flux can be defined as Jz —
~\TLV

(SO'

wnere n

denotes the variation in density over the z domain, or simply

put, the Knudsen diffusion coefficient DK = \rv.

In summary, the pore size may

control how diffusion occurs, and with increasing concentration of crowder, of given
shapes, one expects shape to play a major role in diminishing diffusion.

5.4.4

A U C D a t a Analysis

The size distribution of CSA/CSC at 30 mins was evaluated using a model independent means as well as both conformation specific and non-specific models. The
methods gave distributions in the range of 0.2-2.0 s-value with the exception of WLC
model. The C(s) method using a floating P had a distribution ranging up to 1.6
s-value, while the Ls-g* method with different resolution had up to 1.0 s-value. The
slightly different numerical evaluation of Ls-g* method generates a shift in symmetry
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in the curve, although the overall analysis result is not altered in terms of modality
of distribution. Although the initial size of GAG substrate was mono-disperse, after
30 mins degradation, there was certainly a dispersity in terms of the small spread in
CSC samples, indicating a range in breakdown sizes. The C(s) method with variable
f/fo likewise indicated a steep s-value distribution between 0.1 and 1.0, yet provided
smaller sized distributions at higher s-values. The WLC model and the associated
Yamakawa friction factors 177 also indicated a similar smaller distribution far out in
the s-value field. These model results may be due to aggregation of smaller species
of products that together provide a higher OD or that are heavier and sediment
more slowly or are longer GAG chains with an unsaturated end and also potentially
over sulfated.
These results demonstrate that the use of conformation based modeling approach
allows one to capture smaller fractions of species of higher molecular weight, although
the model independent methods like EvHW model did capture heterogeneity. Take
together, AUG can clearly provide a measure of weight distribution as a function of
s-value. Since the enzyme c-ABC was a random cleaver, the random breakdown of
a nearly monodisperse species was expected to give rise to a monodisperse fragment
profile after a sufficiently long time.

It was clear from the sedimentation curves

as well as EvHW plots (Figures 3.12(a) thru (c) on page 70) there were discrete
sedimentation regions that coexisted in the whole, lu0 suggesting the oversulfation
was likely clustered on fewer chains and not across all the chains uniformly. This may
be a novel result, if it can be verified using other experimental means. As mentioned
previously, the sedimentation process had to be performed in the semi-dilute regime.
To permit comparison of the concentrated samples, the relationship s ~ c - 0 5 was
used to scale s-values appropriately when working within the semi-dilute regime.
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Brief Overview of t h e Effect of Conformation on Degradation
The WLC model can also be applied to answer the question why oversulfated groups
may be found on tetrasaccharides in Aim 1 as opposed to longer sacccharides. As
discussed here, these saccharides adopt definitive conformations in solution in a
length, isomer and sulfation dependent manner. According to the coarse bound WLC
model 202 shorter chains with fewer saccharides and higher sulfation content are definitely rod-shaped, while longer ones become semi-flexible coils and thus oversulfated
short-chains have unique inflexibilities.

For an enzyme to break down a polymer

there needs to be certain flexibility for the chain to be able to fit into the binding
pocket. Thus, this model supports the assumption that the uncleavable oversulfated
oligosaccharides are tetrasaccharides.

5.5

Limitations

Limitation of Kinetics
The fundamental limitation of this work lies with the use of UV spectroscopy and
detection limit of ODs as well as the highly heterogeneous nature of our substrate (s).
This technique is not very sensitive at the level of individual molecules, but only
measures the sum effect of probably many thousands of chromophoric molecules at
any given time. Further, at high concentrations, there was minimal degradation from
0-40 seconds and thus the rate of degeneration beyond that was taken. This heel
region is indicative of a delay in reaction although the overall rate of reaction was also
dramatically altered as well at high crowder concentrations. A representative figure is
shown in Figure 5.7 on page 156. A circular dichroism spectra study may have been
able to illustrate this point in a concentration dependent manner. 205 Keeping these
limitations under consideration, kinetics nonetheless offers a comprehensive view of
the degradation process.
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Limitations of D y n a m i c Light Scattering
The primary premise in DLS is that the size of scattering particle is < ^ A of the
incident laser light. Because the diffusion coefficient (D: 2.62±0.98 to 1.955±0.368 x
107 cm 2 s _ 1 ) in very dilute solvent conditions match well for the size (Nominal Dia:
7.46 ± 2.28 to 43.86 ± 0.66 nm) for individual crowders, many serious size limitations
were disregarded. This size limitation arises in the case of either large aggregates as
well as in the case of polymers whose size may range from 200 nm to even up to a
[iM.

DLS further makes use of an autocorrelation function c (r) over a large time

scale, making accurate determination of size difficult if this whole scale is employed.
The use of modern Fourier transform angular light scattering might enable accurate
determination of size of these heterogeneous polymers, however, the presence of APD
provided a much higher sensitivity in detection. Further, the evaluation of PDI was
not possible. In addition, particle size dispersity was obtained and at time was as high
as 0.258. This was rectified in further studies using careful preparation of samples
and adjusting the channels for data acquisition in the order of milli-seconds.
Limitations of Selected Enzyme(s)
A select few enzymes were used in this study that have been shown to have broad
specificity in cleavage, yet are not generic. The nature of cleavage mechanism, whether
a random or processive cleavage manner, as well as the selection of catalytic sites
amongst the GAG crowder ad-mixture is unknown, Also, c-ABC is a mixture of two
enzymes, making this only more complicated. Furthermore, whether these active enzymes become inactive in the midst of highly polar ternary complexes (crowder-GAG)
is something that has been left unexplored. 204 The use of Ca 2 + activators to enhance
cleavage may only have a minor role, if any, on DS cleavage in a CS-DS environment. Finally, although intracellular protein concentrations have been known 205 for
some time, GAG concentration per volume in ECM is unknown. However, a good
assumption was that the ECM in combination with the cell is also gel like, for many
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experiments that poke holes in cell membrane do not aberrantly disturb the EC.VI
consistency. Lastly, refolding kinetics of the enzyme could not be studied (due to limited quantities of enzyme available) to ascertain secondary structural predominance,
and how individual proteins are affected against in the presence of various crowders,
especially crowding by GAGs themselves. 16 '' 191
L i m i t a t i o n s t o t h e use of P E G C r o w d e r
Several lines of evidence point l 6 1 to the fact that PEG crowder may have an anamolous
crowder effect by having attractive effects to the side chain of an enzyme, since PEG
has a backbone structure of - C H 2 - C H 2 - 0 - . l b l This study originally chose to restrict
PEG to only 8 kda in the hopes that such effects would not be significant. In spite of
this, the effect of PEG was to reduce the initial velocity dramatically more compared
to other crowders. Thus PEG may have a limitation as a crowder and may not be
considered a typical inert crowder.

5.6

Conclusions and Applications

Emulating the cell-like crowded environment from various scales (O(nm) to C(mm))
is a challenging problem. 191 In this work, there was no single polymeric-crowder that
could be used to show properties of size exclusion coupled with interactions with the
protein(s) of interest. Nonetheless, crowding was successfully employed to show an
impact on GAG degradation as illustrated in figure 5.3 on page 147. Further, diffusion
was perturbed in all crowded environments in a viscosity independent manner.2Df) Although protein aggregation studies in the presence of crowders as well as proteolysis
reactions have been previously studied, 20 ' and HA degradation has been measured in
the midst of crowders. 172 this is the first time direct degradation of CS-DS GAGs in
the presence of crowded environment has been studied and indicates this degradation
is mediated by the concentration as well as shape of external crowders. The impact
of crowding seems very pronounced for cell like concentrations, although at concen-

173
trations in the range of 100-200 m9/mi, the enzyme's activity is enhanced appreciably.
This effect is most pronounced for Dextran crowder, and this enhancement seems not
to be tied directly to viscosity (77). On the other hand, sizing of fragments seems to
be mostly unimodally distributed and various models confirm this value. In addition,
the application of WLC model implies that conformation dependent sedimentation
may indicate fragments in the upfield s-value.
The combined effects of size, shape and crowding also affect packing. On the other
hand, the packing density of a cell is <f> « 40% and for uniform caging shapes such
as tetrahedron or icosahedron the packing density is much higher than for a sphere.
When trying to understand how other cellular organelles and say even DNA are
packed, it is known that some of them assume a fractal globule form. 208 This form is
not only compact, but also provides the best means to expose selected sequences that
are useful to the cell, wherein sequence patterns on a given polymer chain that occur
in close proximity in sequence (1° structure) also occur in close proximity in space
(3° structure) regardless of other entangled polymers. It appears like that the GAG
chains also take this universally compact shape. The application of crowder kinetics,
in combination with future protein folding Circular dichroism (CD) studies and FRAP
based methods with sizing (DLS and SLS) approaches may have a profound impact
in understanding how a cell creates biologically critical polymeric fragments as well
as how their size, shape, charge and environment play roles in their functionality.
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Chapter 6
Bulk Rheology and Viscosity Studies
6.1

Introduction

A cell is a gel with crowded and porous conditions1(>0 existing both within and outside
the cell. Although the precise concentrations of proteins within the cell are nearly
known, ">4 the concentration of GAGs in the extracellular milieu is not clearly defined. Inside the cell, however, it is well known that the regime is crowded, and many
cell-like environments have been used to study protein folding as well as proteinprotein interaction. Ficoll™70, a well known spherical co-polymer of sucrose and epi
chlorohydrin with a R^ ~ 5.5 nm, has been frequently used to understand protein
folding as well as study protein conformation in such a crowded milieu.20'3 The fundamental idea in this study was to understand whether this polymer as well as many
others match rheologically in their behavior at this physiological concentration(s) as
well as semi-dilute regime with the ubiquitous biopolymer glycosaminoglycan. Since
the ECM is rich in GAGs, and visually can be seen to intercalate, it is clear that
the concentration of ECM components is well beyond entanglement. However, the
micro-rheological environment of an entangled GAG network within ECM is clearly
unknown. This observation forms one of the basis for cellular implications, while the
other is that it is unknown whether the ECM behaves more like a polymer melt and
what if any scaling parameters can be used to understand such an environment.
The study of viscosity and dynamic response of polymers, even GAGs in relation to molecular weight 209 is an age old problem. 210 ' 211 However, never before have
biopolymers like GAGs and PGs been investigated regarding how concentration dependent effects evolve to give unique bulk characteristics and whether unique crowded
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conditions provide specific bulk properties that can be used to classify both biological and man made polymers. Further, GAG concentrations in vivo ranges across
the semi-dilute and the concentrated-entangled regimes with significant crosstalk between polymer-polymer and polymer-solvent in the ECM. Thus, it is important to
study GAGs in these regimes. The morphology of a GAG chain is also dependent on
solvent and solvent power as well as its milieu within the cell. In the dilute regime,
for example, polymer coils that are polar, such as GAGs are expanded due to suitable
interactions with polymer and solvent. However, in crowded systems, GAG chains
are less expanded while their intrinsic viscosity [77] is only a function of chain conformation. Beyond the overlap concentration the change in rjsp is a function of measure
of overlap although the solvent power (ideal, O, and good solvent)* can also play a
role.
Recent work with HA 212 however has indicated that even at only 1% solution, HA
forms a paste-like substance and displays shear thinning behavior. While oscillatory
rheometry studies have been performed for HA, 212;21! very little comparative data is
available for GAGs, especially of GAGs especially for those with a known sulfation,
and thus, this work aims to understand the material behavior of these polymers.
It also compares rheological behavior for other polymers that are currently used in
molecular crowding studies, Ficoll™70 and Dextran(s) (~ 67 — 76 and ~ 185 Kda). T
Because chain morphologies are strictly a function of concentration, give a known
molecular backbone, this aim goes on to study the bulk effect of these concentration
dependent systems and their mechanical moduli within the confines of a physiologically relevant solution state.
* Interactions with solvent is also a factor in intrinsic viscosity and other measures
t P E G is also used in this study however, it is not a very good crowder

Semi dilute
Concentrated
unentangled
Concentrated
unentangled
Concentrated
unentangled
Concentrated
entangled
Concentrated
entangled
Concentrated
entangled

Polar
-25
Not uniform

CS-A
Linear
Ficoll
Dextran (2)
Spherical/Rigid
Linear
body
Polar
Neutral
Neutral
~60
~70
~76/185
Uniform
Uniform
Not uniform
Potential solution condition
Semi dilute
Semi dilute
Semi dilute
Semi dilute enConcentrated
Concentrated
tangled
unentangled
Concentrated
Concentrated
Concentrated
unentangled
unentangled
Concentrated
Concentrated
Concentrated
unentangled
unentangled
Concentrated
Concentrated
Concentrated
Entangled
entangled
Concentrated
Concentrated
Concentrated
Entangled
entangled
Concentrated
Concentrated
Concentrated
Entangled
entangled

CS-C
Linear

Semi dilute
Semi dilute entangled
Concentrated
unentangled
Concentrated
unentangled
Concentrated
entangled
Concentrated
entangled
Concentrated
entangled

Neutral
8
Uniform

PEG
Linear

In addition to 400 m9/ml, additional concentrations including 500 m9Jml were tried to ascertain consistency and also to measure
any significant deviation. However, most of the analysis is restricted to the concentrations indicated within this table.

400

300

200

100

50

Charge-*
Mw Kda - )
Backbone —)
Concentration ^
ml
5
10

Material-)
Shape—)

Molecular Properties

Table 6.1 : Sample Set for Rheology
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P o l y m e r Solution Theory
Three fundamental relationships underpin the understanding of chain dimension in
the three solution regimes: dilute, semi-dilute and concentrated or entangled regime.
Graessley further classified polymer solutions into five regimes as shown in Figure
6.1 on page 179 based on molecular weight, concentration and solvent power. 133 Scaling ideas have been developed to study other non-bio polymers 214 in these three
regimes, and the Rouse, Zimm and Doi Edwards 1 ' 6 models enable the understanding
of chain conformation in each of these regimes noted. Some of these models may be
applied here towards understanding solution level properties of GAGs as a function
of individual molecular weight and concentration. For example, the scaling of dynamic viscosity as a function of concentration can be simplified for random coils as
Vsp ~ c5/4 for semi-dilute unentangled regime and r]sp ~ c15/4 for the semi-dilute entangled system of polyelectrolytes in high salt concentrations. At dilute concentrations,
R2 (0) = KM 5, whereas R g (radius of gyration) in the semi-dilute regime is given by
R2 (c) = R2 (0) (^r) 4 at any given concentration c* < c < ce. Thus, for these random coils, the intrinsic viscosity [77] can be derived immediately from the Flory Fox
relationship 210 for the dilute condition dimensions as [77] — ^^-^-.

Substituting for

R (0), this relation reduces to c* ~ j y . The entanglement concentration and overlap
concentration are in turn related to the radius of gyration as ce = c* ( —J^- J . In addition to these relationships, from the dynamical testing standpoint, many polymers
also obey the Cox Merz rule (\rj* (cu)| = 77 (7 = LU)) but whether GAGs obey this rule
at physiological and high concentration was unknown 186 ' 21 ''' 21 ' prior to this work.*
This aim can be summarized into studies involving the following novel aspects:
• Rheometry:

Perform dynamic stress and viscosity tests on sulfated GAG solu-

tions at near physiological conditions.
*fl(0) is the radius of gyration at dilute condition, M-Molecular weight, K-Scaling constant,
c*-Overlap concentration, c e -Overlap concentration, [77]-Intrinsic viscosity
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• Rules: Access whetherGAGs obey certain polymer tenets such as shear thinning
and Cox-Merz Rule.
• Concentration:

Evaluate overlap/entanglement using scaling relationships.
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6.2
6.2.1

Experimental Procedures and Methods
Overview of R h e o l o g y

First, a rheological study under oscillatory conditions was undertaken for aggrecan
derived GAGs, namely CSA and CSC. In the prior aims, GAGs were studied both at
the molecular level as well as crowded kinetic and fragmentation level. The validity
of single point determination of intrinsic viscosity was established and zero shear viscosity was determined as well in select cases. Utilizing a strain rheometer, followed
by a stress rheometer under physiologically relevant oscillatory regimes, as well as
high frequency regime(s) in this aim a number of solutions of man-made and GAG
biopolymer(s) were characterized. All solution regimes were utilized, starting with
dilute semi-dilute and entangled regimes some of which clearly emulated physiologically relevant crowded conditions. The c* and ce parameters were evaluated through
obtained rjsp. In select cases the cross over ofG a n d G was also noted, coupled with
select thermorheological studies with coupled dynamical testing.
6.2.2

Materials

The samples and concentrations used in this aim are outlined in the Table 6.1 on
page 176. A variety of concentrations ranging from 5 m9/mi to 400 m9/mi (select
samples were also used made to 500 m9/mi) were used ranging from semi-dilute to
concentrated regime for each of these polymers.§ A set of crowders of known shapes,
charge (Table 5.1 on page 131) were used along with GAGs samples. Their weight
average molecular weight (M„,) was obtained from the manufacturer. The solution
regimes were determined apriori based on M„, and concentration.
§ Sample sets were also run at supposedly dilute condition of say 2 m9/mi for trial purposes
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6.2.3

Instrument Setup

The set of experiments were performed on a computerized rheometer as shown in
Figure 6.2 on page 181.
Figure 6.2 : ARES LS Rheometer Couette Fixture with Loading Arrangement

This system has an air-bearing motor, auto circulator and a specialized force
rebalance transducer (1KFTRN1™) to permit a dynamic range of six-decades and
thus enable studies of low viscosity liquid conditions under inertia free dynamics.
The experiments were run across the wide range to get possible chain dislocation
phenomena using low volume 17 mm internal diameter (ID) stainless steel couette
fixture which was appropriate for applying rotational oscillatory shear to samples
whose viscosity ranged from 3 < r\ < 1200 cP. The rheometer was initialized by
setting pressure to 60 psi at 25°C and the RSI Orchestrator™(TA Instruments Inc.
New Castle DE) software was enabled for instrument control. Temperature control
was always maintained in sweep experiments in the range ±0.1° using a controlled
bath and a thermocouple. Once temperature was stabilized, the motor power for
actuation was turned on through the software interface and then motor mode set to
'dynamic'; the motor can only change from 'dynamic' to 'static' and not vice versa.
To permit minimal sample volumes, a very small couette fixture with 17 mm ID
was used, which can hold ~ 1.12 ml sample. The couette fixture was screwed in
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place and the sample was carefully loaded into the fixture using a 200 /iL gel loading
pipette so as not to touch the fixture or transducer, all the while monitoring the level
of sample using a highly reflective hand-held micro-mirror. Dynamic strain sweep
(DSS) was the first test performed and was initiated at angular frequencies of u=
2ir, An and 10-7T rad/s, individually, followed by fixing an ideal frequency slightly below
the level when strain started to become linear. As needed, the number of points per
decade was adjusted from anywhere from 5-7 to upwards of 14-20 for accurate data
acquisition. The system was run in-torque, as shown by 'non-red' values of G and
G" in the output data, and demonstrating a torque reading of > 2.5 x 10~ 7 N-m in
the data set. This DSS test was followed by frequency sweep (DFS), using strain
rates of 7 = 25%, 50%, 70% and 125% individually. A transient test was carried out
next to get two parameters of time settings, (the delay time and acquisition time)
by following the transient measure of viscosity that would in turn be used for the
steady set rate testsSST. The transient test for the same GAG species at a higher
concentration was indicated as a step used to calculate the time span for steady tests
as shown in page 191, where, the measured time of 8 seconds was used as a calculating
point for steady shear rate tests. Evaporation was prevented by using a water soaked
cover that prevents surface drying in the 1.2 ml sample couette. The samples were
also re-tested after letting them rest for 15 min intervals. Finally the motor mode goes
to steady to give the steady-step rate test to give the dynamic viscosity 77 through
interpolation of G' and G". The steady test then applied an increasing shear rate to
obtain r]sp. Relaxation studies were also performed in select cases to study molecular
orientation or rearrangement.
A temperature sweep (15-50°C) was also conducted on one CS sample to study
shear thinning.

A 1°C ramp up was set up in the bath; after temperature had

increased over the course of a few mins the sample was allowed to equilibrate for
10 mins. Once the sample temperature equilibrated, a series of DFS, strain tests
and steady sets were run and so continued for the whole range of temperatures. A
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variety of other bulk parameters is also shown for two substrates in Figure 6.7 (a)
and (b) on page 197. This indicates not only a fall in viscosity as a function of
increasing temperature, but also a corresponding drop in the moduli with increasing
temperature. Since H (r) can be transformed from G(t), this value also drops off
linearly in a log — log graph and this result is shown for Ficoll and Dextran (76 kda).
The application of temperature sweep changed the material property appreciably
inspite of resting the same before retesting.
6.2.4

Governing Equations

A select few equations are outlined here 1 ' 53 starting with Kraemer Koenig relationships, which make use of the implicit relationship for Hookean solids a (t) = G-y (t)
and Newtonian liquids a (t) = rju(t), where the stress denoted by a(t),

G is the

modulus, and 7 is the shear strain.

G* (CJ) = G' (UJ) + iG" (w)
J* (UJ) = f ( w ) - if

(6.2.1)

(w)

(6.2.2)

G (t) eiutdt

(6.2.3)

/>00

G* (w) =iu

Jo
77* (ico) = j] (OJ) - irf (w)

(6.2.4)

G* is the complex moduli with the real component and imaginary component contributed by the storage and loss moduli, respectively. Similarly, compliance is given
by J*, and u> refers to the oscillatory frequency. The complex viscosity rj* was determined as a function of frequency and storage and loss moduli evaluated in each case.
The co sweep was done from both low and high frequency and is described further in
the results section.
A brief overview of this complex relationship is given by the fact that the Fourier
transforms of the dynamic moduli G* (OJ) give the relaxation moduli G (t), and whose
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Laplace transform gives rise to relaxation time distribution H (r), where r is the
structural relaxation time. These relationships can be alternated. The relaxation
spectrum is given by
/•oo

G(t) =

H (r) exp (*/r) d (In r )

(6.2.5)

•/oo

Similarly, the compliance J* (u) can be obtained as an algebraic transformations from G* (to), where G* (u>) = iuj J0°° G (t) exp (—icut) dt Thus, the time domain conversion of G (t) = | J0°° G' (to) sm^'t> duo and G' (oo) and G" (oo) are related
as J0°° G (oo) ^f^du)

= J0°° G" (oo)

cos jt

J doo. A very similar relationship connects creep

compliance. Relaxation spectra was undertaken as a neutral means to indicate what
is termed a mechanical spectroscopy, something that is unique to a material. The intrinsic viscosity, on the other hand, is given by [77] = KMa

— lim ((f) —> 0) ^f 1 .

The

apparent viscosity is derived from steady shear condition and is related through to the
reduced viscosity by rjre(i = ^ ^ . A variety of viscosity measures were determined in
this study. The zero shear viscosity of solvent, however, was taken to be ^
0.89 cp. The specific viscosity of the solution is then given by r\sv = c 7 =

&

t 25°C=

r,0

~J1(>. These

together are termed the Kramer Koenig relationships and are applied under linear
viscoelastic regimes.
Shear thinning is given by the cross equation that is a function of shear rate and
is useful in defining the change in rj as a function of 7. The cross equation or the
Carreau-Yasuda Model can be used to understand the dependence of shear viscosity
on shear rate. The equation is given by

v -?7o

° =[i

+

(A7)Q]^

(6.2.6)

Vo -Voo

The symbol T?0 is the zero shear viscosity at 7 —> 0, r ^ is the infinite shear rate
viscosity (7 —>• 00) and A is the time constant. The critical shear rate is given by
l

/\, when the value of 77 starts to taper down. This model accurately predicts the

power-law region if good fit parameters can be found. On the other hand, the Cross
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equation is also available to model this power-law structure within the shear thinning
region and is given by
V Vo

~ °

= (1 + A y r

1

(6-2.7)

when m is known as the Cross constant and these equations are applicable for pseudoplastic materials—materials whose viscosity (rj) decreases with increasing shear rate
during steady shear flow.

6.3
6.3.1

Results and Discussion
D y n a m i c and Viscosity Tests

The dynamic tests were used to study the effect of fixed 7 coupled with variable u
on the behavior of solutions under crowded conditions and hence obtain G and G"
within an in-torque condition. A representative set of curves are shown for dynamic
tests in Figures 6.3 in page 191. Figures indicate the dynamic frequency test to
evaluate G and G and map the change in r. It was observed for increasing u> for
high frequency OJ viscosity drops appreciably. These response curves are synonymous
for all crowded polymers in this frequency response regime shown in Table: 5.5 on
page 153. As expected this complex viscosity in the linear response regime increases
with increases concentration of crowders.
The complex viscosity if follows a linear response for u> < 100 rad/sec in a crowded
regime of most substrates used and will be dealt with here first. In frequency tests
it has an initial transient state then follows a linear response without any change in
viscosity parameter for low frequency range. At higher frequencies ui > 150 rad/sec, rf
drops off appreciably in each case. The characteristic frequency where there seems
to be an angular dependence is also noted in all these dynamic frequency curves.
Taking the cue from steady tests, where a steady, increasing, 7 is applied, there is a
characteristic shear rate 7^. It is generally located at about the same point on the
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equivalent frequency regime curved This value of characteristic shear rate (70) is
usually equal to the characteristic LU0, from where the curve starts showing non-linear
characteristics and may split apart. This value is generally determined by finding the
intersection of two lines, one with slope=0 and another with slope=-l. This was done
in all these curves and the value of critical too appears to be approximately 120 rad/sec
for highly crowded conditions. The value of 7o = U>Q can albiet be used to determine
the recoverable compliance of matter and generally this exponential drop off is given
by a power law relationship 77 oc | 7 | _ p .
In the following sections, behavior of these materials is discussed with each sample
and concentration run across a spectrum of DSS with w = 4-7T, 8ir etc., followed by DFS
with fixed strains used in most cases. In each sample, a specific result is explained.
High rate of shear (7 > 100) s e c - 1 was not generally applied, although high frequency
tests were done (u « 350

rad

/sec).

Behavior of F i c o l l / D e x t r a n s
Ficoll, a spherical co-polymer had a G" of around 10 Pa via DSS using a fixed u = 8ir,
and about 4 Pa at tu = A-K while Dextran(76 kda) had a G" of around 2.0 Pa.
The 77* was around 303 cP for Dextran (76 kda) and FicolPwas around 334 cP.
Dextran's behavior was similar to Ficoll in terms of response to DSS and DFS. The
values of G for a DSS run in DSS jad a G of nearly 2 Pa . For example, the
more complex Dextran at ~185 kda, taken at 500 ms/mZ had a viscosity in the 13
Poise, almost two orders higher than what is estimated at physiological concentration.
However, the same Dextran used at only 10 m9Jmi gives 77 = 2.17±0.57 cP and already,
the instrumentations limit has been reached in being able to estimate viscosities
accurately. Dextran 76 kda has a viscosity of 2.08 ± 0.77 cP at only 20 m9/mi. The
corresponding storage moduli range in the 4.1 ± 0.10 Pa. Finally, PEG at 400 m9/mi
indicated a 77* = 68 ± 4.0 cP via DFS at 10% strain rate. In certain cases, over the
^Per Cox Merz Rule
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course of these experiments, the G became negative sporadically and hence is not
reported here.
Behavior of C S A
CSA run in DSS at UJ = IOTT gave a 77 = 150 cP at highest concentration of 400 ms/m/
that matched across various set ui = 2TT, An and even IO71". The magnitude of G
showed a linear trend across applied strain, and it was higher in the case with higher
applied UJ. Thus in the case of DSS test to = 107r, G" was approximately 4.75 Pa,
while G was around 0.13 Pa once steady rate was reached.
CSA sample set to 400 m9/mi had a ramped up G" from 1.2048 Pa to 41 pa for a
co = HO ™y sec at a 7 = 20% while G' ranged from 0.05338 Pa to about 2.6084 Pa
for a similar range. In general, the loss modulus was always above the storage. The
slopes of loss modulus was linear while the storage modulus had a jump discontinuity.
The phase angle always stayed between 82° to 89°. For example, CSA had a viscosity
in the linear regime in the 7.73 ± 1.86 cP at 100 ma/mi and only 13.5 ± 0.15 cP at 200
m

9Jmi. It can be observed that the storage moduli increased for increasing application

of ui for a fixed 7. The evaluation of 77* also indicate these are far away from water like
tendencies, and show anywhere from 245-309 cP (Table 5.5 on page 153). In the case
of a DFS test, G and G" showed a linear trend with increasing u and did not intersect
in the low frequency regime. On the other hand, CSA at w = 20-7T and applied DSS
had a cross over at 7 = 23.43 and Gc — 0.3696 (cross over not examined at higher
frequency). Cross over did occur in CSA samples when u> = 50

rad

/sec with a cross

over critical modulus Gc = 0.2067 at 7 = 2.1923 evaluated using TA Orchestrator™.
Reducing the concentration of CSA to 25 m9/mi, it clearly shows shear thinning power
law behavior with 77^=11.2468 = 0.00662 and at 77^=200 = 0.00280. This test was run
over a duration of 10 mins with ramped up shear. Finally, for 5 m9/mi, at 7 > 70%,
G' and G" are nearly the same and the same has a 77* ~ 2.0 cP and this is just past
c*, since at c*, rjsp = 2x solvent 77° = 0.89 cP and that c* [77] « 1.5 by scaling theory
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prediction. The evaluation of entanglement concentration was done empirically by
interpolating information from kinetic data, observed r\ and it seems to be around 10
m

9/mi, since it is the point where the scaling changes from semi-dilute to entangled,

or

Vsp ~ c5^4 becomes rjsp ~ c15/4 Thus, the intrinsic viscosity based on the evaluated

c* is empirically determined to be [77] « 0.3

ml

/mg. This number is also confirmed

by single point measures undertaken later (section 6.3.3) thus, it is not only clear
that the estimates of M„ = 25 Kda is correct in this calculation, but that there is
orthogonal proof of this number. Finally, at a concentration of only 20 m9/mi which is
probably nearly physiological concentration(s) of these GAG species especially CSC
had a 77 = 4.64 ± 0.11, meaning one is able to predict from the physiological viscous
conditions the approximate amount of GAG that may be present.
Behavior of C S C
CSC was studied in a wide range of concentrations ranging from 5 m9/mi upto 500
m

9/mito study its storage and loss moduli as well as complex viscosity and in some

viscosity obtained under steady shear (7). All cases were in torque through out.
Having evaluated the value c* for CSA in the earlier section, it became critical to
illuminate c* of CSC. On the same note, rjsp = 2.89 cP at 5 m9Jmi indicating r\csc >
r]csa at the same concentration.CSC at 5 m9/mi even had a cross over at u = 49.721
and Gc — 0.1043. This indicates the concentration regime is atleast not dilute and
77* ~ 2.89 Thus, when CSA has reached overlap at this concentration, the c* for
CSCmust be well below 5 m9/mi. It also proves the Mw > 25 Kda. Briefly, some of
the parameters are outlined here. The G was evaluated to be approximately 0.61 Pa
and G" was approximately 0.11 Pa in a DSS test under 70% strain condition.
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6.3.2

Special Studies

Field Reversal
Since much of these stress tests were always conducted by ramping up from low
frequency or shear regime, the effect of field reversal was also studied to understand
hysteresis and pattern of moduli. It is clear that the field reversal results in an increase
in r for an initial period which reverses itself quickly in direction in both cases (Figure
6.4 (a) and (b) on page 192). These were done in Dextran at two different molecular
weight, but at the same concentration of 400 m9/mi for two different 7. As expected
the loss moduli follows a linear response.
Crossover
Crossover studies were done to understand where the elastic and viscous moduli cross
to indicate a transition between viscous to elastic region. This crossover was observed
in both Dextran and CSA and an example is provided for CSA in Figure 6.5 on page
193. The crossover frequency where this transition occurred was marked using RSI
TA Orchestrator™and found to be w = 66.143 rad/sec . The crossover modulus was
also evaluated, where G' = G" = Gc = 0.363 Pa. This crossover was not observed in
very crowded regions nor dilute regions. For example, Dextran (76 kda), at 20 majmi
had a cross over uic — 59.677 and a Gc = 0.1921 Pa. Similar crossover were also seen
in GAG substrates.
Relaxation
In addition to these sampling of data, relaxation studies were also conducted on
CS samples and plotted in log-log as shown in Figure 6.6 (a) in page 193 and the
relaxation spectrum was evaluated in Figure (b) on the same page. Stress relaxation
indicates the presence of potential non-linearity at high v. The relaxation modulus
was also evaluated for GAGs The relaxation spectra is simply given by the inversion of
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the integral E (t) = E^ + f*™ H (r) e~^Td (In (£)). The graphs indicate the modulus
contribution with relaxation times in the logarithmic interval In r and In r + d In r
and express the bulk modulus in an auxiliary form that is not only neutral but also
is a kind of mechanical spectroscopy.

This is shown in panel 6.6(b). These could

be used to study relaxation of entangled systems as GAGs at or above physiological
concentrations.
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Figure 6.5 : CSA at 50 m9/mi 7 = 125% Crossover
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Table 6.2 : Intrinsic Viscosity (dl/g) Through Single Point Measurements of GAGs

Equation
I.
II.
III.
IV.
V.
VI.

M CS-C(6S),
~60 Kda
1.04
1.001
1.023
1.333
1.383
1.235

[V] CS-A(4S),
~25 Kda
0.452
0.423
0.423
0.432
0.457
0.462

Equations Refer to I. Huggins's Equation, II. Kraemer Maed and Fours's Equation, III.
Martin's Equation, IV. Solomon Ciuita's Equation, V. Deb Chatterjee's Equation and V.
Palit Kar's Equation

6.3.3

Single Point Viscosity Measures

Single point viscosity measures were undertaken from measurements of TjSp of GAG
made in a single point in dilute condition from which the [rj\ were determined using
five different means from rjsp (Table 6.2) The specific viscosity at a given concentration
was determined through the standard Huggins equation, rjsp (c) =
KH([V]C)

n{ c r,a

-'

= [77] c +

+ ..., where 77 was measured from a dilute concentration c. Zero shear

viscosity was determined from the extrapolation of viscosity obtained at low 7 or
shear rate and extrapolated to 7 = 0." The results indicate the intrinsic viscosity
[77] is very close to that of water that CSC with a M ^ in the 60 Kda range, has an
intrinsic above water and CSA is less than water. The overlap concentration is nearly
confirmed by Graessley curves shown in Figure 6.1 (b) on page 179 and c* = A
returns a value of around 0.9 m9Jmi for CSC and around 2.2 m9/mi for CSA. These
values also match with published data.
II Note, Zero shear viscosity is also discussed using an Ellis Model fit from dynamic data in this
chapter
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Zero Shear Viscosity
The evaluation of zero shear viscosity (rj0) was done via the Ellis Model fit equation
implemented via the dynamic tests. A select analysis of the data indicates the corresponding values for 770. For CSA at 200 m9/mi it was 87.7 cP, while for the same
substrate at 100 m9/mi it is only 26.9 cP. At near physiological concentrations of say
25 m9/mi CSC had a value of 4.93 cP. These parameters were evaluated for various
ranges and concentrations to understand the viscosity of a system as 7 —>• 0.
Temperature Sweep
Temperature sweep was performed to study the thermorheological effect133 on the
storage (G )and loss moduli (G") under variable temperature conditions. The conditional test DPS was run concurrently for each 1°C uptick, in a programmed manner.
Steady test (SST) was not done as part of integrated temperature sweep. The temperature sweep test was restricted to two samples, CSA 200 ms/mZ and PEG at 400
m

9/mi due to extremely long duration taken for the tests to be completed. A select

set of data involving r\ and loss moduli is shown. Figure 6.7 (b) on page 197 indicates
temperature sweep tests on two shape specific crowders, Ficoll 70™and Dextran along
with the evaluation of G" and H.
6.3.4

Cox Merz Rule

The Cox Merz rule is a serendipitous observation 186 that relates \rf (ui)\ = r\ (7) \uj=yThat this rule was satisfied at near physiological concentrations and low frequency
regimes is demonstrated by Figure 6.8 on page 198. This relationship has really no
theoretical basis, yet, eerily, almost all fluids obey this rule for values of LO and 7
< 7Q. Here, a select example (Figure 6.8 on page 198) with CSA at near physiological
concentration of 25 ms/mZ is shown along with other examples. This was undertaken
to show that indeed at physiological level, this principle is obeyed at low frequency
regimes and ideal linearlized conditions, while it will generally fail for concentrated
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suspensions at shear thinning regions. 21( ' In this superposition plot, the system was in
torque and no transducer ambiguities were noted. All data was acquired within linear
viscoelastic regime as well as under low frequency and shear. It is clear this rule is
obeyed well in the linear viscoelastic regime with only about 10% variability for other
solution concentrations of CS substrate. It seems more apparent in the concentrated
solutions, but the data varies equally for all solutions.

Figure 6.7 : Temperature Tests
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6.4

Limitations

During the rheological dynamic tests, which preceded many of the viscometric studies, there was a potential for rapid disentanglement that could contribute to abrupt
fall in viscosity, and hence the potential for lack of repeatability due to hysteresis
losses during cyclic entanglement-disentanglement. In addition, bulk viscosity measured through this means may not be uniformly applicable since wetting forces can
dominate at low volumes(as in the cell), which has been shown to exhibit a more
glassy behavior at a similar crowded condition. 218 Rheological techniques have severe limitations in delineating microstructures and measures the bulk effect of these
micro-structures. Rheology also is unable to distinguish for minor impurities since
their effects are negligible. The dynamic and steady tests did not, however, have
serious flaws although the use of block oven for temperature test resulted in serious concerns regarding evaporation. In spite of placing a wetted cover slip over the
sample, these data must be interpreted with caution. Serious limitations was also
noticed when the frequency regime was wide ranging from ultra-low to very high frequency, with a jump discontinuity in data (77) at around 90

rad

/s. This discontinuity

is indicated here clearly by a high decade experiment (Figure 6.9 on page 200). Unfortunately, this defect could not be rectified by any means, and thus was considered
a instrumentation defect, as there is ashift between ultra-sensitive and a less sensitive
transducer and such transition modeling is somewhat challenging to address correctly
during data interpolation. Hence, any frequency test with ranges in between 80-100
rad

/s must be interpreted with caution. Although different polymers exhibited differ-

ent viscosities ([77]) in relation to the solvent condition and also their individual

Mw,

the unperturbed dimension for the chain in the dilute condition is generally largest
for chains that exhibit large excluded volumes as well as being infinitely long. In the
case of GAGs the dilute solution R g condition may not be satisfied at short lengths,
since sulfated sequences potentially inhibit random coil folding and hence a switch to
WLC model was adopted for small highly sulfated fragments. The absence of a con-
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stant stress-Bohlin viscometer made this type of measurement necessary to ascertain
the overlap concentration c* through back calculation from the intrinsic viscosity [rj].

Figure 6.9 : Defect in Transducer
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Additional limitations arose because multiple fixture tests could not be performed
as wetting has been shown to play a role in measured viscoleastic parameters. 212 The
other strategy would have been to test eac fixture (plate and cone, parallel plate etc)
for the least viscous sample in a sample set, for a range of possible frequencies to be
examined in a dynamic frequency experiment. However, slippage may not have been
as evident using these fixtures at a low test frequency. This couette geometry is thus
preferred when slippage and flow under gravity is expected from samples that are
nearly water-like. Even so, torque(r) was mapped along with the measured storage
( C ) and loss moduli (G") and any jump discontinuity can be a measure of slippage.
Since many of the GAG samples were not available in large quantities, the smallest
of couettes with a 17 mm ID was chosen and can hold ~1.12 ml sample.
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6.5

Conclusions and Applications

The set of experiments here culminate the comprehensive bulk study of GAGs for the
first time, in not only were their c* and ce determined through scaling relationship(s),
but also the phenomena of chain breakdown at high frequency tests was observed,
Furthermore, a comparative study of various crowders at similar cellular level crowded
concentrations was also done. The dynamic as well as static studies indicate that at
nearly cellular concentrations (where entanglement is seen) would indicate <50 m9/mi
of GAGs in the ECM are sufficient to provide a r)* « 10 cp and thus GAGs are not
produced so as to make the system rigid, rather result in a viscosity that is nearly
water like. A comparable concentration of HA has been quoted in the literature
to be only about 2 m9/mi in the vitreous humour' 212 which may give rise to r)sp on
a similar scale, if one takes into account the Mw of HA. The analysis of the CoxMerz rule18<> was to show the dependency of viscosity on oscillatory shear as well as
show the concentration where a match existed between complex viscosity rj* (to) and
steady state ry (7) at the same value of angular frequency and shear rate, respectively.
Understanding Cox-Merz validity in low and high concentrations is also critical since
many samples do not obey this rule, 217 especially, a new relationship accounting
for elastic effects has even been proposed, namely that, rjcorr (7) = rj (w)|w=-y or
Vcvrr (7) = V* M L = 7 where, rj* = ^

+

^

= ^.

The rheological and viscometry data complement the well developed NMR, AUG
and FACE techniques for further study of GAG whether they be HA-GAGs or CS/DS
or even HS GAGs and potentially pinpoint the contamination of one with the other.
These techniques can also be used to understand the bulk properties of tissue (s), in
which GAGs occur in a mixture of proteins, and PGs and such intermixing studies may shed light on unique properties that evolve at a higher scale (C(mm))than
these molecular moieties which exist only at the C(nm) scale. The present study was
performed to illustrate the behavior of GAGs after viscometric and rheologic tests to
understand their dynamical behavior within the context of linear hookean viscoelastic
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regime as well as select viscoelastic testing both in a time and temperature variant
manner. Viscosity measures matched closely with known physiological conditions for
concentrations in the 20 ma/mi for GAGs. The extention of this work may have important consequences in studying GAGs as a novel material that can provide unique
structural properties in a concentration and Mw dependent manner for tissue engineered scaffolds. Since the cells produce a select number of PGs with unique chain
lengths and length distributions, as well as a unique number of GAG chains per PG
core protein, this work was developed as a template to study the GAG chain derived
from aggrcan GAG, (namely CSA and CSC) with unique levels of sulfation or polyvalency. For example, aggrecan is a very ubiquitous PG with large number of GAGs
and occurs in cartilage. Because the GAG composition of cartilage is strongly linked
with cartilage function and health, there is a strong biological and medical rationale
for examining the viscous behavior of these polysaccharides.
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Chapter 7
Implications
The question of degradation issues of certain oversulfated moieties was investigated
as well as the study of polymeric properties of the GAGs in a crowded media. This
research has shown that GAG sequences are not all degraded by a single chondroitinase enzyme. This result has also been confirmed by a number of authors. 102 ' 219 ' 220
although this previous work for sequencing HS-GAGs like heparin has used a different
combination of lyases and sulfatases. This work can be used to partially sequence
select set of substrates from tissue samples after purifying the samples from individual
PGs. At a molecular level compositional fingerprint can be obtained on any given
sample set to ascertain not just the percentage composition of these oversulfates, but
also their potential arrangement. To this effect, individual PGs may be extracted and
a selected subset of PGs and may be purified using size based columns. For example
the small leucine rich PGs may be selectively extracted and from them say decorin
or any of the PGs subpurified as described by Iozzo et al. 2 2 1 Enzymes like testicular
hyaluronidase may be used to break down these GAGs to obtain coarse fingerprints.
Thus, being able to obtain a to understand compositional complexity on individual
GAG chains on PGs may prove to be a critical step in mapping ECM fingerprints per
given tissue.
In addition, a novel method to study GAG degradation under simulated in vivo
condition has resulted in exposition of obstacle driven kinetic mechanisms that are
unique to cellular processes and are rarely encountered in vitro. Physical parameters
were also evaluated for these biological and crowding polymers and used to study the
degradation of GAG. In addition crowder based degradation studies may be extended
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to using cellular broth as a crowder, using a mix of cellular proteins, including actin,
collagen and other components to mimic the typical obstacle driven yet sticky nature
of crowded media. This can better illustrate the degradation of GAGs in vivo and also
illustrate the critical impact of shape and size of these random crowders. A model
driven hypothesis indicated short oversulfated fragments may be preferred in having
resistivity to degradation and may require multiple enzymes (lyases and sulfatases)
due to their local rigidity. NMR based studies may be extended by integrated use of
LC-NMR coupled with the use of HMBC and other 2D-NMR techniques to pinpoint
specific sulfation of select fragments as shown to be possible by Kinoshita et al.w8<11'3
and illustrate the sulfation and torsion angles of select fragments obtained through
the use of tandem-enzymes.
Finally, a brief overview of these crowded entitites along with the rheological study
of GAG biopolymer was conducted to understand the bulk behavior of these polymers. Rheological work may be critical extended to study the functional importance
of specific admixtures of proteins and GAGs to understand the effect of dispersity
on relaxation spectrum as well as the effect of specific shaped polymers and their
relaxation behavior.
Overall, this thesis provides substantial evidence to support the hypothesis that
that degradation of these species is controlled in vivo due to concentration of other
bystander species and this control is affected by the presence of unique bystanders
that have specific shape and structure.
Thesis Conclusions
It is predicted that oversulfated sequences of GAG, that may be partially broken down
from their parent chains may have unique properties in terms of persistence length,
providing them a longer half life-or a sense of protection in the cellular environment.
The informational

polymer that is critical to the cell may thus need be of shorter

length with higher sulfation, and hence having a higher residence time than other
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inert species. Thus, heparin and heparin-like sequence of CS, DS and HS GAGs are
probably active only if they are broken off the PGs, and PGs might be storehouses
of such essential GAG signals, than be signaling molecules themselves due to GAG
chains. This randomness of chain generation is in turn explored here, through a
purely mathematical perspective to understand what that may entail a sequential
pseudo-random generator present the cell.

7.1

(Pseudo) Randomness in GAG sequences

GAG sequences, as described earlier, are non-template driven, unlike DNA, RNA and
MRNA, are of finite length(s) and length distribution(s) per PG, with most likely a
structured component that has cellular function and an unstructured component that
is random in terms of sequence and probably inert. One is interested in understanding the putative structure of those sequences that may have a function from amongst
the myriad of functional- and non-functional sequences. The present study has shown
that these oversulfated components may occur in low amounts, preferentially on IdoA
moiety and may form a very minute component in the GAG chain. This work has
also shown that such short chains that are highly sulfated also possess unique microstructural rigidities and that such local micro-rigidities may need to be occur at low
percentages since sulfotransferases may not find the same flexibility to sulfate if most
of the chain is oversulfated. The lower amounts of oversulfates on a given chain is
also given credence in that local pKas are substantially altered if it is sulfated and
that persistent and large oversulfation can dramatically affect local pH and hence
these oversulfations are potentially quite rare. For example, a similar set of polymers
termed unstructured proteins are described in brief: Unstructured proteins occur in
over 30% of all proteins and can modulate interactions like GAGs. Indeed, intrinsically unstructured proteins (IUPs) are one class of amino-acid based polypeptides
that can attain this feature. The predominant aspect of these IUPs is that PTMs
occur in the component that is unstructured and these unstructured elements con-
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sist mainly of polar-hydrophilic amino acids similar to GAGs. Further, as stated by
Gsponer et al., 222 the writing, reading, and erasure of PTMs in these unstructured
region(s) is a ensured by conformational non-rigidity of structure. It is these unstructured sites are exposed to solvent space, and that PTMs like phosphorylation are
enriched in such unstructured regions, further increasing local charge-density of these
polar amino-acids. The implications of heterogeneity are thus very many, 225 ' 224 and
may have significant implications to the cell, as generating random series of polymer
elements contributes to a clear non-sequence specific functional role through generation of complex matter and a noisy transmission of information. 22 ' Understanding
the connection between GAG heterogeneity and pathological disease has thus only
just begun within a cell and as part of ECM. The compelling problem still remains
what is the means to capture this local over sulfation. Techniques like Isotope coded
affinity tags (ICAT) 22(> or Isobaric tag for relative and absolute quantitation (iTRAQ)
need to be developed to study GAG fragments from mixtures and this is of primary
concern if sulfation status needs to be pinpointed in a rapid manner, using either
NMR or MS.

7.2

Information Encoding and Distortion

The information encoded by the GAG chain is vast, and the process of this information encoding on a GAG chain is also very chaotic. The noisy enzymatic process
results in a significant heterogeneity even in samples assumed to be pure, like therapeutic heparin, 7 ' and thus the potential for both non-therapeutic sequences as well
as sequences with only partial or lowered activity is quite high. Thus, as Guerrini
et.al' 7 stated it:

"One consequence of this purification strategy is differential iso-

lation of various polysaccharide chains that together constitute 'heparin,'" implying
that much of the purification does reduce the sample heterogeneity space, but never
makes the same a homogeneous product. Now the question arises how is the information encoded by the cell through a noisy process, wherein only a small fraction of
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these sequences alone have therapeutic value and how could noise 104 provide a stable
means of encoding and transmitting information. In addition, heparin and heparinline sequence are routinely extracted from the gut of porcine intestinal mucosa, where
they seem to occur in more than just trace amounts, although the percentage of this
therapeutic component is significantly small and estimates range only in the 5-10%.fa9
Computational Complexity in Sequencing: A n Overview
In the introduction, a brief statement was made that this computational complexity
problem of GAG sequencing may be an MV hard type. This section goes into understanding alternate strategies as one tries to "listen in" on what the GAG sequence is
trying to say. For example, entropy of a sequence can be calculated using the Shannon's entropic condition. Shannon's formal equation 227 for entropy H (X) is given
by H (X) = E (I (X)) and the right hand side (RHS) denotes the expectation on the
information content on the random variable X. Thus, the random variables can be
expressed without much ado to provide the entropy
n

H(X)

= -^p(xi)\ogbp(xi)

(7.2.1)

i=l

where, p(xi)

is the probability of the random variable a^. Thus, the information

carrying capacity of GAG sequences is enormous, and sequencing impossible to do
in finite time. Further, using conditions for mutual entropy I (X; Y) = H (X) —
H (X\Y),

it can be said that one GAG sequence does not tell much about another

and hence, it is impossible to find a sequence, knowing another sequence that is
functionally polymerized in the same Golgi. The entropy measure can, however, be
used to understand the complexity of a given sequence.*
* Complexity is referred t o in terms of arrangement, a non-random patterned arrangement can
be taken to be more complex
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A n Alternate Sequencing Strategy: Developing A Molecular Decoder
Information encoding in GAGs is a pseudo random chaotic process. Thus, sequencing—decoding—must somehow inherently take into account the superposition of random or even pseudo-random noise in the sequence information whereby a minority of
functional sequences are overwhelmed by a majority of inert sequences. The decoder
as it is, must not only deconvolute the sequence space in one molecular sequence dimension but also isomer (GlcA/IdoA) occurrence and their position, sulfation state
on GlcA, IdoA, NAcGal, and density on the sequence, length of sulfation and their arrangement, branching and branching order if that occurs. Cuomo and Oppenheim 228
discuss a suitable Lorentz system. 229 which may be useful in understanding a dynamical system such as GAG production and degradation. This idea of noise-masked
signal and presence of chimera states 2 3 0 may be the way to understand how unique
GAG sequences form and get annihilated by the cell. These stable chimera states may
be those oversulfated sequences which when produced are ultra-stable and the cell
repeatedly ends up producing the same sequence and sequence fragment in a highly
orchestrated manner in the midst of disturbance. This analogy can be potentially
studied using experiments described to study cellular noise and stability of states
in the midst of noise. 29 Low copy numbers of unique enzymes may result in intrinsic noise in the sulfation status on the chains, yet, the concept of a stable chimera
and highly repetitive nature of sulfation of therapeutic fragments calls into question
the development of new experimental methodologies to understand this copy-number
driven phenomena. 231 For example, expression of genes in a single cell is stochastic,
yet ECM as a whole is made up of all the GAGs secreted from the cell-population and
that these oversulfated products occur in very small amounts. This directly leads one
to question whether this oversulfated is not quite an error in the sulfation, but that it
is inherent stochasticity in mRNA and protein copy numbers. An experiment could
be set up using fluorescent protein cfp and yfp for two colors to study the expression
of say individual sulfotransferases to start with and to understand heterogneity in
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their expression and the resulting population of GAGs. The use of a strong promotor
and an ability to control transcription within an oscillatory circuit 232 as GAG synthesis and degradation is critical to understanding sulfation status, and oversulfation
on these potentially critical GAG chains.
Stability and Resilence: Bifurcation Theory
Fundamentally, the next question is how can a physiologically critical sequence be
generated, not just in the case of heparin, but in other GAG as well and be maintained sufficiently by the cell?

This question was partially answered in the first

aim in combination with the next aim. The question of stability or being protected
from enzymatic

degradation was realized through the use of tandem-enzymes and

this hypothesis was made due to presence of cryptic sequences. On the other hand,
a standard non-linear ordinary differential equation for bifurcation to occur in one
dimension can be shown by x = /i — x2 and in two dimensions the system of equations
that deals with this type of a chaotic problem with a variable parameter /x is given
in first order differential equation form as:

x = n - x2

(7.2.2)

y = -y

(7.2.3)

where bifurcation means the structure of equivalent curves that change their shape
for various values of fi when plotting x vs y in the phase plane. In the case of a
sulfatase driven multi-enzyme linked reaction, one can rewrite this generic equation
(Equation 7.2.2) as a coupled problem of oscillators of multiple enzymes (say two for
simplifications). These have some inherent periodicity in their copy numbers due to
intrinsic and extrinsic noise 104 and angular frequency to in their transcription and
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translation and will result in equations of the following form(s):

0"i = fii + KY sin (02 - 0i)

(7.2.4)

e2 = n2 + K2 sin (^ - e2)

(7.2.5)

A coupled multi enzyme multi-dimensional system that is akin to a Josephson
junction would look like:
1 N
6i = n + asm{8i) + — ^2sm(ej)

(7.2.6)

Most recently, the Brusselatort has been developed, specifically to study oscillatory
reactions, as in GAGs, that are in a state of dynamic equilibrium and exhibit spatio
temporal dynamics, and the corresponding differential equations are:

0'i = 1 + e\92 - (03 + 1) 0i

(7.2.7)

02 = 0!03 - 0!02

(7.2.8)

03 = -0102 + a

(7-2.9)

In the generic form, these coupled equations can be rewritten using the Del(V)
physical operator and provide a mathematical mechanism for bifurcation to occur
as well as provide a stable set of curves over many perturbations and initial condit i o n ^ ) . However, it remains unanswered how these potentially critical sequences get
produced, in an orderly manner, in the first place and how they do not get produced in
t There are other oscillatory circuits available that model chaotic genetic circuits starting with
the repressilator 2 '"
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sufficient quantities compared to other mono or bi-sulfations. Furthermore, and what
might promote a stable formation of these sequences within a choatic environment of
sequence production? Whether orchestration occurs by physical means or physically
fixed proximity of enzyme and enzyme clusters, or can occur by a mere mathematical
means, should also briefly explored. This mathematical basis may be applied to two
or more enzymes involved in degradation machinery to study their combined periodicity in breakdown as a function of their copy-numbers. Alternatively, enzyme copy
numbers may be evaluated using a fluorophore tag or using an indirect measurement
of real-time Polymerase chain reaction (PCR) to evaluate the inherent coupling in
these reactions.

7.3

Bioinspired Materials

Having briefly considered a chaotic system as GAG (non living GAGs)it will be useful to develop materials of the future that are dynamically altered based on imposed
conditions and which can spring back to their original state, if the initial perturbation is not too serious. As such, these adaptive materials can provide time sensitive
properties, yet are stable enough for use. These have not been yet developed and
further study of GAGs and their inherent structure and formation will shed more
light on developing these materials useful for tissue applications specifically in artificial skin and organ grafts. GAGs are also inherently biocompatible and enzymes for
their remodeling are produced by cells. ECM is a major regulatory agent involved
in how cells adhere and grow. 2,ii The development of new scaffold based tissue engineered materials has required using inert ECM scaffolds that are seeded with growth
factors and other agents that promote cellularization at a later stage, yet do not often contain any ECM remodeling enzymes like an extracellular sulfatases. Further,
these materials provide a singular condition for growth to start with and such initial
conditions are sometimes very critical in determining whether a system will converge
back to its stable state or be taken far away from equilibrium. The use of ECM as a
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scaffold, on the other hand, was utilized in the first study to regrow hearts, however,
the potential use of GAGs and GAG fragments to mediate therapeutic enhancement
of growth factors without ever eliciting a biological response is extraordinary. The
sequencing and extraction of such fragments might be painstaking, yet their ability to
promote the development of tissue engineered constructs with very specific properties
need to be further explored. Growth, vascularization or even potential generation of
new organs as a whole is possible.
The precise understanding of GAG size and composition can be used to develop
new biomimetic materials that could potentially be conjugated to proteins either
natively or using a fluorophore through the Staudinger type reaction and thus improve
the function of a protein as well as give it shape-specific sequence properties. GAGs
are not only ionic in character, but also are stable in the presence of bases, specific
oxidants like reactive oxygen species, or even acids and mild heat. This property
is convenient, since GAGs could be incorporated well before any processing step of
the biomaterial and the biomaterial functionally modified to its final state without
needing to worry about changes to GAG. In proteins, much work has illustrated the
functional need to understand post-translational modification and the effect of PTM
on cellular signaling. For example, phosphorylation, ubiquitination and methylation
are some of the PTM that are known amongst the over 150 modifications that can
occur on all aminoacids except ALa, Gly, He, Leu, Met and Val. The addition of
longer chained GAGs adds another interesting facet in improving the functionality of
these native proteins and this aspect could be exploited in designing scaffolds with
incorporated proteins and growth factors that have enhanced functionality tethering
via a GAG chain. It is well known that many of the proteoglycans have special
properties due in part due to GAG chains,' 58 such designer proteins might prove to be
the next step in controlling scaffolds that have specific tissue regeneration properties.
Thus, it may be possible to improve the function of a given protein through external
post-translational modification at the Ser residue to make it an active agent in both in
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vitro and in vivo applications. For example, select oversulfated saccahrides extracted
and purified from tissues may be used to stimulate binding with growth factors or
other proteins necessary for ECM based modulation of cellular signaling.
Biology has also developed materials with specific properties simply based on
unique combination of specific GAGs and PGs, which occur in specific spatio-temporal
patterns, and such artificial combinations may prove useful in eliciting properties from
a single polymer like poly methyl methacrylate.
Conclusion
The understanding of unique structures within the GAG chain is difficult for a variety
of reasons. Therefore this thesis has illustrated the ability to use tandem-enzymes to
break apart CS-DS GAGs and deconvolute the sequence space—an extension of the
pre-existing strategy to sequence heparin. (),i Glycans have been visualized in the cell
using a variety of antibodies to Lectin, 2 *' yet comprehensive strategies to understand
the spectrum of glycans have not been yet developed. Biorthogonal chemical reporters
have also been used to visualize glycans using small molecule reagents that are actively
incorporated into the glycan of interest. U b For example, azide/alkyne labeled glycans
have been visualized using fluorphores like Cy5. These reactions utilize the well known
Staudinger ligation 237 yet they only cover a small fraction of the glycome. Thus,
expanding this repertoire is a must for in-cell imaging of the glycome and the various
families of branched and unbranched glycans.
This present work may be extended to fingerprint GAGs extracted from unique
PGs as well as understand the differential expression of GAGs taken from the same
tissue, but from different PGs, thus, providing some sort of extra-genomic fingerprint
on the tissue and tissue mechanics. At the cellular level, the development of microfluidics based artificial golgi 238 and artificial lysosome may illustrate the underlying
mechanisms behind degradation and confinement as well as illustrate the fundamental
need for organelle dependent cellular machinery. The nanoscale approach using con-
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strained microfluidics has slowly enabled the understanding of complex architecture
of golgi and its micro-arrangement where enzymes inhabit and synthesize and sulfate
GAG chains. The transfer of a SO^~ group to the 3' hydroxyl group of a D-glucosamine
using a 3-0 sulfotransferase on a HS chain within a fluidics confinement formed the
basis of this study. Magnetized nanoparticles were then used to detect increased
binding of this oversulfated chain to fluorescently labeled Antithrombin III and data
visualized using confocal microscopy. The percentage of chains converted using the
3-0 sulfotransferase to putative binding regions, as well as amount of HS bound to
the nanoparticle beads were also evaluated and it was found to be quite low, since
only very few of the GAG chains on these commercial heparin chains have putative
binding regions that can be potentially be modified to carry an extra sulfate group
that eventually can show marked increase in binding to AT III. All in all, this binding
experiment did indicate the possibility of using a microfluidics template to develop
new methodologies to selectively manipulate chains in a golgi like microenvironment
and eventually test for activity.
The development of ex-vivo strategies to undersatnding cellular synthesis and cellular breakdown of GAGs may have wide implications on the production and breakdown of these polymeric species and illustrate their fundamental need beyond attracting water and swelling. Yet, additional strategies may need to be developed to
understand how specific sequences evolve in a non-template driven manner and this
stands as a fundamental problem in itself. Strategies to synthesize oligosaccharides by
one pot synthesis have been developed, 60 ' 135,239 as an alternative. Overall, selecting
for activity from GAGs in an ocean of complexity is made easier through the means
outlined in these aims and they provide an outlook that may enable understanding
of bulk properties as they evolve from a molecular basis. This thesis further helps
deepen an appreciation of GAGs from the standpoint of structural complexity and as
stated by Dr. Paul Flory:
Investigation

of the conformations

and spatial configurations of macromolecular
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chains is motivated therefore by considerations that go much beyond its appeal as
a stimulating

intellectual exercise.

Acquisition of a thorough understanding

of the

subject must be regarded as indispensible to the comprehension of rational connections
between chemical constitution and those properties that render polymers essential to
living organisms and to the needs of man}

•'•http://nobelprize.org/nobeLprizes/cheniistry/laurcates/1974/flory-lecture.pdf
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Chapter 8
Appendix (I): Mathematical Adjustments
This chapter and the following chapter contains a number of theoretical methods and
provides rationales for the selection of algorithms and describes slight modifications.
These chapters also contain several sets of of eclectic results that were obtained over
the course of this research work.

8.1

W o r m Like Coil (WLC) Models

The Kratky and Porod Model 180 ' 202 needs only the contour length to determine polymer characteristics 240 in solution assuming that the chain in consideration has a
contiguous curvature that is not only random, but also has continuity in curvature in
each and every point on the chain. GAG chains are short and may be modeled using
this principle. A chain in a solution can be traversed, through the means of a vector,
say a,, referring to a given dimer's directional vector, and summing over the length of
chain that vector over for N such dimers. Hence, the end to end length is a vector sum
of these dimer vectors as given by r = Y2x a* > which is

a

vector that connects the

chain end to end end in a solution. The mean square end to end distance is the dot
product of all such vectors, in all possible ways, as given by (r 2 ) = (%2 ^ a,i»aj). The
dot product of each of these vectors (each with the same moduli, since they refer to
the same dimer) |aj| = |aj| is simply connected by a 9 angle and in terms where, i = j ,
and 9 — 0, gives the reduced form of the vector (r 2 ) = Na2 + 2a2 X)i=i Ylj=i+i

cos

^i,j

which reduces to (r ) = Na2 since the angles are random for a long polymer and the
summation of cos 9 = 0. Suppose the angle is taken to be a between any two adjacent
disaccharide in a chain, then the correlation between and amongst the disaccharides
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for two vectors, denoted simply, by u is given by ( « ; • l/j+i) = a2 cos (a) and for
monomers that are far apart the correlation between them oriented at some angle a is
given by ( ¥ j • u j) — a2 cos (ay3.

When, we take all units far apart and project it

to the first monomeric unit, then using the cosine of the vector and projecting all such
units on to the first unit, one gets the persistence length, a measure of rigidity,which
is a summation, as lp — J^ a (cos a)1 — a/i-ca&a... for a large number of monomeric
units. Suppose f is a constant and L = Na, refers to the contour length (lc) of the
polymer, where, in the case of long range correlation, as iV —> oo and a —>• 0 and by
appropriate simplification, n—j-, where lp = a/^- and using Taylor series expansion,
1 — ~ J ~ e~n = e'p . Further since each coil is in random motion, the
probability distribution of end to end distance is given by

Pl^.(™*y-M)

(8.1.D

Using the WLC model, the mean square distance can be written as a function of
persistence length and contour length as

< ^

2

W = 2 y c ( l - (±\

+

l

fe'^

(8.1.2)

and the contour length is in turn given by lc — nl for n-disaccharides, each of
a fixed length I « 1 nm. However, many of the GAGs in both crowded and in
vivo conditions exist in a polyelectrolyte/ionized condition, and hence the persistence
length denotes the stiffness of the polymer is given by
lp = l°p + 0.32 j fn'1

(8.1.3)

where, K~1 is the Debye length or the double layer around the polymer, / is the charge
on the polymer and can be 0.5,1.0, and 1.5 depending on mono, di, or tri-sulfated per
disaccharide (irrespective of position), lg is the Bjernum length and Debye length is
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in turn defined as
t

K

_
=

jeoedKT
2

=

V 2Ae I

f^KT

V 2FC0

1

=

v/^VTf

l

' ''

where the under braced item refers to the length of a monovalent symmetric solvent
entity condition, while A is Avagadro's number, K is Bolzmann's constant, eo is
permitivity of free space, and e^ is di-electric constant and T is the temperature
in kelvin. Similarly, the Kuhn length can be defined for a semi-flexible chain (that
follows a discrete WLC model as in GAGs) as j3 = 2/ c . Hence, knowing the Mw, it is
possible to estimate the structural parameters assuming WLC model.
8.1.1

Radius of Gyration

Radius of gyration is a single number that can be used to clump the effects of charge
and the length of the GAG species and is a measure of compactness, unlike persistence length, which measures rigidity. It is the root mean square distance of all
the molecules from the center of gravity of the system/species. Since many of the
oversulfated-saccharides are short-rigid rods, while longer length moderately sulfated
chains of CSA and CSG are semi-flexible coils, one can preferentially examine the
value of Kg in short saccharide chains. A sample figure illustrating such a chain is
shown in 8.1 on page 219. The angular correlation vector is given by t (I) — -rAf in
curvilinear coordinates. Thus, combining the equations stated above for r, and t (I)
—•>

it is possible to get (t

—>

(/) t (I')) = e

i'~'' i

'p and thus, the end to end distance is in

turn given by

(r2) = J ~t (h) ~t (h) dhdl2 = 2llp (L-l

+

e~t\

(8.1.5)

and can be reduced to (R2) « N2l2 for a short rod, for which the contour length
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r2

Rn

i

(8.1.6)

N
<—>*
6/

This is in turn correlated with the hydrodynamic radii as

(8.1.7)

Rg = ( - ) Rh

where, the hydrodynamic radii Rh is given by ( ^ - = jfsC^Zij^j

^ - ) ) ; an average

of all radii of N units in the polymer, or assuming a perfect sphere of known viscosity/diffusion coefficient, given in turn by the Stokes-Einstein equation. The more
generic form of Radius of Gyration is given by
^2 _ Iv
9

s2

P (*)

d

^

3

Jv P (s) d s

(8.1.8)

and Rg « Nu where, v = 3/5 for a good solvent v — x/i for a poor solvent and u = XJ2
for a 0 solvent, and N is the degree of polymerization.
Figure 8.1 : Conformational Angles of Polymer Chain

The two dihedral angles are as indicated for a chain with local kinks
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8.2

Reptation Model

The Reptation model of Degennes 183 ' 241 is based on the criteria that the chains are
restricted in motion perpendicular to their length vector. In the very dilute regime,
these GAG chains behave like ideal chains, where the radii of gyration is generally
related to the number of monomers in the chain. This monomer in the case of GAG
is taken to be one disaccharide and is given by Rg FH bNu, where, the exponent
is the excluded volume parameter that can take u = 3 / 5
dimensionality of matter, d, as v — -^

an

d is dependent on the

and at this concentration the chains do

not overlap in spite of their Brownian motion. In turn, the overlap concentration
can be written to approximate c* as c* ~ A''- 5 . The value of exponent is xji in
a 0 solvent and b is the size of monomer (disaccharide).

Overlap concentration

can be scaled by the theory of De Gennes as c* ~ JV1_3l/ . This scaling function,
is possible in part due to inherent scaling properties or self-similarity properties of
matter-polymers in semi-dilute solution. At this concentration range > c*, the blob
screening parameter £ is a distance scale which can accommodate a unique number of
dimers per blob. Any concentration at which the distance scale is < £, the polymer
contacts itself than a different chain and this would mean concentrations that are
dilute, or concentration ranges < c*, where the chain may exhibit volume exclusion.
However, when the concentration is > c*, the blob size becomes less than the length
scale of the polymer, and then the polymer behaves like a melt, where the screening of
volume exclusion happens due to another chain. However, within each blob, consisting
of a set number of monomer units, the chain behaves more like being in a dilute
solution, since monomeric units in a blob are unaware of monomeric units in another
blob. Thus, the chain has a random-walk characteristics, defined by R2 m ( — J £2 with
the end to end distance correlated through the blob correlation distance, the number
of chain monomers and the number of monomers per correlation blob. Although N
is known for GAGs, the other two parameters are not quite known. Further, the
3

correlation blob length is dependent on concentration to some extent as £ ~ c~4 and
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the average contacts between different chains per cubic centimeter is proportional to
i.

In the semi-dilute range, however, the chains have contact points, but are not

quite entangled with restrictive motion. And, the blob distance can be correlated to
the total number of monomers (say g) that interact per blob distance is in turn scaled
through g ~ £4 ~ (^-J 4 . Thus, in the dilute regime, the Zimm model is applicable,
while in the concentrated regime it is the Rouse model that is applicable, as one can
find the longest relaxation time within a correlation blob by using the blob size and
the diffusion of the correlation blob.

8.3

Comparison of R e p t a t i o n Model with W L C Model

One can assume the polymer chain to be made of a bead-like architecture which
encompasses the molecular entities as well as the sulfation on the NAcGal as well as
IdoA/GlcA. This bead model in such a semi-dilute and concentrated regime assumes
that hydrodynamic and excluded volume interactions are shielded at large length
scales when compared with the length scale of the correlation blob. Early studies with
non-cellular polymers have been undertaken by a number of authors who used low
frequency studies to collapse chain-length as well as molecular weight into the plateau
modulus and thus obtain scaling relationships by collapsing all the G' of the polymers
in question. This scaling relation through the Rouse model connects viscosity with
,

N3.4

entanglement concentration as: —^— = 60 x ( — )
°

, where the ratio is that of

\CeJ

VRouse

zero shear to the Rouse viscosity of an un-entangled system at the same molecular
weight and dispersity range. A better fit to this relationship was recently obtained for
certain man made polymers

r,p

/

x3.13±0.05

= (43 ± 2) x ( — )
\Ce J

VRouse

and further, r\v = % — ris

connects the zero shear viscosity to the polymer viscosity by subtracting the viscosity
of solvent. In addition, r\Rouse — rja ^ / c ; ) 5 ^ , where c* = A- and u used in the
previous relationship refers to the excluded volume exponent.
concentration is in turn given by ce =

x
M A

The entanglement

rf^~x, for the known Mw, the usual

weight average molecular weight, and the 2nd virial coefficient A 2 . This parameter
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A2 is related to the radius of gyration of the polymer as well as the molecular degree
of polymerization through: A2 (0) = ^f

~ jyvd-2

ancj

^e

osmome

t i c pressure ir is

defined by f; = \pv + ^ - A 2 (0) p 2 +... = jj + A2 (0) c2 . . . for a fixed mono-disperse or
nearly mono-disperse samples. These equaations are valid for non-GAG samples and
have been verified, where v is the virial coefficient for monomer-monomer interaction.
At dilute conditions, however, the relationship becomes pvRdG -C 1 where pp = fj
connects the density of the polymer p to the monomer density through the number of
monomeric units N. The unique conditions in GAGs include a dimer is approximated
as a monomer and that sulfation is uniform on all disaccharides irrespective of the type
of sulfation. In the semi-dilute regime, however, pvR% > 1 and the same relationship
for monomer-density still holds.
8.3.1

Flory-Fox Theory

The Flory Fox relationship 215 has been used to determine intrinsic viscosity in the
earlier chapters along with their further approximations such as where the chain
distribution in a dilute solution will be a Gaussian distribution in solution from the
center of gravity of the system. In that case, the intrinsic viscosity can be defined as
R3

[?)] a -jg-, which connects the hydrodynamic radii with the intrinsic viscosity [rf\. The
hydrodynamic radius R^ is related through the statistical root mean square distance
v r 2 or the statistical segment length form the center of gravity of the polymer Vs2,
which are definable. Further, either using a random coil model or a semi-flexible
coil model, the formation and use of fixed S-S bonds as in protein(s) is completely
eliminated and chain conformation may be explained through statistical means alone.
Thus, knowing only the molecular weight and average sulfation content, it is possible
to predict many a structural-conformational parameter (s). Higher molecular weight
GAGs with only a single sulfation per disaccharide in dilute solution may be easily
modeled using the Mark-Houwink-Sakurda Equation [rj\ = KM^a3,

accounting for

any intra-segmental interaction within the GAG chain. The intrinsic viscosity of a
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rigid spherical polymer is 2.5, and finally this intrinsic viscosity can be written in
R3

terms of molecular weight and radius of gyration as [77] = 4>-g- using the previously
used notations.
The, Mark-Houwink equation can be rewritten as R2 (0) = KM$

and 770 =

K x M3A for large excluded volume substrates such as GAGs where the mean square
end to end distance R2 (0) at lim c —>• 0 and the latter relationship has been shown
to hold for large excluded volume substrates as HA. The intrinsic viscosity is related
to the specific polymer's end to end distance r through the relationship [77] = ~jj-,
where N is the number of chains or effective disaccharides in chains. Further, the
overlap concentration is c* = v^m — rr>

wnere

^ n e overlap concentration is the high-

est concentration where the dilute condition Huggin's equation for specific-viscosity
rjsp can be made applicable: rjsp — r,^>Tl3 = [77] c + Kh ([77] c) + .... This equation relates the solvent viscosity 77s and 77 (c) the measured viscosity at a fixed concentration
"c"of a solution. The overlap concentration is also defined through c* = A™

CooM/t>? 1

where M denotes the molar mass, NAV is the Avagadro Number, and CQO = 0.0047
nm 2 mol g - 1 is Flory's characteristic ratio. Overlap concentration can also be given
ky c* ~ 8N6aR3(o)M a n d the mean square end to end distance is R(0) =

(C^AIL)1'2.

Another form of Mark-Houwink equation for a polysaccharide geometry is given
by D = KMa.
R2(c)

The Radii of gyration at some concentration c > c* is given by

= R2(0) ( £ ) * = §-sR2 and is derived from the theory of Daoud et al., 242

where the overlap concentration equals twice the spacing of the chains at zero concentration. As shown above, the radius of gyration also depends on the molecular
weight corresponding to screening distance as well as the corresponding molecular
weight for this screening distance. Screening distance is a concentration dependent
effect, where intra-chain interaction at some distance within a given chain is screened
or prevented by other chains. In addition, once the chains go beyond overlap concentration, the radius of gyration is defined through an entanglement concentration
relation ce = c* ( —^ ) , where, ce ^> c*
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8.4

Gauss Function

Gauss error functions are common mathematical functions applicable in a wide range
of areas and can take real or complex numbers within the integrand, such as in

$(x) = 4= I* e~t2dt

(8.4.1)

There are numerically converging values for this integral, given a limit, since these
functions as well as the inverse function can be written in terms of Taylor's series
expansion or asymptotic expansions depending on small or large values of x. Thus,
for small x,
O

/

/*»<i

/y«5

*w = v ? ( : c - ^

+

^

rpi

+

^ -

1

(8A2)

and for large x
e x
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,
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y/Zx V
2:r2
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'
and the inverse function can be written as

*/ x ,
$(z) « 1

*"'(«)-§UTT(^)

(8.4.3)
^
'

(8A4)

t=0

where,
t-i
n(m

m=0

v

+ l ) ( 2 m + l)
'

x

(8A5)

'

The Gauss function is applicable in the solution of Lamm equation starting with
Equation 8.6.1 on page 226.
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8.5

L a m m Equation

Overview
The very first solution to the governing equations of AUG was obtained by Fujita,2A,i
by deriving an approximate solution condition to the Lamm's partial differential equation for a sector shaped cell. Sedimentation of spherical particles in dilute solutions
in an arbitrary solvent 'a'is modeled in the absence of centrifugal force244

2Rl(pp-ps)

9

9r?

(8.5.1)

The above equation can be used to determine the s-value in one solvent v using the
appropriate density /viscosity of an arbitrary other solvent 'a', and say V , at the
same temperature as:
sv = s

a

^

^

(8.5.2)

Svedberg's initial equation 24 " for determination of sedimentation in solvent 'a'at angular rotation u and time pointsfy,and tm corresponding to radial distance r^ and
rm, respectively, is given by:
sa = \n^(cu2(tb-tm))

1

(8.5.3)

where, ps and pp are the densities of solvent and particle and sa is the sedimentation
value in the absence of centrifugal force and is dependent on the all the above values
as well as rj the viscosity of the solvent, and gravitational constant.
Sedimentation
Sedimentation in a sector shaped infinitely long cell is modeled by the Lamm's partial
differential equation.

The effect of two flux components, the sedimentation, and
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diffusional flux. Thus, the Lamm equation is defined as
^ (d2c

dc

1 dc\

2

( dc

where the first term in RHS is the diffusion term and the latter is the sedimentation
term, and the boundary condition is given by
D(~j-sco2rc = 0

(8.5.5)

at the inner/outer walls of the cell.

8.6

Approximate Solution to the Lamm Equation

The approximate solution c (r, t) at a given radial distance and time, for single species,
to the nonlinear Lamm' partial differential equation was initially obtained under
the Faxen approximation-regime by Fujita, 243 which idealizes the sample as a unimolecular weight solute molecule with constant diffusion and sedimentation coefficient
within an infinitely long sector-shaped cell. The approximation is given by:

c(r,t) * C " e 2 2 '"" ( l - * ( r " ( "' S f

+

'2°^

)

"l 0 g ( r ) ' ) )

(8.8.D

which can be simplified as

^^Hte))

<862)

'-

by setting the variables

r = 2Sco2t

(8.6.3)
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* = 21n( — )

(8.6.4)

where cm is the initial concentration at meniscus, D is the diffusion coefficient, at time
t, and rm is the radii at meniscus; and where once again the Gauss error function is
defined as:

$ (x) = 4= / e-t2dt

(8.6.6)

and using
r* (t) = rme^st

(8.6.7)

cp = cme-2s"2t

(8.6.8)

and

where cp is the plateau concentration, by normalizing with cp to obtain
2cu(r,t)
cP

=1_Q

frmlog(r*)-log{r)\
V
2^Di

g

/

where, cw indicates the concentration at a fixed u>. The boundary in itself moves
over time, thus, the s-value obtained at each radial distance through c (r, t) can be
transformed to give an unitary s* at a said r value, through what is known as an
apparent s-value,
ln^
< >

which is obtained from r* (t) = rmeu

=

-

$

•

(

8

-

6

-

1

0

)

s

"* by taking In on both sides at the rotor speed

UJ: (hence subscripted). Now combining, the above equations and setting 4> — ^ ^ at
a given u, we get
1 - 20 = $

2(

\0'5

V \M)

(8.6.11)

I
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Using the inverse error function, <J>-1 such that

where, s —>• r, and s* —>• r*.

$ (x) $ _ 1 (x) = a; and multiplying the above on both sides with this inverse function, (where s is the actual value as t —> oo ), and reducing the right hand side,

*->(! - 20) = ( * - < H ^ ( ^ ) ° - 5

(8 . 6 .i 2)

After rearranging, the linearized version of the van Holde Weischet equation is reached:

Su]

= s

2 x / £ $ - 1 (1 - 2<f>)
—=

(8.6.13)

Plotting s^ against 4= must give a straight line that meets at s as t —>• oo. Assuming
the model behaves ideally each of the lines then must have an independent slope as a
function of $ _ 1 while rotated through s at t —>• oo. However, s and D are once again a
function of concentration of sample-solute 1 ' 57 where, s — n+WrO) —

Sm

^

—

^ c ^ r ' *))

is applicable, for non-swollen structures. However, in polysaccharides, and GAGs
which attract water measurably, this equation is only made more complicated as
shown by Harding. l 3 ' To address this complication, a volume expansion term can be
added and this equation becomes

. = *. (l - k,c- [(c,,f ( J X / + 1 ) ) J

(8.0.14)

where, Vs is the specific volume of the swollen entity due to solvent, and (f>p ~
0.4 is the packing fraction, k is the Graelen Coefficient, and c is the concentration,
swelling, however, can be linearized if D, the diffusion coefficient, is independent of
concentration.

Although the original sample set might have a PDI

~ 1, one is

unaware how this dispersity is manifested at some point post-fragmentation with the
bi-enzymes and we are forced to deal with multi-component system of Lamm equation
and its solution as a purely non-ideal problem. For that matter, most polysaccharide
samples, including CSC and CSA are susceptible to having multiple species—meaning
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heterogeneous —multiple conformations, and even multiple morphologies (GlcA or
IdoA), as well as constitutional isomers of SO^ , in addition to the above mentioned
non-ideality; we do not know apriori their distributions, or even ranges.
This problem is tackled through two approaches, namely, the Enhanced van Holde
Weischet method (EvHW), and the C(s) method, both of which gives superior results
compared to the usual g(s) distribution. The following analysis clearly shows the
actual distribution data obtained from AUG with an unique distribution of sizes:

*

C(s) Analysis

*

Data Report for Run "01-13-09-CSC-4x-30mins", Cell 1, Wavelength 1
Detailed Run Information:
Cell Description:

CSC-30mins-4x

Raw Data Directory:

C:/Users/sriniv/ultrascan/data/100313/

Rotor Speed:

60000 rpm

Average Temperature:

20.0138 C

Temperature Variation:

Within Tolerance

Time Correction:

1 minute(s) 42 second(s)

Run Duration:

14 hour(s) 15 minute(s)

Wavelength:

232 nm

Baseline Absorbance:

0.202259 0D

Meniscus Position:

6.42 cm

Edited Data starts at:

6.464 cm

Edited Data stops at:

7.027 cm
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Hydrodynamic Settings:
Viscosity correction:

1.00194

Viscosity (absolute):

1.0016

Density correction:

0.998234 g/ccm

Density (absolute):

0.998229 g/ccm

Vbar:

0.720006 ccm/g

Vbar corrected for 20C: 0.72 ccm/g
Buoyancy (Water, 20C) : 0.281271
Buoyancy (absolute)

0.281269

Correction Factor:

0.99967

Data Analysis Settings:
Resolution:

50

Residual Mean Square Deviation: 0.0368545
f/fO:

1.58 (fitted)

(+) Baseline Component: 0
f/fO corrected for Water at 20C: 1.5905

Weight-Average sedimentation coefficient:
Weight Average S20,W: 9.9678e-14
Weight Average D20,W: 2.2499e-06
Weight Average Molecular Weight: 5.1105e+03

Distribution Information:
Molecular Weight:

S 20,W:

D 20,W:

2.1871e+03

6.3265e-14

2.5067e-06

( 49.511 \°/„)

2.5010e+03

6.9184e-14

2.3971e-06

( 33.225 \7„)

1.8071e+04

2.5857e-13

1.2399e-06

(

4.931 V/.)
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1.8695e+04

2.6449e-13

1.2260e-06

( 12.333 \7.)

Many of these AUG analysis models are idealized for specific conformations, D
value, etc., and hence it is difficult to estimate the true distribution for a polysaccharide species. u ' For example, in a two component system, with say a slightly different
s value, the following equation which is a sum of two concentration profiles

c(r,t) = \«^T*) fl-*f r " l0g ^ t '° g(r) ))

+

2yfD2t
arises. However, <& has different variables giving rise to two individual error functions,
namely, $1 and <f>2 , and one can potentially rewrite the above equation as

c(r,t)=l^-2

(i-^jj + f^f-

(l-$2)j

(8.6.16)

When making substitutions to normalize c,iTn with cp, where i = 1,2... the above
equation reduces to
c (r, t) = chp (1 - $ 0 + c2,p (1 - $ 2 )

(8.6.17)

Inverting this system is problematic, since <f>i (x) x $J"X (x) = x but <J>i (x) x $ 2 " 1 {x) ^
x. Thus, the traditional g (s) method using the van Holde Weischet method immediately fails to give bi-modal distributions unless assuming the same diffusion coefficients, and (or) making an arbitrary error function. However, if a compromise choice
in error function is made, wherein <J>i (x) -C <52 (x), this is solvable. However, when
<f> = 0.5 and Q~l (1 — 2 x 0.5) = $ - 1 (0) = 0 ; and <J? is negative for all positive value
of (j> and thus these inverse functions do not behave correctly at 0.5, meaning that,
the model is not totally right for even a homogeneous species. As discussed by van-
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Holde and Weischet, in their seminal paper, 142 experimental errors are one factor in
preventing these idealized lines from converging at apparent s. However, as discussed
above, at </> — 0.5 , the solution must be independent of 1/Vt, yet synthetic data based
work by van Holde and Weischet indicated there was a slight negative slope meaning
such linear fits were not the best mode to approach sedimentation modeling. The
algorithmic approach to finding the best van Holde Weischet extrapolation, for seriously heterogeneous systems has been discussed by Demeler et al. 142 although the
best technique to such a non-ideal, conformation/shape unknown problem remains to
be decided.
8.6.1

Exact Solutions t o Lamm Equation

These equations provide an alternative to understanding sedimentation in homogeneous media and modeling sedimentation, but, de-convoluting heterogeneous nonideal media (by conformation), is only enormously complicated. However, the exact solution of the Lamm equation for homogeneous, model-independent system was
achieved by Fujita, 243 with Equation 8.6.2 on page 226. Using the same terminology
(except for those noted below),

c (r, t) = ^ p

( l - <E> ( 0 + ~e~^

(8.6.18)

where,

(l - (fee-)*)

£=

(e(l-e-r))^

(§8inh(r))*
&3 (l +

2D
Suj2r2m

5.6.19)

(8.6.20)

(Ke-T)^

(8.6.21)
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and,

The error function can be approximated as:

$ (C - S) ^ <& (0 - ^ e ~

e

(\ + 8i + \52 ( 2 f - 1 ) )

(8.6.23)

Multiplying both sides by the inverse error function, <J>-1 and dropping terms on the
RHS that are of 2nd power and products of 5£

$ - 1 (f - S) $ (f - <J) ~ fc"1 (£ - 6)
($ ( 0 - ~Se-?

[\ + 6£ + ^

2

(2£ 2 - 1 ) ) )

(8.6.24)

and applying <& (x) $ _ 1 (x) = x and where <J>_1 = <&_1 (£ — 5)

f - <S ~ $ _ 1 (1 - 2p)
Assuming as t —> oo then, 5,30 = 5

(8.6.25)

J V , at a fixed u> (the rotational speed), and

making certain approximations as described by van Holde et al, l n 0 the corrected svalue of the accurate solution of Lamm equation comes about as:

^

8.7

^

=

Z™°_

(8.6.26)

Algorithms for SV-AUC Analysis

The solution to the sedimentation curves as a function of friction factor and the
observed sedimentation curves is given by the Fredholm Integral

a(r t)

c

x

t i,xd

< -Jf H) {'H''7y ) (i)

(8 71)

-
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By setting 4- = fw, the weight average friction factor, the above equation reduces to

a(r,t)=

f J c (s, fw)

X

(s, D (s, fw) r, t)dsxd

(fw)

(8.7.2)

where, a (r, t) is the observation over a time t, that is, a summation of the concentration c (s, fw) between two elements, s and s + ds and /„, and fw + dfw, since each of
the sedimenting species s will have an unique fw. Diffusion coefficient is defined by
D,which is stated as

D W

=

^

r

. - » ( , ( Z ) j

i

((,_&)

x / v

)-»

,,,3)

where the Stokes law under low Reynolds condition is applicable,

/o = ^W

(8.7.4)

and /o is the solvent frictional coefficient, and / is the solute frictional ratio in anhydrous media, and r is the hydrodynamic radii, r\ is the solvent viscosity, and kb is the
Boltzmann's constant, and T = 293°C. The frictional ratios attain values depending
on conformation: j - = 1 when GAGs are spherical in solution, and 4- > 1 if rod or
coil shaped. Using the s-value, one can derive the molecular weight using Svedberg'
equation as:
•5°
20,™
• ^22 0 , w
5

M = RT

— -^~1 - vpv

(8.7.5)

and when all species have the same D and friction factor, the Equation 8.7.2 reduces
to
a(r,t)

=

c (s) x (s, r, t) ds + e

(8.7.6)

where e is the error in measurement at each time scan. This function can be in turn
transformed to give c(M),

the molecular weight distribution, as follows using the

same assumptions and using a different kernel function for x from Equation 8.7.2 on
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the preceding page as:
a(r,t)=

fc (s, M) L (M, D (s, M) r, t) ds x dM

(8.7.7)

where, the new kernel function is L and the transformation from a s-value domain to
a M domain is achieved through the scaling function

c(s,M) = c(sJw)^-

(8.7.8)

This scaling assumes that with increasing mass, one would get an increasing s-value
and /„,, which may not be the case, since folding conformation can change this idealization. As multiple c (M) can be used to fit the integral, the need arises to find
an unique c(M), assuming c(M) is always in the positive range; thereby restricting
the search space. These equations can be solved for separable kernels using a matrix
reduction method or through the use of a Fourier series expansion method. However,
not all solutions are acceptable, and not all solutions make the data stable. If D is a
constant, the function L (M, r, t) can be approximated as:
L (M, r, t) = e~2uJlsMt x H (r - r* (M, t))

(8.7.9)

r* (M, t) = rmew2sMt

(8.7.10)

and

where SM corresponds to the s-value at molar mass M, the subscript 'M', stands for
the usual meniscus, and a change-of-variable approach is used for the solution. These
approximations are applicable for large macromolecules, hence the contain slower
diffusion coefficients and are not applicable for small molecule(s). Two regularization
schemes, namely the maximum entropy and Tikhonov-Philips regularization methods
are available, for making data robust for analysis. Regularization is a methodology
to introduce a selective bias in order to be able to pick out the positive solution that
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best matches a predefined norm or property. In the maximum entropy regularization
scheme, we add the following term to Equation 8.7.7 on the previous page and apply
a minimization approach:
Min
c(M)

J2
v id

a(ri,ti)~

I

+ a I' c (M) In ( c ( M ) ) d M

c(M)L(M,n,U),
\dM

J

L

(8.7.11)
and in the Tikhonov-Philips regularization is performed, through the following
routine:
Min
c(M)

a

J2
i,j

(n,U)-

+ a / | c " (M)\2dM

I' c{M)L(M,ri,ti)dM

L

J

I

(8.7.12)

J

The parameter a is adjustable and is obtained through a variance ratio as discussed
by Schuck.24(> Further analysis of these statistical methods are not undertaken here
although these enable the solutions to be robust when small fluctuations in C(s) can
cause large changes in C(M) or result in data that is not believable. They are in turn
applied within least squares fit (Ls-g*(s)) described below, which is very suitable in
XL-A, where it is forced to contain the number of scans taken per minute. The above
Fredholm integral can be thus written in terms of an apparent s-value (s*) as
PSmax

a(r,t)~

g*(s)U{s,r,t)ds

5.7.13)

and the kernel function U is given by

U = e~^ x ( ° ) (

r<

,ui2st

Y

(8.7.14)

else

This can be solved using least squares minimization:

5.7.15)
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which takes into account N discretization points. A few algorithms are known
to solve this type of discretization problem, namely, the NNLS 24 ' algorithm can be
applied to prevent g* from being negative, and (or) as described above, regularization
can be applied when one does not a priori know the number of discretization points
N. However, the applicability of this method at low s-value is drawn into question
once again as brought forth by Philo 248 and hence many possible algorithms are
undertaken in this work to evaluate CSC and CSA GAGs. Then, doing the same
for singlet samples (CSA, 30 mins and CSC 2x at 15 mins). On one hand, the C(s)
method can be used to provide the s-value distribution using a method similar to leastsquares fit,247 yet this also accounts for multiple D-values and hence frictional ratios
f/f0.

Thus, the Fredholm Integral of second kind can be discretized approximately,

accounting for radially Invariant (RI) and transiently invariant (TI) noise, as well as
variable diffusion coefficients Dk,i (s/c, (fr)i, ?1, tj) as

Ns
a

Nf

(ri, tj) ~ ^2 ] C
fc=i

Ck lX

'

(Sfc' Dk>1 (5fc' (•£•)*)' r ' ' *i) bn (r*)

+

@RI & )

(8.7.16)

i=i

Although the above numerical method do not adopt any sort of prior belief that
the C(s) or C(M) distribution must assume a fixed modality (uni, bi, etc.), or specific
conformation (rod, sphere, semi-flexible coil, etc.), they can also be adopted into
the solution state as implemented within SedFit software.

For example, one can

specify a predominantly expected species of GAG fragments and use that to calculate
the distribution of C(s). 1 ' 9 Further, the S20™ value at 20°Cmay be transformed into
approximate molecular weight using a variety of distribution relations. In addition,
when multiple components in the form of finely distributed set of M ^ or sized species
are present, the time derivative method then becomes applicable. This method might
be especially suitable in this working case, in addition to the EvHW technique which
gives a rough estimate to start with. Thus, the derivate function, g* (s)t in the case
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of time derivative equals

• M.-l-^Kd^TrMfY-^'
8.7.1

("-17)

S V - A U C Analysis w i t h W L C Model

Returning to a model dependent analysis of sedimentation using the WLC model,
which either uses a fixed persistence length or a floating length along with a known
partial specific volume v, this model makes use of the translational friction factor S
of such a worm l ' 7 to determine the approximate sedimentation value. Given a worm
of contour length L, immersed in a solvent of viscosity 770, and r, the normal radiating
vector from the center of axes of the worm such that \r\ = a, the cylinder radius, the
assumption is that the flow field that is unperturbed is non existent.
The cylinder of worm is replaced through the use of a force distribution / (x) along
each unit length of cylinder axis where x denotes a point on the axes, that is relative
to a point P on the cylinder surface; further, the vector relationship ru0 then holds,
where the vector TIQ denotes a unit vector parallel to the axis. Suppose another point
is located on the axis, say y then let R denote the distance between these two points.
This transformation is through the use of Oseen Burgers procedure and is commonly
utilized in understanding worm like and bead like systems. Thus, the velocity field at
the surface point P of a solvent if the worm itself moves, or the point P itself moves
say with velocity U, given by

v(P) = -U+

[ T ( - R + r)f (y) dy
Jo

(8.7.18)

where T is the Oseen Tensor and is given by

.7.19)
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where I is a unit tensor and can be referred by a unitary matrix with 1 in the
diagonals. However, in a worm, the sum average of velocity vector over radius r is
zero or (v (P))(( r )) = 0 for all 0 < x < L. Thus, utilizing this relationship for (v (P))
and Equation 8.7.18 on the preceding page the sum average relationship is

/ (T(-R + r)){r).f(y)dy = U
Jo

(8.7.20)

Now, the Oseen Tensor described above in Equation 8.7.19 on the previous page
is once again averaged and results in
( T ( - R + r)) = - ^ ( | R - r | - 1 ) I

(8.7.21)

07T77o

Now, substituting, Equation 8.7.21 in Equation 8.7.20, the resultant equation becomes
/ ( | R - r | - 1 ) ( / ( y ) ) d y = 67rr?0U
Jo

(8.7.22)

and by taking an arbitrary function such ip (y) such that ( / (y)} = 67r?7oV; (y) U, and
making this substitution for ip in the Equation 8.7.22, the resultant equation becomes
/ (\R-r\-1)4>(y)dy = l
Jo

(8.7.23)

Making the transformation connecting the axes points to the vectors K (\x — y\) =
(|R — r | _ 1 ) , the above Equation 8.7.22 becomes

/ K(\x-y\)i>(y)dy
Jo

= l

(8.7.24)

Transposing the variable within ip to x, the mean frictional coefficient force is given
by(F)
(F) = / ( / (x))dx = QTTT]0IJ / V (x) dx
Jo
Jo

(8.7.25)
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and the translational friction factor is thus in turn given by the ratio of force to
velocity as E = *JJ- or substituting Equation 8.7.25 on the preceding page,

S = 6vr7?o f ip(x)dx
Jo

(8.7.26)

This equation is further reduced using the procedure of Kirkwood Risemann to give
rise to
E = 67rrl0L2(f
8.7.2

J

K (\x - y\) dxdy\

(8.7.27)

Friction Factor in t h e Limit of a R o d

This material has been adapted in part by the works of Norisuye et al. 249 to understand the change in friction factor as the conformation shifts from a semi-flexible polymer to a rod, which seems to be possible in GAGs when they are oversulfated. Now,
selecting the Equation 8.7.27 and applying the transformation J0 K (\x — y\) ip (y) dy =
1, the new equation for friction factor after integrating the double integral over the
limits turns out to be

^ ^
^

= L - 1 [L (L-t)K
Jo

(t) dt

(8.7.28)

where, \x — y\ = t. This relationship is obeyed until L/d ~ 4 (the ratio of length do
diameter). Beyond this limit, there is an edge effect and the system starts to behave
as a rod, as is the case with GAGs.
Continuous Distribution w i t h Prior Knowledge
This particular subtype of C(s) method assumes a set initial distribution to preexist
in the solution state in addition to other minor distributions, and deconvolutes the
sedimentation data using this premise. ?
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Floating Partial Specific Volume
The application C(s) of floating v is necessitated in the computation when a mixture of
sedimenting species is possible and the assumption of v = 0.61 ml/mg might be invalid,
even if sedimenting species are polysaccharides since this value can potentially range
from 0.5-0.72. 137
8.7.3

A S T F E M Simulation Theory: In Brief

ASTFEM has been utilized as the norm for predicting sedimentation by numerical
simulation of Lamm's equation. Primarily, it is a FE technique of discretizing the
space and numerically evaluating a weak variational formulation. The main technique for simulation is described by Claverie et al. 147 and has been numerically implemented by a number of authors and improved by Cao et al. I 4 u The Lamm equation
is converted to a weak form by multiplying by an arbitrary function, say v (r, t), and
integrated over t and r domains, where the limits of r are from the base to meniscus.
The numerical solution is found for the weak form by appropriate discretization of
the space and preventing oscillations in the base of the cell by suitably discretizing
the number of finite element segments.
8.7.4

Conclusion of Analysis M e t h o d s

The problem of SV is complicated when an unknown blend of small-molecule species
with unknown concentration/diffusion/conformation -profiles sediment at different
rates and we even have no a priori estimates regarding what is the best speed to set
in AUC. Additionally, when some or all of these species repel/attract one another
either through solvent interface or through a homo-aggregation, SV profiles can get
enormously complex to deconvolute the multi-component multi-signals that overlap
on a single moving boundary. However a preliminary study has been adopted in our
work on native carbohydrates to ascertain if heterogeneity still exists far out in the
degradation regime. We were also far-out from the dilute regimen (possibly within
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the entangled regimen), to maintain sufficient OD in the AUG instrument, and thus,
these results are only a best estimate. In the future, interference optics or better yet,
the Schlieren optics could provide an outlet to reduce the number of ambiguities one
may be faced with in AUG.

8.8

Theory on Light Scattering of Polymers

Particle size measurement depends on the properties of light interference with particles in random motion in solution state. The interaction in light scattering, depends
on size of particle as a function of diameter (d), the refractive potential or index of
the media (m), and the incident wavelength of laser A = 659 nm, which is however
the only known. The properties of matter that is being tested is unknown, including
size, shape and structure and sample. The solution to this light scattering problem is
derived from Maxwell's electromagnetic theory as well as Mie theory, which describes
the properties of light-intensity as it is scattered. The intensity of scattered light at
a given detection angle 6 is given by

I { 0 )

-

Sn*&

(8 8 1}

' -

where %i and %2 are the parameters of Mie intensity in two orthogonal components,
namely the vertical and horizontal, IQ- In light scattering, the assumption is that
d < A and preferably the resolution limit is reached when d ~ j ^ . Further, knowing
the initially presumed size of particle, either d <C A or d ~ A one can rewrite the
approximate intensity of scattered light as:

or

1 {e) =

w^{m -1)2 (1+cos2 * ) p {e)

(8 8 3)

--
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respectively, where P (6) = -^ (sinL — Lcos L), L — ^E^L- sin | and m! is the solvent
refractive index. These values were obtained from 9kdlsw™suite (Brookhaven Instruments Inc) and refractive index of water/solvent was assumed. Once the intensity of
scattered light is known the autocorrelation function can be written as

C (r) < I (r) I(t + r)>

lim i - f
T0->oo i

0

I(t)I(t

+ r) dt

(8.8.4)

7o

Autocorrelation function comes into the picture because scattered light at a given
instant has a weak signal, and cannot be used by itself for much calculation and
hence is routinely matched against signals further in time to find changes, whichis
caused by the random motion of particles. Autocorrelation function is thus used to
extract useful information about particles in Brownian motion in a solution. The
decay rate of correlation function directly indicates the rate of movement of particles,
faster the decay, the faster the motion of particles. The decay rate is due to faster
movement, which in turn is related to the diffusion coefficient of the particle D. The
auto correlation function is thus given by
C (r) = e- D " 2T

(8.8.5)

where, q = ^ p sin | and the relaxation rate is T = Dq2. Thus, the effective diffusion of the particulates in dilute solution can be evaluated using the Stokes-Einstein
Equation D = e^TR , where K is the Boltzmann Constant, and r\ the solvent viscosity
at temperature T.

The autocorrelation function is generally converted to electric

field correlation function using the Siegert relationship C (r) = B (1 + f2\g\ ( T ) | ) ,
with constants, B and / . The electric field correlation function is 1^ (r)| = e F r x
(l + ^f-r2 — ^fr 3 + ^f-r4 . . . ) where /^s are the cummulants and the particle polydispersity u is a function of the cummulants as u (u + 1) = ^f. Thus, the correlation
function for a polydisperse system can be written as a sum of decay functions of
individual sets of monodisperse components that form the polydisperse entity as

244
9i ( r ) = X^"C« e ^ _ r i r '-

The solutions of these equations once again require Fred-

holm Integrals for regularization, Ref Section: 8.7 on page 235. To perform DLS on
unknown polymer samples (of unknown Mw), the determination of overlap concentrations* was done using the Graessley curves 250 and hence performed just one or two
concentration runs for each of the samples, in repeats. The average scaling function
of such a Mw, the weight average, is given by

Mw oc Rdg'

(8.8.6)

where, df — 1/v and v is the Flory exponent, df is termed the fractal exponent,
and can take values depending on conformation of the polymer. Thus, the radius of
gyration of CS samples can be evaluated alternatively, knowing the Mw and the Flory
exponent or the Fractal dimension especially in a G solvent^. In the experimental
setup for CS samples ideal solvent has been used. Thus, the analysis of scatter data
of polymers is undertaken using a variety of algorithms discussed below.
Algorithms for DLS
The NNLS method 2 4 7 has been used throughout for analysis and is discussed here
briefly. It tries to minimize the equation x 2 = Y17=i ( ^ (r») — ^2T=i ^>ie^~liT^ ) where
Ci (TJ) is the time correlation function at Tj, and bj are the coefficients in the expansion
that defines the size and hence size distribution for decay rate 7j. The calculated
kernel % is used to recompute the autocorrelation function and compare with observed
measures. NNLS, however, depends on the initial value, as well as the number of
unique steps used in the above summation. An alternate algorithm CONTIN has been
sparsely used, here since the same methodology was utilized in both DLS and AUC.
CONTIN 2i>1;2;>2 is a general purpose program for statistically noisy data processing
* Assuming all our polymers to be straight chain, unbranched polymers using published weighed
average molecular weight for a batch number
^In a 0 solvent, polymer coils behave ideally and can assume random walk conformation
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as in DLS and has been implemented in a variety of software suites.

8.9

Flory Huggins Theory

Flory and Huggins independently developed a lattice model to explain the characteristics of a solutions which they found were not ideal. Flory Huggins theory however
indicates the measurement of intrinsic viscosity from specific viscosity and in turn this
has been used for a variety of single point measurements of intrinsic viscosity as shown
below. The very first equation (Equation vrefeq:fheq) is the generalized equation of
Flory-Huggins, 2;>i followed by Kraemer Maed Fuoss equation 8.9.2,254 Martin's equation 8.9.3, 255 Solomon Ciuta's equation 8.9.4,25(i Deb Chatterjee equation( 8.9.5) 256
and finally Palit Kar's equation 8.9.6.25<)

•<^ = [r]]+K"[r1fc+...
c

(8.9.1)

where, K' = K" + 0.5

UnVrel

= [r]}-K"li1}2c+...

In ^ = In [r?l + K [v] c
c

[rj] c = ^/2r)sp - 2lnVrel

[rj\ c = y 3 In rjrel - 3r]sp + -??2p

[77] c = y 4Vsp - 2Vl + ^ ? p - 4 In Vrel

(8.9.2)

(8.9.3)

(8.9.4)

(8.9.5)

(8.9.6)
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Chapter 9
Appendix (II): Complementary Results
9.1

Preliminary Work with Mass Spectrometry and NMR

Initially, standard di-saccharides were used in MALDI conditions to understand the
effect of matrix in the range of 400 < m/z < 1200 range as shown in the set of Figure
9.1 on page 247 that includes a matrix control and various saccharides mixed in the
1:100 ratio with matrix, and spotted on the standard steel plate. The use of CID
technique was adopted to understand fragmentation. It is clear the m/z for M + in
each of the saccharides is inherently masked by the matrix and is not even observed.
Although MS was not pursued as part of this thesis, certain initial developments
were made to study the effect of a novel matrix-free technique (figure 9.2 on page
247) within the Bruker MALDI™instrument* to size GAG and small sugar polymers. 7
Since Di-hydroxy benzoic acid (DHB) or other liquid matrices give rise to peaks in the
m

/z < 1000 dalton range making the identification of peaks of GAG fragments in Fast

atom bombardment (FAB) mode, a matrix free chip was mounted on a special steel
holder that went on the more ubiquitous steel plate. The arrangement of Dcsorption
ionization on silicon (DIOS)™chip as well as the mount is displayed here.
The absence of ESI or FT-ICR, a more suitable configuration for studying GAGs
was not available for this work. Further work using MS was thus discontinued due to
inability to separate fragments before being applied on DIOS™chip.

*Assistance in machining parts from Richard Crouse and Dr. Sandy Yates, currently at Bruker
Daltonics Inc.

Figure 9.1 : MALDI MS on various Saccharides in DHB Matrix
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Figure 9.2 : DIOS™Maldi Set Up with Adapter plate developed in house
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9.2

Purity Analysis

The enzymes purchased form Seikagaku were ascertained for compositional purity in
the 10s of Kda range using a protein geU. Such impure enzymes are the norm when
commercially purchased (Figure 9.3 on page 249). They were tested in Prof. Parry
lab and this assistance is gratefully acknowledged. The gel indicates the presence of
potential Bovine serum albumin (BSA) contaminant at the 70 Kda range as well as
other protein based contaminants or fragments of proteins. Some of the bands in the
FACE gels were construed as impurities and they are eliminated as follows. Thus,
there are impurities in the enzymes in the 10s of Kda range, since the protein gel
indicates other bands and one of it, atleast, is BSA.

t Assistance from Dr. R a m Garg is gratefully acknowledged

249

Figure 9.3 : Purity of Commercial Enzymes Through Protein Gel
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9.3

M e t h o d s in Nuclear Magnetic Resonance Spectroscopy

ID NMR
Since a number of one dimensional methods are performed in this study, a fundamental set of equations are described for ID analysis and extended over for all 2D
experiments. For example the differential energy for a spin 1/2 nuclei with a proton
excess in one of the energies is given by AE = J3o§^ and the equation that connects the radio frequence v with magnetogyric ratio 7 = ^ / w and magnetic field
BQ is given by v = _B07/27r (.'. AE = hv). At resonance with applied radio-frequency
pulse the larmor frequency VL — u — B 0 7/271-. Fourier transform of Free induction
decay (FID) gives the shift in 8 unit or ppm. Since many of the 2D experiments
13

C -1 Hwere run overnight the signal to noise ratio of an NMR experiment be-

comes critical: S/N = AT27 exe (

o7 et ras

^ v

J ; where, with the natural abundance of

13

C ~ 6000 less sensitive than lH the duration of a 1 3 C experiment is longer, requires

more sample (^> fig) and unlike a proton spectra a few scans is just not sufficient.
Isotope labelling also could not be adopted in any of the studies making such carbon
HSQC hard to perform and analyze. However, persistence paid off finally with a
handful of samples.
Correlation Spectroscopy-COSY
COSY is used to determine a molecules's connectivity by determining the coupling
of protons by using a series of one dimensional experiments. Each cycle of one dimensional experiment has a set series of frequencies, delay and intensity of pulsing
sequences. For example, the pulse sequence in a lH —x H experiment consists of two
*/2 proton pulse, with a phase cycled incremental evolution period t\ and acquisition
time £2- In between each of the pulse sequence that are 90° apart, the spin of 2 D is
allowed to precess and final data is collected after the last pulse. In COSY the first
pulse is followed by evolution time, while the second pulse is followed by measurement
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time and the data is fourier transformed to change the variable from time dependent
signal to XH ppm signal. The diagonal respresents equal frequency in both dimensions
and means that magnetization has not changed by mixing and 4 J coupling constant
representing 4 bond coupling is set to zero, while all 3 J couplings are taking into
account and magnetization transfer is only through scalar coupling; various cycling
strategies can also be adopted, for example, vector model phase cycling, coherence
model phase cycling etc.
Total Correlation Spectroscopy-TOCSY
This experiment gives much more data than COSY and the magnetization is dispersed
throughout the complete spin system at distances that exceed the three bond criteria
described above. After the first evolution period, the magnetization is spin-locked by
a series of 180° pulses and coherence transfer is possible between all coupled nuclei in
the spin system even if they are not coupled directly. The mixing time is used to adjust
for and select for long range coupling across many bonds, for example in the case of
GAG species a mixing time of 80-100 msec may be appropriate for understanding the
coupling between Hi-He hydrogens.
Heteronuclear Spin Quantum Coherence Spectroscopy-HSQC
This is preferred since the natural abundance of

13

C is very low. Since HSQC is

a double Insensitive nuclei enhanced by polarization transfer (INEPT)Technique, a
brief overview of INEPT is undertaken below.
The magnetic intensity is determined by magnetogyric ratio 7 and the proton
nuclei has the very highest frequency and is most sensitive compared to many hetero
nuclei and that the INEPT makes use of selective inversion of one of proton transition
doublet, and thereby generating a new population that is in AX system, but is in
disequilibrium. Thereby the
enhancement ratio is ±2K

13

C can be seen with higher intensity band, while the

~ 4. There are multiple individual INEPT techniques that
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could be applied, but they will not be undertaken here. HSQC on the other hand
is a double INEPT experiment: In brief, initially proton magnetization takes place
and the first INEPT study commences wherein in the IT delay a proton antiphase
magnetization is transferred to the next attached heteronuclei

13

C which evolves

followed by a 180° degree pulse in the first evolution time t\. After this evolution
time, a double 90° pulse is applied to both the J H and

13

C and the magnetization

goes back to the proton. The proton is in-phase magnetized and is then detected.
Decoupling methods are also utilized where in a composite pulse decoupling technique
is used to remove

13

C —1H coupling in a

13

C experiment to give only the chemical

non-equivalent carbons in the compound, since coupling will result in far too complex
a spectra with peak overlap.
Heteronuclear Multi B o n d Coherence Spectroscopy-HMBC
Unlike HMQC, single bond coupling are neglected and is a proton detected experiment
showing upto a quartenary carbon and its coupling. Similar to the HSQC this method
detects long range coupling between *H and

12

C. In brief, there is an initial 90° pulse

followed by a second 90° pulse. The first pulse created coherence at the one bond
level couplingis negated, unlike HMQC by alternating the

13

C phase and the second

pulse creates quantum coherence in the longer range. Finally, post evolution time,
the magnetization reverts back to single quantum proton magnetization and provides
extensive information on the backbone skeleton of a molecule. HSQC and HMBC are
most suited for understanding mixtures of carbohydrates as in this study.

9.4

NMR Spectra

A number of other spectra were also acquired and are in the process of annotation and
are shown here for completeness sake. The COSY was used to extract partial data
shown in Table:4.11. The overdegraded spectra are shown in Figures 9.4 on page
253, 254 etc. It is unclear what the reaction mechanism for such overdegradation
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Figure 9.4 : ID NMR of CSC (Sample 3, Potentially Overdegraded): Alkenyl

4

\f\l\

F 1 ,.A J^'1

could be or what the potential products are. But, as these were observed in on of
the same reactions, they are included for the sake of completeness, in all the regions,
including Alkenyl (Figure 9.4 on page 253), Anomeric (Figure 9.5 on page 254) and
full (Figure 9.6 on page 255) spectra as well methyl region(Figure 9.7 on page 256).
The acquisition of TOCSY was also done and has been included here for the anomeric
region, Figure 9.12 on page 261.
A d d e n d u m : Analysis of Glycosaminoglycans
Lauder et a l . " 5 comprehensively fingerprinted GAGs and found an interesting chromotogram (Figure 9.13 on page 262) with digests. Note, that the amount of certain
oversulfated ADi-saccharide(s) is < 2% by comparing areas and many possible tetra-
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Figure 9.5 : ID NMR of CSC (Potentially overdegraded): Anomeric
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Figure 9.7 : ID NMR of CSC (Potentially Overdegraded): Methyl
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Figure 9.8 : ID NMR of CSC (Potentially Overdegraded): Full

F i g u r e 9.9 : 2D NMR of Sample 1 CSC:COSY
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Figure 9.10 : 2D NMR of Sample 1 CSC:C0SY 6S a
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F i g u r e 9.11 : 2D NMR of Sample 1 CSC:6S G/3
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Figure 9.12 : 2D NMR of Sample 1 CSC:TOCSY Anomeric
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saccharides are not even found although the resultant breakdown products are. Further analysis of individual enzymes indicates that not all products are found when a
single-eliminase (C-ABC or C-ACII are used). This sensitivity has been shown to be
enhanced by the use of CE-LIF instrumentation, 257 ' 2 ' 8 however, FACE does not have
the resolution or a means to indicate the intensity in a repeatable manner especially
the lack of ladder(s) and inability to resolve all tetra-saccharides and beyond. Hence,
a number of statistically significant calculations have been shown only for a major
bands, namely ADi-4S, ADi-6S etc and none so for the minor di- and trisulfated
entitities since they were only qualitatively observed when the saturation intensity
was passed-over in the major bands and most of them were seen repeatedly. Further
confirmation on the fact oversulfated sequences occur in very minor quantitities, yet
are very critical are found in a number of publications by Sugahara et al. 108 as well
as multiple PhD thesis. " ;2G
Figure 9.13 : Lauder's LC on GAG Fragmentation
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9.5

Optical Methods

The establishment of A = 232 nm was made as follows.* This was the mode of choice
in Kinetics, and MS. It is well established that A max = 232 nm for the diene bond
of the unsaturated uronic end (AU, shown in Figure 1.9 on page 26). However, the
absorbance scan of this has not been published in literature and has been used by
many authors without question. A simple GAG degradation study was conducted
and scanned over a time frame. This not only shows that indeed such a value can be
reached with my samples, but also that no other peaks are found over long duration
of time. Thus, any over degradation does not produce other chromophores. The
maxima is very close and is not sharp as it was expected(Figure 9.14 on page 263).
Figure 9.14 : Absorbance Scan of GAG Products Over Time Course
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Wavelength X nm

Absorbance Optics
This is the instrumentation implemented in Optima XL-A™. Similar to the Schlieren
set up a xenon flash lamp is used in the UV range and can be collimated to a particular
* Assistance in initial set u p obtained from J o h n Wright
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wavelength using software set up, the Proteome Lab™. The range of the lamp is as in
any other UV spectrophotometer, 190 < A < 800 nm. The advantage is this lamp is
that it is actuated using a mechanism that triggers it for the short time or the scan
rate that is set up, and not only that, it will trigger at precisely the time when the
specified cell starts passing underneath it. The flash rate is also specified to be ~ 2
per cell. A double sectored sample cell is used, where the absorbance measurement in
the reference is subtracted from the sample cell-well each time the detector picks up
the absorbance as an OD reading. Similar to the other optics, the light goes through
a collimating aperture and slit, to allow for light of specific wavelength (as in our
case). Further, light is back corrected using the same principle of homodyne (DLS),
whereby some intensity is corrected for. Since the intensity of light each time is not
statistically the same,fluctuations are corrected, lest the absorbance is affected more
so by this intensity change by same fluctuation. Thus, unlike homodyne where light
is mixed, here, a section of light is reflected back to be checked or normalized to
adjust for pulse variations as the lamp is flashed rapidly. Once the scan is done at a
given point, the slit moves a bit to scan at the next radial position and thereby scan
through the sector-shaped-sample cell by a motor assembly set up. Like the optics
set up used for the current study, dr ~ 5 fim , while the slit is much larger. The light
after passing through the sample, strikes a fairly large Photomultiplicr tube (PMT)
which records the absorbance over the entire length of the cell, and over time, as the
lamp is flashed repeatedly over the duration of the experiment. This absorption scan
obeys Beer Lambert's law and linearity at OD < 1.5 and hence all experiments need
to be performed below this range. The absorption spectra can be once again derived
back to the Beer Lambert rule,

A = loge 'o/i = e x e x a

(9.5.1)

Where Jo=Intensity after passing through solvent, J=Intensity after passing through
the sample, e=Absorption coefficient (3800 M _ 1 cm _ 1 ), c=concentration of sample,
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and a = p a t h length of cell for further plotted concentration dependent Svedberg value
curves. Finally, the light scattering detector instead measures the intensity / (t) and
becomes a turbidity detector and can also be used alternatively along with any of the
above detectors to measure multiple parametes on the same sample. 144
Interference and Schlieren
Interference optics is implemented as part of Optima XL-I™; this technique makes use
of Rayleigh interference principles, where in the refractive index of media affects the
speed of light. Thus, the refractive index, which is in turn a function of sedimenting
particles,are representative of the concentration of sedimenting species. The Optima
XL-I has a diode laser set to A = 675 nm from a light source above the sample, which
then goes through double slits and is navigated into both the sample and solvent cell
windows. The concentration profile, in the sample cell causes light to bend differently
across the cell radii, and causes the fringe patterns to develop. Thus, one can say
through the number of fringes J (r), which is related to refractive index difference Are
through, where a is the centerpiece-thickness. Further, one can relate the refractive
index difference through the refractive index increment to give J (r) =

—^^-c^),

where, c (r) is the measure of radial concentration in the sector shaped cell, as usual.
On the other hand, Schlieren Optics utilizes difference in refractive index or index
gradients (coupled with a Rayleigh interferometer with knife edge phase plate that is
in focus of a condenser lens 144 ) and allows for non-reference based optical measurem e n t s ) of variations in refractive indices, of which, can be wide. A monochromatic
light source, either filter based or a xenon flash lamp can be used which is collimated,
deflected via a 90° prism, before entering the chamber through a clear window. The
light that exits the sample cell is focused on the face-plate via a condenser lens. Like
the absorbance optics set up, the schlieren optics set up consists of a camera/detector
assembly that is house above the XL interface set up. The image obtained as a
schlieren peak can be processed quantitatively. The vertical shift in schlieren peak
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indicates the refractive index gradient ^ which can be inferred as concentration gradient ^ and hence, curve integration of the schlieren peak indicates the concentration
gradient. The refractive index increment is also available as part of static light scattering set up and can be hence inter changeably used if needed on an independent
basis. The use of Schlieren optics is not possible in Optima, and has been only implemented in the older Model E system and available in only very few labs around
the world.
Plane Polarized Imaging
The property of birefringence is a critical property to be studied in optically anisotropic
material, where the anisotropy results in a optical inhomogeneity in the direction of
light that depends of speed of light in vacumm and the relative refractive index of
media. This small study was to explore whether GAGs, with their inherent heterogeneity are inherently birefringent. Optical Spectroscopic studies was performed at
Carbon Nanotechnology Laboratory-' to ascertain whether the chiral molecules of CS
and DS will somehow form liquid crystals and exhibit bi-refringence property . Their
persistence lengths are well below the limit required, especially for CSA and CSC.
Since the critical concentration was not known, highly crowded media was made and
viewed under plane polarized light.
The Figures 9.15 on page 267 indicate the set of plane polarized images and they
are not any different from the controls (b) and (c), indicating that native GAGs do
not exhibit birefringence. This result was not wholly unexpected, but was attempted.
DLS C u r v e s
Although a number of polymers were characterized and shown earlier, some mixture
studies were also done to study the size distribution of the system as well as vari§ Significant Assistance from CNL and Dr. Natneal Behaptu of Prof. Pasquali lab
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Figure 9.15 : Optical Plane Polarized Light Imaging at 50x
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(a) CS-A 200

(b) CS-A 400

(c) PEG 400

Multiple Concentrations were used along with a PEG an
Achiral Control

ous correlation curves plotted for ever increasing concentrations in dilute conditions.
Some of these results are shown here in Figure 9.16 on page 268.

Figure 9.16 : Light Scattering of Various Polymers: Other Results
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9.6

Overall Instrumentation Schema

The design and development of this thesis can be summarized by this schema which
is a representation of the various methods used and the overall process design for
capturing molecular and structural characteristics and is shown in Figure 9.17 on
page 269.
Figure 9.17 : Instrumentation Schema
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9.7

Homology studies

Alignment of these GAG breakdown enzymes were conducted to demonstrate their
sequence level dissimilarity inspite of their broad-substrate selectivity. The parameters set within ClustalW include k-tuple(l), Window size(5), gap penalty(3), gap
open penalty(l), using a Block substitution matrix(BLOSUM 62) and the results
are shown below.
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1RW9_AIPDBIDI CHAIN|SEQUENCE
1HN0_A|PDBIDI CHAIN|SEQUENCE
10FL_A|PDBIDI CHAIN I SEQUENCE
consensus

^

509
554
808
248

^

%

I

^

3JC

**

3 T V E H G ^ R 1 V H 1 E • G^HAlLDDSPgli 1RW9_AIPDBIDI CHAIN|SEQUENCE
PY
Q | T i Q S D i L I D S • NGNS L I T QAEKVN 1HN0_AIPDBID|CHAIN|SEQUENCE
10FL_A|PDBID|CHAIN I SEQUENCE
* ** * *

537
583
837
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MlTRslslsGvlliGlAlVQQRMTlY
PBllHPlVS . . . AE . .|KNRQPTEG^pSAW
0IACN
YFELlElIKiRG^iAlY

NK . . . . PE 1HM2_AIPDBID|CHAIN I SEQUENCE
SV . . . . DL 1RW9_A|PDBID|CHAIN I SEQUENCE
TPEKMGEM 1HN0_AIPDBID|CHAIN|SEQUENCE
l D p T H K D ^ E | . ._
FI. . . . NV 10FL_AIPDBID|CHAIN|SEQUENCE
LlPSMASEHALlFDML
******
consensus
VINHGARP
VG VA

^HG
P J

862
SOO

**

G^». •

275
591
637
890
326

EI|KYNIT
AQ|FR|N
NGYAIHFl
*
***

DVHIILDjjLSN
KEYCApRLK|ElPH

619
665
919
355

MV

QAlEHTA.
.IKLSVA
AAT
M

V|
GYAMQi. .ASIEiK
QLMLKGNLFFKDKPYVYPiF|DDYFI@K .

1HM2_AIPDBIDI CHAIN|SEQUENCE
1RW9_A|PDBID|CHAIN|SEQUENCE
1HN0_A|PDBID|CHAIN|SEQUENCE
10FL.A|PDBID|CHAIN|SEQUENCE
consensus

634
679
934
384

GlEIETDK
. .LG.ASG
WflKK.VNK
..NS.WTGNVALGVEKGIPVNISANRSAYK
*

1HM2_A I PDBID | CHAIN | SEQUENCE
1RW9_A | PDBID | CHAIN | SEQUENCE
1HN0_A | PDBID | CHAIN | SEQUENCE
1QFL_A|PDBID|CHAIN|SEQUENCE
consensus

642
684

ICffiLIlHp^QV
.1CAVFSJHGNEJS

941
411

kll|MTHlQKDT|l
PVKIKDIQPIEGIALDLN|LISlG||T^IPL

1HM2_AIPDBID|CHAIN|SEQUENCE
1RW9_AIPDBID|CHAIN|SEQUENCE
1HN0_AIPDBID|CHAIN I SEQUENCE
10FL_AIPDBID|CHAIN|SEQUENCE
consensus

656

IHAD1

698
955
441

LAVSEI
^ & G . .fcLTL . P E i T i
VSliVTlDLNMTRpflPlli. PVpBNVTINBlfi
S|DEV
RPYfc

681
720
984
450

N.|VKIDgPQQ.ElA
S|VLlGAgLGTDAD|.lST!MLPTT.|LS
QlADKNSE.VKYQVSlDNTEMlfSYFllP
LK . . I M P ^ Y A . . . . L . TARpA|RAAK|K

694
748
1013
473

qLiAlYHQQLD
• TWSPE«1AK

T|

| A . .TVE.fBK
@KTjgii|aLKR
n FltfUlc! P IHP
AVfflRN|.EH
* *** * *

fe--l S-

L
T

HUii AV PiRDLKTa2T

1HM2_A|PDBID|CHAIN|SEQUENCE
1RW9_AIPDBID|CHAIN|SEQUENCE
1HN0_A|PDBID|CHAIN|SEQUENCE
1QFL_AIPDBIDI CHAIN|SEQUENCE
consensus

1HM2_AIPDBID|CHAIN|SEQUENCE
1RW9_AIPDBID|CHAIN|SEQUENCE
1HN0_A|PDBID|CHAIN I SEQUENCE
10FL_A|PDBID|CHAIN I SEQUENCE
consensus

1HM2_A|PDBID|CHAIN
1RW9_A|PDBID|CHAIN
1HN0_A|PDBID|CHAIN
10FL_AIPDBID|CHAIN
consensus

1HM2_AIPDBIDI CHAIN I SEQUENCE
1RW9_AIPDBIDI CHAIN I SEQUENCE
1HN0_AIPDBIDI CHAIN|SEQUENCE
10FL_AIPDBIDI CHAIN|SEQUENCE
consensus

I SEQUENCE
I SEQUENCE
I SEQUENCE
I SEQUENCE

276
(X| non conserved
1 conserved
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