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HPLC and ESI-MS analysis of free radical degradation of Chondroitin sulfate

1. Abstract
Chondroitin sulfate (CS) is vital component of bone and cartilage; it is widely used as a daily

supplement in the management of arthritis. Reactive oxygen species (ROS) are involved in vast array
of biological processes ranging from regulatory functions to damaging effects in disease
pathogenesis. Mass spectrometry is a major tool in deciphering unknown chemical structures,
particularly tandem MS. In this study mass spectrometry coupled with High performance liquid
chromatography (HPLC) gives some insight into the potential mechanisms involved when ROS are
made to attack CS. HPLC and coupled mass spectrometry showed that the free radical
depolymerisation of CS yielded an N-acetylgalactosamine (GalNAc) and a uronic acid with varied
sulfation. This led us to investigate the possibility of other means of free radical generation with the

potential to degrade CS.

Alkaptonuria an ultra-rare (1:100000-1:250000) in born error of metabolism resulting in the
accumulation of homogentisic acid (HGA) due to a deficiency in homogentisatel,2-dioxygenase.
Polymerised HGA is excreted in the urine and deposited as an ochronotic pigment in cartilage. The
mechanism of HGAs polymerisation is yet to be concluded due to the complexity of its reactions.
This study aims to breakdown individual steps in HGAs biochemistry using mass spectrometry. This
will provide further insight into the potential reactions HGA can undergo in the body and propose
some mechanisms on how it may polymerise. Using mass spectrometry it became apparent that
HGA polymerised when in the presence of copper and whilst HGA in water also yielded a dimer, the

structure of which was proposed computationally.

Little is known on the mechanisms that underpin the displayed symptoms of AKU, it is known
however that the polymerisation of HGA does play a role and is responsible for the ochronotic
pigmentation in AKU patients. HPLC and ESI-MS was used to investigate the potential interactions
between HGA and CS and propose that HGA is able to degrade CS disaccharides when in the
presence of a copper catalyst. And that this interaction will play a role in the early onset of arthritis

in AKU patients.
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2 INTRODUCTION

2.1 Chondroitin sulfate
Chondroitin sulfate(CS) is a linear heteropolysaccharide first isolated from cartilage in 1884 and

described in 1925. It consists of a repeating disaccharide motif composing of glucuronic acid (GlcA)
and a C4/C6 sulfated N-acetyl galactosamine (GalNAc) joined by B(1->4) or B(1->3) linkages (Lauder
2009). ltis found in many tissue types and a varied sulfation profile that varies on the source
organism, tissue type and age (Clegg et al 2006); for example bovine tracheal CS is predominantly 4

sulfated whereas articular is mostly 6 sulfated (Bayliss et al 1995) (Tablel).

It is a member of the important glycan class of glycosaminoglycans (GAGs) that includes: Keratan
sulfate (KS), heparan sulfate (HS), heparin and dermatan sulfate(DS) and hyaluronan (HA). These
GAGs, with the exception of HA , are covalently bound to a protein core forming the proteoglycans s
such as Neuracan (CS), prelecan (HS) and fibromodulin (KS). More specifically, CS is bound to the
protein component via a tetrasaccharide linkage region that is O-linked to a serine on the core
(Figure 1). Other classes of glycans can be attached to protein via an asparagine residue and are

known as N-glycans.

Protein core

Figure 1: Chondroitin sulfate polymer consisting of alternate GlcA and GalNAc residues with a tertrasaccharide linkage
region O-linked to serine residue on the protein core. This tetrasaccharide linkage region is also shared with DS
polymers.
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Chondroitin sulfate can be present in a number of forms, the most common of which is
chondroitin4-sulfate (CS-A), there are many types of Chondroitin sulfate (CS-O,A,B,C,D,E,F,K) that all
vary based on their disaccharide linkage or sulfation (e.g. CS-B is also referred to as Dermatan
sulfate, the major difference being that DS is composed of iduronic acid rather than uronic acid). In
this study only chondroitin-6-sulfate (CS-C) dermatan sulfate (CS-B) and CS-A will be reviewed. It is
possible that different CS chains may contain a mixture disaccharides with varied sulfation and may
be of varying length depending on where they are most abundant in the body (Volpi 2009). Chain

length can also vary with age exercise and joint injury (Brown et al 2007).

2.2 Dermatan sulfate
Dermatan sulfate is a naturally occurring GAG found mostly in connective tissue and skin in humans.

DS can also be found across species such as in Ascidians that possess 2-sulfated iduronic acids
(Pavao et al 1998). It is synthesized by changing the stereochemistry of C5 of GIcA into an iduronic
acid (idoA) which is an epimer of GIcA; this allows for the difference in function compared to CS
(Figure 2). As a result of the position of the carboxygroup in IdoA, DS has a more flexible
polysaccharide chain (Thelin et al 2013). In both CS and DS the tetrasaccharide linkage region
(attached to a serine on the core protein) is almost identical because of the 4-0 sulfation arising

from the epimerization.

A major difference between CS and DS is that DS is known as a copolymer in that it can be composed
of 2 types of disaccharide repeating unit- GalNAc and GIcA or GalNAc and IdoA (Silbert and
Sugumaran 2002). CS on the other hand is believed to be composed only of the GalNAc-GIcA
disaccharide (Thelin et al 2013). DSPGs can influence structure and function of the ECM as well as

cellular behaviour (Seidler and Dreier 2008).

CS can exist with varied length dependant on the source or on the degree of cartilage degeneration.
This means that the molecular weight of CS can vary from 20 to 100kDa which is important when
determining the method of separation from complex mixtures. The chain length is dependent on the
core protein, tissue location and disease contexts. So CS is a complex polysaccharide with a varied

molecular weight which contributes to its chemical properties (Tat et al 2010).

Variation is CS structure can also occur due to the degree of sulfation which can occur on any of the
free OH groups (4/6SGalNAc or 2/3S GlcA) which can generate a possible 16 isomers. These isomers
may behave and respond differently to reactions such as hydrolysis or polymerisation (Hardingham

and Fosang 1992).
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Figure 2: Disaccharide unit of CS-A: B-glucuronic acid-(al-3)-N-acetyl-B-galactosamine-4-sulfate. CS-B: (Dermatan
sulphate) B-iduronic acid-(al-3)-N-acetyl-B-galactosamine-4-sulfate. CS-C: B-glucuronic acid-(al-3)-N-acetyl-$-
galactosamine-6-sulfate.

2.3 Production
For analytical studies (Also in this study) CS is commercially available in a powder form which is

extracted from animal cartilage and purified (Tat et al 2007). The extraction process in commercial
CS results in degradation and reduction in molecular weight to 10-40kDa which needs to be
considered when devising a protocol for purification and analysis. It should also be noted that highly
alkaline conditions and high temperatures should be avoided to prevent chemical and structural
modifications (Martel-Pelletier et al 2015).In addition to this, acidic conditions may lead to the
deacetylation of the GaINAc monomer. Purification techniques used commercially are vital to
minimize the effect of contaminants which may be other GAGs, proteins or solvents (Calamia et al
2012, Lauder 2009). In these series of experiments commercially available CS was studied which

stopped the need for extraction processes.

2.4 Physiological role
Chondroitin sulfate derived proteoglycans are vital throughout many tissue types and are involved in

cellular processes such as cell adhesion and receptor binding whilst also maintaining ECM integrity
(Rhodes and Fawcett, 2004. CS chains are an important molecule in water retention in cartilage due
its negative charge and are taken as a daily supplement to maintain joint health and also play a
major role in cartilage growth and function. The CS domains of aggrecan (A large aggregating PG)
provide a viscous gel that absorbs compressive force CS also stimulates synovial cells to produce

hyaluronan which maintains synovial fluid viscosity (David-Raoudi et al 2009).
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2.5 Generating CS disaccharide
Enzymes that degrade intact CS are known as chondroitin lyases/ Chondoitinases (E.C No.232-777-

9), these can be classified as ABC, AC, B and C based on what substrates they act upon. The lyase can
act based upon linkage or sulfation (or both) e.g. chondroitin lyase AC will degrade Chondroitin A
and C which are 4 and 6 sulfated respectively. Chondroitinase ABC can be divided ABCl and ABCII
which differ in their kinetic parameters and modes of action (Chen et al 2015). Chondroitinase ABC
degrades polysaccharides that contain 1,4-beta-D-hexosamiyl and 1,3-beta-D-glucuronosyl linkages.
This means the enzyme will primarily act on Chondroitin4/6sulfate and dermatan sulfate to generate
an unsaturated disaccharide represented above. Enzyme or chemical depolymerisation of the chains

allows for a more effective MS analysis and a number of bacterial lyases are commercially available.
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Figure 3: Structure of an unsaturated 4/6monosulfated disaccharide consisting of unsaturated GIcA and a 4/6S GalNAc
that is the repeating unit of CS polymer and the product of the chondroitinase treated CS.

2.6 HPLC and mass spectrometry analysis of CS

Size exclusion chromatography (SEC) is a universal separation mechanism and can be utilised when
studying CS due to its free solubility in aqueous solvents (Staples and Zaia 2011). A disadvantage of
SEC is the limited ability for it to be scaled down i.e. from preparative to analytical scale as you
quickly lose resolution in the chromatogram; however it is still possible to generate data for 10ug
quantities of CS. HPLC analysis of chondroitin sulfate is difficult due to its hydrophilicity and is
weakly retained on reverse phase adsorbents (Kosman et al 2017). In general HPLC analysis can be

particularly challenging and often requires an additional UV active tag to achieve baseline
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separation. In fact, the generation of an unsaturated disaccharide via enzymatic degradation would
allow for HPLC analysis with a UV detector. Pulsed amperometric detection (PAD) may also be used,

however this technique is very destructive and you may only use a small amount of material.

Mass spectrometry is a powerful technique enabling the elucidation of organic and inorganic
structures. It allows illustration of fragmentation pathways and provides evidence of a molecules
elemental and isotopic formula. The chosen ionisation method will lead to varied fragmentation. The
ionisation sources most frequently are electrospray ionisation (ESI), matrix-assisted laser ionisation
(MALDI) and desorption electrospray ionisation (DESI). The principle of each technique is the same; a
molecular ion is ionised then accelerated by an electric field. The fragment is separated by their
mass:charge via an electromagnetic field. MALDI can be used to study carbohydrates up to 10° Da
and requires a matrix for molecule ionization. This technique usually utilizes a nitrogen laser, the
analyte is embedded in the matrix and absorbs energy emitted from the laser. A fraction of that

analyte is then ionized .

There have been many protocols showing that GAG quantification is possible via MS/MS e.g.
sulfated GAGs in cell lines (Kiselova et al 2014). The major advantage of ESI-MS over MALDI is the
ability to couple an LC system which then allows quantification of GAGs. Analysis via MALDI would
need prior purification and is much more difficult to achieve absolute quantification. Overall these

MS/MS techniques contribute greatly to analysing the primary and secondary metabolites of GAGs.

2.7 Extraction
It is essential that CS can be extracted from small quantities of tissue to allow analysis which will

reveal the spatial and temporal regulation that is of interest to us. Usually CS and other GAGs are
cleaved from the core via non-specific proteases, the sugar component is then extracted using
guanine hydrochloride (Ledin et al 2004). The bond between the xyl of the linkage region and Ser of
the protein backbone is cleaved under reducing conditions using alkaline-Beta-elimination. After this
the GAGs are usually subjected to anion exchange chromatography or solvent precipitation, this acts
to enrich the released GAGs (Conrad 2001). It was found that the use of papain digestion, alkaline
borohydride release, solid phase extraction and ethanol precipitation in CS extraction eliminated

contaminants that usually generated high levels of noise (Hitchcock et al 2008).
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2.8 ESI analysis of CS
ESI-MS is a technique used to ionize molecules in solution (up to 15kDa), this technique often ionises

analytes into ions with a varied charge state which allows the analysis of high mass ions with a low
m/z limit (Ho et al 2003). CS samples were analysed using ESI due to its soft ionization processes
which enables the use of negative polarity without adding ion pairs to stabilize the sulfate groups
(Staples and Zaia 2011). This is preferred over MALDI due to in-source dissociation (in MALDI) which
generated weak signals and an abundant loss of SO; (Sisu et al 2011). In ESI-MS of CS each sulfate
will render a charge of one, if there is no sulfation the carboxyl group will carry the charge. With ESI
being the softest ionization, it allows the use of tandem MS through collision induced dissociation.
The soft ionization of ESI-MS allows ion transfer from liquid to the gas phase via an eluent from a

liquid chromatography system which have been investigated in previous studies

Tandem MS (MS/MS) can be used in GAG analysis to determine number of acetates or sulfates per
monosaccharide and allows isobaric molecules to be distinguished based on their fragmentation.
When analysing CS it may be used to produce information on the position of sulfates and uronic acid
epimers (Bayliss et al 1999). This is important as mentioned earlier that CS sulfation can be at the 40
or 60 of GalNAc or the 20 of GIcA (Hitchcock et al 2006). The different CS types will produce distinct
MS ions, the abundances of these specific ions will correlate to epimerisation and the sulfation

pattern (Miller et al 2006).

Tandem MS analysis of CS and other GAGs is quite complex due the high charge states of their
precursor ions. This results in MS ions with more than one charge state. There is a gap in GAG
research that could be filled with sequencing toolkits that would increase the output of GAG MS2
analysis. There is no similar toolkit for CS there is one similar toolkit for heparin oligosaccharides.
This is an algorithm that cross checks all possible sequences for a GAG composition with disaccharide

analysis, tandem MS data and digestion enzyme activities (Ceroni et al 2008).

2.9 Disaccharide analysis
Previous studies have used ESI-MS to quantify GAG disaccharides whilst collision activated

dissociation (CAD) has been used to differentiate isomers (Saad et al 2005). Small quantities of CS
extracted from neural tissue have also been analysed by Nano-ESI interference. A reserve phase
LC/MS system may also be used to quantify aminated GAG disaccharides. This technique quantifies

disaccharides by using a stable isotope variant of the reductive amination tag (Lawrence et al 2008).
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2.10 Oxygen Free radicals

In order to understand the free radical degradation of macromolecules, the fundamentals of ROS
must first be understood. As a consequence of cellular respiration, free radicals (a highly reactive
uncharged molecule with an unpaired electron) are generated during redox reactions such as when
ATP is produced in the mitochondria. The majority of radical by products are reactive oxygen species
(ROS) or reactive nitrogen species (RNS)(Pham-Huy et al 2008). At low concentrations they function
in a variety of cellular processes such as regulation of cellular signalling (Ray et al 2012), at high
concentrations they adversely modify cell components such as lipids carbohydrates and proteins as a
consequence of oxidative stress (Birben et al 2012). Oxidative damage of extracellular components
(e.g. PGs) has been implicated in a number of diseases such as arthritis and cardiovascular disease

(Alfadda and Sallam 2012).

2.11 Age and ROS
Reactive oxygen species are a natural by-product of normal cellular metabolism, the negative effects

of ROS generated in this way can be managed by the bodies antioxidant pathways. This system can
be overrun by ROS generated from exposure to certain lifestyle choices. With an increase in age
comes an increase in exposure to factors such as UV, cigarette smoking and alcohol consumption.
These factors have the potential to generate ROS, UVB for example is known to stimulate the
production of ROS in keratinocytes. Further to this, the elderly are more susceptible to infection, the

inflammatory response to these infections will further generate ROS (Bhattacharyya et al 2014).

2.12 Arthritis and oxidative stress
Rheumatoid Arthritis is a chronic and debilitating autoimmune disease caused by the long term

inflammation of joints and its surrounding tissues. This is due to the infiltration of T-cells and
macrophages (Walston et al 2006). Disease pathogenesis occurs due to ROS and RNS being
generated during the inflammation process. Previous studies have revealed that isoprostanes and
prostaglandins levels in serum increase as a result of oxidative damage-thus proving the resulting
disease pathogenesis (Mahajan and Tandon 2004). Arthritis is mostly an age related disease, with
the elderly suffering the most. Exceptions to this rule are patients of diseases such as AKU that suffer

from early onset arthritis due to ochronotic pigmentation in cartilage.

A number of factors contribute to the development of arthritis- It is believed that alterations in the
subchondral bone may occur early in the arthritis process and may be part of the initiation process.
A number of morphological transformations occur that result in an increased production of
osteoclasts. This occurs due to an excess in favourable biochemical conditions generated from

osteoblasts (Cantley et al 2013). This same study showed that CS treatment suppressed osteoclast
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activity as well as bone resorption. A study on shark CS also found that oversulfation significantly
reduced osteoclast differentiation (Miyazaki et al 2010). This provides evidence to the suggestion

that CS may be beneficially used in the treatment of arthritis.

The potential benefits of CS as a treatment for arthritis have been explored by somewhat low quality
clinical trials with relatively small patient numbers tested (Uebelhart 2008) . These trials revealed
that CS treatment (alone or combined with glucosamine) improved pain relief in patients in short
term studies. Chondroitin treatment also had a lower risk of serious side effects when compared to
controls. It was concluded that more high quality studies are needed to truly test the effectiveness
of CS treatment. The popularity of CS as a daily supplement may be down to the efficacy and low risk

associated with CS (Singh et al 2015).

GAGs such as CS and glucosamine are controversially considered to be slow acting drugs for arthritis,
Some are even suggested to demonstrate a potential for disease modification (Henrotin et al 2014).
The actual effectiveness of CS as an over the counter supplement is still disputed. Several guidelines
such as NICE 2013 and OARSI 2014 do not recommend the administration of CS as a treatment for
CS, whereas EULAR does (Henrotin et al 2014). Further study is required to determine CS functions in

relation to cartilage before it can be considered a beneficial supplement.

A variety of meta-analyses have shown that CS has a positive effect on arthritis pain and symptoms
(Hochberg et al 2008, Richy et al 2003). However several studies have also shown little effect of CS
which may be due to the inclusion of studies using non-pharmaceutical grade CS (Martel-Pelletier et
al 2015). A clinical trial of the use of CS as a treatment to arthritis also generated conflicting results

when trying to illustrate the beneficial effects of CS in arthritis treatment (Rainsford 2009) .

2.13 Alkaptonuria
Alkaptonuria(AKU) or black urine disease is an incurable rare autosomal recessive condition and the

first in born error of metabolism as described by Garrod (1908). With a low incidence of 1 in 250000
to 1 in 1000000 live births (Tharini et al., 2011). The first noticeable symptom is the black urine, as
the disease progresses the individual will suffer from Ochronosis (Black pigmentation of connective
tissue) and by the age of 30, ochronotic arthropathy. It is caused by a mutation in the HGO gene
coding for the enzyme homogentisate-1,2-dioxygenase, deficiency in this enzyme results in the
blockage of the tyrosine metabolic pathway (Figure 4) and the accumulation of homogentisic acid
(HGA) in mmol/L concentrations (Phornphutkul et al., 2002, O'brien, La Du and Bunim, 1963). It is
thought that the presence of polymerised HGA in cartilage plays a role in the development of early

onset arthritis.
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Figure 5: : Tyrosine degradation pathway. AKU develops due to the deficiency in homogentisate-1,2-dioxygenase
resulting in an accumulation of homogentisic acid and the development of AKU (Hughes et al., 2014).
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2.14 AKU and arthritis
The most debilitating symptom of AKU is the early onset of arthritis caused by the ochronotic

pigmentation in cartilage. Murine and invitro models of AKU have been developed and have allowed
for better understanding in the progression of ochronosis and osteoarthropathy. Previous AKU
studies have found that HGA is present in healthy cartilage, however it only becomes susceptible to
degradation after biochemical change in HGA (Taylor et al 2011). There have been several overlaps
in the pathogenesis between AKU and arthritis. These have arose from better understanding of the
importance of subchondral bone and determining factors that affect cartilage integrity (Hayami et al
2004). Some of these factors include chondrocyte function and biochemical stresses which both

affected in AKU athropathy (Karsdal et al 2008).

2.15 Homogentisic acid
Homogentisic acid (2,5-dihydroxyphenylacetic acid) is a phenolic acid (Figure 5) that accumulates as

a result of AKU and it part of the tyrosine degradation pathway. It can oxidize to its corresponding
benzoquinone (and polymerises) with the generation of reactive oxygen species (ROS) which can
then go on to degrade cellular components which may include macromolecules such as CS. These
ROS can also go on to impact on several cascades and processes. HGA binds to connective tissue, in
particular articular cartilage and it is though that ionic interactions play a role in this binding. The
location of the pigmentation brings it close to cartilage macrocolecules such a s CS and means
interactions are possible (i.e. the degradation of CS by HGA) It is known that the accumulation of
polymerised HGA is the cause of the ochronotic pigmentation found in AKU patients. When left in
water, the mixture will turn purple and it is presumed that this purple pigment is polymerised HGA,
the mechanism of which is still disputed. There are a number of studies that investigate the potential
polymerisation of HGA as well as its dimerization (Hegedus and Nayak 1994). Ochronosis leads to
bone degradation and eventual joint replacement as a consequence of early onset arthritis. Other
symptoms may include: aortic stenosis, increase in prostate and kidney stones (Phornphutkul et al.,
2002). It has also been implicated in DNA damage through the generation of oxygen free radicals

(Hiraku, Yamasaki and Kawanishi, 1998).

The generation of ROS by the polymerisation of HGA can have implications on a number of cascades
such as the inflammatory response. Oxidative stress is a major contributor to the pathogenesis of a
number of processes leading to conditions such as arthritis, alzheimers and inflammatory conditions.
It is becoming more apparent that oxidative stress results from the accumulation of reactive oxygen
species (ROS) or a compromised antioxidant defence (Suhr et al 1998) that can arise from a number
of diseases such as cancer. In this study we will investigate the potential interactions between HGA

and CS via the proposed generation of ROS by HGA. Reactive oxygen species are commonly
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generated in biological systems by enzymatic and metal-catalysed oxidation . This is relevant in the
study of HGAs biochemistry because it is believed that the metal catalysed oxidation/ polymerisation
of HGA also generates ROS. The mechanism of which is believed to be similar to that of the Fenton

reaction used to depolymerise intact CS.

2.16 Oxidation of tyrosine
The oxidation of HGA is a vital early step in its polymerisation and is essential for the reaction to go

ahead. Unfortunately there is very little literature on the mechanism of HGA oxidation; however
there have been previous studies on the oxidation of tyrosine which is the parent molecule of HGA.
In order to propose a mechanism for HGAs oxidation and polymerisation we must also understand

the behaviour of its parent molecules in redox systems.

Tyrosine is one of the most oxidatively sensitive amino acid residues and so HGA is believed to have
similar properties. Oxidation involves a one-step electron oxidation to form tyrosyl radicals (Figure 6)
and may also undergo dimerization in a reaction similar to HGAs (Ali et al 2004). Tyrosyl radicals are
vital components in many cellular processes such as enzyme maturation (Birben et al 2012, Pham-
Huy et al 2008), for example the formation of a tyrosine radical is one of the PTMs in the generation
of mature galactose oxidase. The first step in tyrosine oxidation is the addition of OH and the slow
elimination of OH  (figure 6) It can then undergo reactions with other oxidants due to the
deprotonation of the radical cation (Bergées et al 2011). A number of products can be generated via
this reaction, these include: DOPA, dopamine and its quinone as well as dityrosine (Eickhoff et al
2001). Similarity in tyrosines and HGAs oxidation can be highlighted by figure 6 where several tyrosyl

radical isoforms have very similar structures to the homogentisate ion.
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Figure 6: Proposed mechanism of L-Tyrosine oxidation to a tryosyl radical via a cation intermediate and various isoforms
of the tyrosyl radical.
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The parallels between Tyr and HGA oxidation continues with the reaction being catalysed by Cu. As
with HGA, the exact mechanism of this catalysis is still not well understood due to the formation of
multiple oxidation products and the role of co-factors (Fang and Miller 2012). For the purpose of this
study we will assume that Cu catalyses the oxidation of HGA in the same manner to tyrosine. This

assumption is based on HGA and tyrosine undergoing similar mechanisms in reactions.

2.17 Interactions of HGA with CS
It is well documented in literature that HGA plays a role in the early onset of arthritis in AKU

patients, however little is known about the mechanisms underlying the symptoms displayed by AKU
patients. It was previously shown that HGA can potentially generate ROS via an unusual reaction
with molecular oxygen and it has also been shown that CS is damaged by ROS. 3.2.2 HGA and

Chondroptosis

The metal catalysed degradation of CS by HGA is a contributing factor explaining why AKU patients
prematurely suffer from arthritis. The interactions between HGA and bone have previously been

investigated but none have suggested this theory. AKU cartilage is known to consist of apoptotic
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features of chondrocytes such as prominent Golgi and autophagic destruction (Millucci et al 2015).
This increase in autophagic destruction will result in the culmination of oxidative stress being
generated in the cell microenvironment (Braconi et al 2015). This can then go on to interact and

degrade other biomolecules such as chondroitin sulfate.

2.18 Superoxide dismutase preventing oxidative stress
SOD is a natural endogenous enzyme that acts as the cells first line of defence against oxidative

stress. It eliminates superoxides (O,’) by catalysing their dismutation into O, and H,0, (Batini¢-
Haberle et al 2010). Dismutation or disproportionation is a specific redox reaction producing an
oxidation and reduction product. The antioxidant properties of SOD can be mimicked through
synthetic antioxidant compounds such as Mn porphyrin(Tovmasyan et al 2014). SOD mimics can be
utilised to scavenge other radicals such as: peroxynitrites, peroxyls and aloxyls (Hidalgo and Donoso

2008) and are therefore not specific to scavenging superoxides.

SODs can be classified into 4 groups based on their metal cofactor- Iron-SOD, manganese-SOD,
copper-zinc-SOD and nickel-SOD (Abreu and Cabelli 2010). CuZn-SOD is the most abundant SOD and
is found in the cytosol and extracellular matrix. It has also been found that Mn can also act as a

backup for CuZn-SOD independent of its role as an Mn-SOD cofactor (Reddi et al 2009).

The mechanism by which SOD functions is known as a ‘ping-pong’ mechanism. This is involves a step
by step oxidation and reduction of the metal centre with the accompanying oxidation and reduction
of superoxide radicals (Reddi et al 2009). This occurs at diffusion controlled rates in neutral PH
range. The metal catalysed dismutation has 2 major differences to an oxy radical spontaneous
disproportionation. One is that there is no observable reaction of 02~ with itself which leads to ph
dependent disproportionation. Two is that the radical half-life becomes slower as oxy radical

concentrations decrease.
M™D* 4 0,07 > M™ + 0,
M™ + 0, (+2H) > M™* 4+ H,0,

Overall: 20,.~ + 2H" > 0, + H,0,
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3. Aims and objectives
The aim of the study was to propose some of the structures generated from the free radical

degradation of intact and CS disaccharide. Structures were proposed using the fragments generated
in ESI-MS. The connection between the polymerisation of HGA and CS will then be studied using the

same methods of HPLC and ESI-MS. HGA polymerisation was proposed using CuSO4 as the catalyst.

The aim of this study is to find a link between the generation of ROS via HGA polymerisation by mass
spectrometry. Firstly the proposed dimer structure was proposed following MS2 analysis of HGA.
The copper catalysed polymerisation of HGA will then be investigated, and finally we will compare
and contrast the mechanism of fenton-mediated ROS production to that of the HGA mediated
mechanism. The proposal is that the polymerisation of HGA leads to the generation of oxygen free
radicals that can then go on to breakdown CS disaccharides. The ability to halt the free radical
degradation of CS was then studied using superoxide dismutase which was also confirmed using ESI-

MS.

4. Material

Shark, porcine and bovine chondroitin sulfate were purchased from Sigma Aldrich. Chondroitin ABC
lyase from Proteus vulgaris (E.C 232-777-9) , 30% H,0, (Cat N0.95321) and Cu(I)SO4 (E.C 231-847-
6) purchased from Sigma Aldrich. SES column was aTOYOPEARL® HW-40S Bulk Media (Cat No.
807451) purchased from Sigma Aldrich, analysis of HPLC chromatograms were performed using
Unicorn software and Microsoft excel. MS analysis was performed using Microsoft excel.
Homogentisic acid was purchased from sigma Aldrich (E.C2 07-192-7) . Superoxide dismutase
purchased from Sigma Aldrich (E.C 232-943-0). HPLC was performed on an AKTA purifier with
HW40S column and Ammonium citrate mobile phase. MS experiments were performed on A bruker

daltonics ESI-MS.

5 Methods

5.1 Enzyme depolymerisation of intact CS
20mg/ml (water) Chondroitin sulfate from shark cartilage, porcine trachea and bovine trachea

samples were prepared in 1.5ml eppendorfs. 100ul of solubilised CS was digested with 0.008U

chondroitin ABC lyase and incubated for 24hrs at 37°C. The reaction was stopped via the addition of
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methanol to precipitate the protein component and the sugar component (in the ageous layer) was

analysed via ESI-MS and HPLC.

5.2 Free radical depolymerisation of intact CS
50ul aliquots of 20mg/ml CS porcine, bovine and shark were depolymerised by a Fenton type

reaction using (see blow) 175ul 30% v/v H,0, and 20ul of 10mg/ml CuSO,and left at 37°C for 24h.
The crude reaction mixture was analysed via ESI-MS and HPLC. The same procedure with bovine,
porcine and shark CS was then followed apart from the use of 10ul 20mg/ml Fe'"Citrate instead of

CuSO,.

The effect of H,0, volume and CuSO, concentration on the degree of CS degradation was
investigated respectively. The volumes of H,0, used were as follows: 10ul, 17.5ul, 175ul and 1.75ml,
concentrations and volumes of CS and CuSO4 remained constant to the values noted earlier. The

concentrations of CuSO4 were as follows: 5mg/ml, 10mg/ml, 20mg/ml and 40mg/ml.
Cu”" + H,0, wmmlme Cu' + OH + OH

5.3 Free radical depolymerisation of digested CS
100ul of solubilised CS was digested with 0.008U chondroitin ABC lyase and incubated for 24hrs at

37°C. 100ul aliquots of enzyme digested porcine, shark and bovine CS were then treated with 175ul
30% v/v H,02 and 20ul 10mg/ml CuSO, and left for a further 24hrs at 37°C. Changing the volume of

H,0, had no significant effect on the depolymerisation of enzymatically digested CS.

5.4 HPLC analysis of free radical and enzyme depolymerised CS and DS.
1ml of solubilised CS was digested with 0.008U chondroitin ABC lyase and incubated for 24hrs at

37°C. 200ul of digested CS were subjected to size exclusion chromatography using a Toyapearl
HW40-S column at a flow rate of 300ul/min at room temp and using 0.1M ammonium acetate as the
running buffer. Absorbance at 232nm was monitored and samples were collected manually. VO and
V1 were determined using 0.1M bovine serum albumin. 200ul of depolymerised CS was also

subjected to the same method.

5.5 MS sample prep and parameters
Samples were prepared using 45% MS-grade H20, 50% MS grade acetonitrile and 5% of sample.

Samples infused via a syringe into a HCT ultra Bruker Daltonics MS at a rate of 200ul/min. Analysis in
the negative ion mode. Data was acquired using Bruker Daltonics Esquire software (2 mins per

sample) and analysed by Bruker Daltonics software.

26



Mass range 50-1000 m/z, smart target 20000, capillary voltage +3600, end plate offset -500V,
skimmer -32V, capillary exit -100V, trap driver 44V, Octopole 1 DC =-9.67V, Octopole 2 DC=- 1.6V,
Lens 1 =9.5V, Lens 2 = 85V, Temp = 280°C, Dry gas flow = 4l/min. MS/MS fragmentation was

performed using the same parameters using fragmentation energy of 0.7V and a range of +/- 2Da.

5.6 MS sample prep for HGA
MS samples were initially prepared as followed: 50% MS grade ACN 5%Sample and 45% MS grade

water . To study the effect of solvents on HGA oxidation , 5ul 0.1M HGA was added to either: 95ul
Acetonitrile, 95ul MS-grade water or 50ul acetonitrile and 45ul MS-grade water.To investigate metal
catalysed HGA polymerisation, 10ul 0.1M HGA was prepared in water and then added to 10ul
10mg/ml CuSO4 and left for 24hrs at room temp. The crude reaction mixture was then subjected to

ESI-MS using the same instrument as stated in 1.6.5.

5.7 HPLC analysis of HGA interaction with intact CS
20mg/ml (water) Chondroitin sulfate from shark cartilage, porcine trachea and bovine trachea

samples were prepared in 1.5ml eppendorfs. 200ul of solubilised CS was digested with 0.008U
chondroitin ABC lyase and incubated for 24hrs at 37°C. 20ul 0.01M HGA (in water) and 20ul 10mg/ml

CUSO4 was then added to the digest and left to incubate for a further 24hrs at room temp.

5.8 HPLC analysis of HGA interaction with enzyme depolymerised CS
200ul of digested CS with HGA was then subjected to size exclusion chromatography using a

Toyapearl HW40-S column at a flow rate of 300ul/min at room temp and using 0.1M ammonium
acetate as the running buffer. Absorbance at 232nm was monitored and samples were collected

manually.

5.9 Mass spectrometry Anlaysis of SOD incubation with CS and Fenton reaction
20ul SOD (5000U) was added to 20ul 20mg/ml CS, 10ul of 20mg/ml CuSO4 and 10ul H202 were then

added to the mixture and left at room temperature for 24hrs. Controls were also ran alongside this
experiment (1. Without SOD, 2. Without H202 and CuS04). The same experiment was then set up
but with iron citrate instead of CuSO4 as a means of forming superoxide radicals. A mixture was then

set up containing 5% sample, 45% HPLC grade water and 50% ACN and for mass spec analysis.

Investigation into the free radical damage of intact CS was set up according to the methods in
chapter one. 20ul SOD was added to this mixture and sample mixture was prepared for mass spec

analysis in the same way as above.

27



6 Results
6.1Enzymatic depolymerisation of intact CS

6.1.1HPLC analysis of Digest

When running BSA standards through the column to determine Vo it became apparent that around
12ml was the void volume Size exlusion chromatography analysis of CS from 3 different species all
showed very similar profiles. They all composed of a defined peak around 12.4ml eluent volume
which corresponds to intact CS. A large trough was also seen at 22.5ml elution volume which
corresponded to the water in the sample. It seems that intact porcine and bovine had a more

defined peak at 12.4ml elution volume when compared to intact shark.

intact CS from shark, bovine and porcine were subjected to enzymatic depolymerisation via
chondroitinase ABC. The resulting product was subjected to HPLC analysis as seen below. 20mg/ml
of intact CS was treated with 0.008U of Chondroitinase ABC overnight at 37°C. Separation was
achieved using Toyapearl HW40-S resin at a flow rate of 0.3ml/min and a total eluent volume of

25ml.
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Figure 7: A. Top Chromatogram (refractive index) of intact porcine CS (dissolved in ammonium phosphate) subjected to
ABC lyase digestion and left for 24hrs. B. size exclusion chromatogram of intact Porcine CS. Analysis was perfomed on an
AKTA purifier using toyopeal 40S stationary phase.
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The large peak at 12.4ml eluent volume corresponds to intact CS whilst the split peak at 18-19ml
eluent volume corresponds to the CS disaccharide. This was confirmed when subjecting the fractions

to ESI-MS (figure 9).
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Figure 7: Chromatogram (refractive index) of intact porcine CS (dissolved in water) subjected to chondroitin ABC lyase
digestion and left for 24hrs. The highlighted blue region (Elution volume 18-19ml) consists of the fractions that contain
the disaccharide products of the depolymerisation and are investigated further for MS analysis.

The effect of the diluent (water and ammonium phosphate) in the enzyme digest of intact porcine
CS was then investigated. We can see from figure 6 and 7 that this had very little impact on the
obtained profile.. ESI-MS analysis of fractions within the 18-19ml eluent volume showed an

abundance of m/z 457.9 (blue region on figure 9) corresponding to the monosulfated disaccharide.
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6.1.2 MS digest CS
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Figure 8: A. ESI-MS spectra of intact porcine CS subjected to enzyme depolymerisation by chondroitin ABC lyase. B.
predicted structure of m/z 457.8 (479.9 -[M+Na'] corresponding to a monounsaturated 6-sulfated disaccharide.
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Figure 9: Negative ion spectra of intact shark CS subjected to enzyme depolymerisation by chondroitin ABC lyase, major
peaks of 457.9 and 479.9 corresponds to the monounsaturated 6-sulfated disaccharide

The mass spectra show the presence of 2 major ions- 457.9 and 479.9. 457.9 was present in the

digestion of porcine, bovine and shark CS. m/z 457.9 corresponds to the protonated adduct of the

monounsaturated 6S-disaccharide whilst m/z 479.9 corresponds to its sodiated adduct.
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Figure 10: MS2 analysis of m/z 457.9 (Monounsaturated disaccharide) from the negative ion spectra of intact porcine CS
subjected to enzyme depolymerisation (Figure 10).
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457.9 479.9 341.8 299.8 228.8
Porcine | 100.00% | 18.85% 0.65% 1.98% 0.30%
Shark 100.00% | 18.92% 0.50% 1.84% 0.33%
Bovine | 100.00% | 18.84% 0.52% 1.88% 0.30%

Table 1: Mean relative abundance of fragments obtained from the negative ion spectra of intact CS subjected to enzyme

depolymerisation.

6.2 HPLC of intact CS
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Figure 11: Size exclusion chromatogram of 200ul 10mg/ml of intact bovine CS (water) at an elution rate of 0.4ml/min.
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Figure 12: Chromatogram (refractive index) of 200ul of 10mg/ml intact porcine CS (dissolved in water) at an elution rate
of 0.4ml/min
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Figure 13: SEC Chromatogram (refractive index) of intact shark CS (dissolved in water) at an elution rate of 0.4ml/min
with ammonium acetate mobile phase.
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6.3 HPLC profiles of depolymerised CS
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Figure 15 shows the size exclusion chromatograms obtained following free radical depolymerisation
of intact CS. As you can see after 2hrs there is a large peak at 12ml elution volume corresponding to
the intact CS and a small peak at 17ml corresponding to CuSO4. After 24hrs the intact CS peak is still
present however this is followed by a steady slope that is believed to contain the free radical
depolymerised CS/ After 3 days the sharp peak at 12ml is no longer present and instead replaced
with a broader region that stretches to around 17ml elution volume. This is the region that is

believed to contain the depolymerisation products.
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6.4 MS intact CS
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Figure 15: Negative ion spectra of 10ul 1mg/ml of A. intact shark CS B. intact bovine CS C. intact porcine CS
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ESI-MS analysis of intact CS shows a spectra with undefined peaks and a large number of signals at
various m/z. In all spectra a large number of signals are seen which makes it very difficult to define
individual m/z values. These undefined peaks corresponds to the various CS chains that are

fragmented when passed through the mass spec and each producing their own signal.

6.5 MS depolymerised CS
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Figure 16: Negative ion spectra of intact Shark CS that has been subjected to free radical depolymerisation via Fenton
type reaction and left for 24hrs.

Following free radical depolymerisation 5 peaks of interest were generated: 154.8, 184.8, 240,8,
297.9 and 315.9. These peaks were further investigated via MS2 analysis and theoretical
construction. Experiments in a previous study showed the identity of 297.9 and 315.9 to be an
saturated and saturated 6S-GalNAc respectively (figurel7). The other fragments have not yet been

characterised. The 154.8 fragment which yielded the greatest intensity was used as the base peak

for relative intensity analysis for this spectra. The only notable difference between shark and bovine

and porcine spectra is the presence of a peak at an m/z of 240.8 which isn’t initially noticeable in

porcine and bovine.
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Figure 17: Proposed structure of m/z 297.9 and 315.9 obtained from the free radical depolymerisation of intact CS
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Figure 18: MS2 spectra of 240.8 fragment selected form the negative ion spectra of intact shark CS subjected to free

radical depolymerisation via Fenton type reaction. B. proposed structure of m/z 240.8 which corresponds to 4S glcA.
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Fragmentation of the 240.8 ion yields 4 major peaks of m/z: 240.8, 296.8, 160.8 and 96.8. Although

these intensities are very low, relatively they still produce a signal to warrant further analysis.

x 100000
o

154.8

intensity

214.8

0 il Ll “ MLnljuh
0 100 200

297.9
315.9

269.8

300 400 500 600

m/z

Figure 19: Negative ion spectra of intact bovine CS that has been subjected to free radical depolymerisation via Fenton
type reaction and left for 24hrs the base peak of m/z 297.9 corresponds to an unsaturated 4S GalNAc .
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Figure 20: Negative ion spectra of intact porcine CS subjected to free radical depolymerisation via Fenton type reaction

and left for 24hrs.
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Figure 21: MS2 analysis of selected ions from the negative ion spectra obtained from free radical depolymerised shark
and bovine CS. A. 297.9 fragment, B. 315.9 fragment, C. 240.8 fragment, D. 269.8 fragment, E. 154.8 fragment and F.

184.8 fragment.
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Further MS2 analysis of the 297.9 fragment shows an MS2 spectra dominated by that m/z with an
intensity of 2836.32. on further examination the m/z 297.9 fragmentation also yielded 3 noticeable
peaks at m/z: 279.8, 176.7 and 96.8. Other peaks obtained were considered neglible for further

analysis.

MS2 analysis of m/z 315.9 fragmentation yielded 3 major peaks of noticeable intesnity, m/z: 315.9,
235.9 and 216.7 with 315.9 being the most intense signal. Analysis of m/z 269.8 yielded 4 peaks in
MS2 fragmentation: 269.8, 225.7, 189.8 and 96.8. MS2 fragmentation of the 240.8 ions yielded 4
peaks of interest: 240.8, 196.8, 160.8 and 96.8 with 240.8 being the most intense signal. Further
analysis of 154.8 fragmentation showed the ion yielded 2 major peaks: 154.8 and 96.8 with 96.8

being the most intense signal (Table 2).

6.6 Relative intensity results

m/z intact  CS+CUSO4 (CS+CUSO4+H202
(o 24hrs 24hrs
154.8 0.000 0.002 0.698
184.8 0.002 0.002 0.120
214.8 0.002 0.002 0.150
240.8 0.002 0.002 0.054
297.9 0.003 0.002 1.000
299.8 0.002 0.002 0.729
315.9 0.001 0.000 0.848

Table 2Relative abundance of specific ions detected in figure 16 following 24hr free radical depolymerisation of intact
bovine CS.

For each selected m/z the relative intensity was much higher in the mixture containing all reaction
components (e.g H202, CuSO4 and CS). The intensities recorded in the intact CS and the CuSO4
control (table 3) were no greater than the background intensity. This means we were unable to
distinguish any peak that is generated as a result of the CS and CuSO4 being present. The
background intensity will be generated. The base peak for CusO4 differs on individual experiments

due to the heterogeneous nature of the fragmented CS generated in the mass spec.
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m/z

154.8
184.8
214.8
240.8
297.9
299.8
315.9

intact

cs

0.001
0.002
0.002
0.000
0.000
0.000
0.001

CS+CUSO4  CS+CUSO4+H202

24hrs

0.002
0.002
0.002
0.002
0.000
0.000
0.000

24hrs

0.201
0.122
0.129
0.058
0.626
1.000
0.850

Table 3: relative abundance of specific ions detected in figure 13 following 24hr free radical depolymerisation of intact

porcine CS.

As with the MS analysis of bovine CS, intact porcine CS spectra also yielded very low intensities of

the m/z listed above. Addition of CUSO4 did not have an impact on the relative intensities of the

selected ions and are not statistically different.

m/z

154.8
184.8
214.8
240.8
297.9
299.8
315.9

intact

CS

0.000
0.002
0.002
0.002
0.003
0.002
0.001

CS+CUSO4 CS+CUSO4+H202

24hrs

0.002
0.002
0.002
0.002
0.002
0.002
0.000

24hrs

1.000
0.240
0.131
0.275
0.627
0.346
0.471

Table 4: Relative abundance of specific ions detected in figure 15 following 24hr free radical depolymerisation of intact

shark CS.
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6.7 Summary of proposed Structures generated following ESI-MS analysis of free

radical depolymerised CS
The m/z listed below are generated by the free radical degradation of intact CS to its constituent

monosaccharides (4/65-GalNAc and GlcA), the mechanism of which is shown in figure 47.

Structure
m/z
6-sulfated 4-sulfated
HO
\S/O
o \o O=—=S——OH OH
OH o
o)
315.9 o 7
Ho™ HO
OH OH
NH NH
——0 ——0
HO o
N I
o \o O=T—OH OH
OH Q
° o
299.9 HO
oH OH
NH NH
——o0 ——O
© (o]
\S/
/
o \OH
/ (o)
297.9 o
Hoo
OH
NH
——oO0

Table 5 Proposed structures of m/z 315.9, 299.9 and 297.9 interest and their corresponding structure analysed via ESI-
MS after subjecting intact porcine/bovine CS to free radical degradation via Fenton reaction.
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Structure
m/z
6-sulfated 4-sulfated
HO o)
\ /O ||
o \o O=——=S——OH OH
OH ©
o) o)
HO | HO |
AN
HO 0
0
214.8
\S/ |
o \o O=——=S——OH OH
OH O
OH OH
HO HO
\\
HO 0
N
o \o O=—=S—OH
o)
OH /\o
HO HO |
AN
184.8 HO o o
N\ I
o/ \o O—=S——O0H OH
OH o
o OH

Table 6: Proposed structures of m/z 214.8 and 184.8 and their corresponding m/z following MS analysis of free radical
degradation of intact bovine, porcine and shark CS via Fenton reaction.
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Structure

Table 7: Proposed structures of m/z 154.8 analysed by ESI-MS following the free radical degradation of intact porcine,

m/z
6-sulfated
HO
\S/O
o N\
@]
154.8 OH
HO
\S/O

shark and bovine CS via Fenton reaction.

4-sulfated

O=—=S—0H

OH

O—S——O0OH

HO
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6.8 MS analysis of HGA
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Figure 22: Negative ion spectra of 0.1M HGA (in water) and then diluted 10fold in ACN and the structure of HGA with the
corresponding m/z

The peak at m/z 166.8 corresponds to HGA whilst evidence suggested the peak at m/z 334.8 to be
the dimer of HGA (figure 42) and subsequent MS2 analysis of that peak showed it was mostly
composed of 166.8 and 334.8 . The experiment was performed in 3 conditions- MS-grade H20 only,
Acetonitrile only and finally MS-grade H20 and Acetonitrile. There was no significant difference in
the relative intensity of either 166.8 or 334.8. The 3 conditions were tested because studies have
highlighted the effect of solvents on the electrochemical and polymerisation behaviour of HGA

(Eslami et al 2014)
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Figure 23: MS2 analysis of m/z 166.8 from the negative ion spectra of HGA and the proposed structure of m/z 122.8 ion
We propose that m/z 122.8 corresponds to HGA minus its carboxyl group. This also highlights the
ease of fragmenting the COOH compared to the 2 OH groups which opens the door for the proposed
structure of hippsoduric acid which is the proposed structure of a HGA dimer. This acid can be seen

to compose of the benzoquinone form of HGA as well as a semiquinone form with COOH lacking.
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Figure 24: MS2 fragmentation of m/z 166.8 obtained from the negative ion spectra of 0.1M HGA at increased
fragmentation energy of 1.5A.
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Figure 25: Standard curve of increasing HGA concentration when analysed via ESI-MS in the negative ion mode.

Figure 28 shows that the relationship between relative intensity and HGA concentration seems to
follow a logarithmic shape. Mass spec analysis alone is not a quantitative representation of the
amount of sample present. However this experiment was used to determine a reasonable

concentration of HGA to use in future experiments.
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6.9 MS analysis of HGA and CUSO4
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Figure 26: Negative ion spectra of 0.1M HGA mixed with 10mg/mICuSO4 and left for 24hrs.

Figure 27 shows a noticeable difference to the HGA only and CUSO4 only spectra. The intensity of
m/z 166.8 (HGA) is considerably reduced in this spectrum and is significantly different. The intensity
of m/z 264.8 326.8 and 395.9 ions are all significantly greater in this spectrum. This provides some
susbstance to the theory proposed earlier, that the addition of a metal catalyst such as Cu2+ will
catalyse the oxidation and polymerisation of HGA. Although the structures of these fragments

remain elusive.

One m/z of interest would be that of the proposed benzoquinone form of HGA that is generated
from its oxidation. The m/z of this ion would correspond to around 164.8 in our mass spec studies.
The relative intensity of this ion was found to 0.33%, from this we deduced in this experiment we
were not seeing this ion in the spectra. This could be due to a number of factors, such as this
benzoquinone being an unstable intermediate to further polymerisation structures. It may have also

been the MS technique used to analyse HGA which in this case was ESI in the negative ion mode.

6.10 MS2 data from HGA and CUSO4
From the negative ion spectra of HGA mixed with CUSO4 we have highlighted some major peaks to

further investigate via tandem MS. These m/z are as follows: 194.7, 256.6, 264.8, 280.8. 326.7, 382.5
and 415.7. It is hoped that further analysis of these ions will provide some insight into the potential

HGA polymerisation mechanism.
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Figure 27: MS2 analysis of m/z 194.7 obtained from the negative ion spectra of HGA and CUSO4.

MS2 analysis of m/z 194.7 ion from figure 35 indicates the fragment contains a sulfate group due to

the presence of m/z 96.8 ion. The structure of m/z 194.7 remained elusive.

6.11 HGA and Iron citrate
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Figure 28: Negative ion spectra of 0.1M HGA mixed with 10mg/ml FeC6H507 and left for 24hrs.

Comparing figure 35 (page 57) and 37 we can see that there are distinct differences suggesting
reactions taking place are different when using Fe instead of Cu as the metal catalyst. The harp
peaks in figure 33 (believed to be the fragments of the polymerising HGA) are instead replaced with

less defined peaks in figure 36 (apart from the 166.8 and 334.8 peaks). Firstly the relative intensity of
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m/z 166.8 (HGA) is greatly reduced in the Cu spectrum compared to Fe which suggests that the
starting material is present in the FE spectra and not the Cu. The relative intensity of 334.8 is quite
similar in both spectra. The relative intensities of the m/z’s thought to be involved in HGAs
polymerisation are greatly reduced in the Fe spectra. This again suggests that there is less generation
of HGA polymerisation products due to the much greater intensities of m/z 166.8 and 334.8 ions

that correspond to the HGA monomer and dimer respectively.
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OH H,
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Exact Mass: 70.01 Exact Mass: 70.04

Figure 29: Proposed fragmentation pathway of HGA when analysed by ESI-MS in the negative ion mode with a
fragmentation energy of 0.7V.
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6.12 HPLC analysis of HGA interaction with CS disaccharide
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Figure 30: Left, size exclusion chromatogram of digested shark CS with the addition of HGA and CUSOA4. Right, size
exclusion chromatogram of intact shark CS subjected to free radical depolymerisation via fenton. The highlighted blue
region refers to the fractions believed to compose of depolymerised CS as a result of HGA mediated degradation.

From all the HPLC profiles obtained in previous shark CS experiments (figure 15), it is the 24hr free
radical depolymerisation which is the most similar to the profile generated from HGA induced
depolymerisation of CS digest. This reaction is composed of the Cu catalyst (for HGA polymerisation),
HGA and intact shark CS. The highlighted region on the chromatograms show the similarity between
the profiles. When comparing the profiles obtained from the HGA-CS depolymerisation we can see

that both the 2hr and 3 day profiles are quite different.

We can see in both profiles there is a large peak around 12.4ml corresponding to larger CS chains.
The peak around 18ml corresponds to the cuso4 eluting as in figure 12. The area of each profile
highlighted in blue corresponds to products of free radical depolymerisation. This will include
fragments such as the 4/65-GalNAc. One major difference in the 2 profiles is the large peak in the
HGA sample compared to the Fenton sample. As this large peak is present after the trough of Vo this

can be considered artefact.

52



6.13 MS HGA and intact CS
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Figure 31:Negative ion spectra of intact Porcine CS with the addition of HGA and CuSO4

The spectra in the figure 32 shows the peak at 166.8 corresponding to HGA as well m/z 334.8
(corresponding to the HGA dimer) which appears in a spectra of just HGA. The fragment at m/z 264.8
is also present which is thought to be a structure involved in the metal catalysed polymerisation of
HGA. At first glance it was thought that the fragment at m/z 395.9 corresponded to an desulfated
unsaturated disaccharide which appears in the MS2 analysis of an unsaturated monosulfated
disaccharide (Figure 2). However further MS2 analysis showed that this was not the case. Further
analysis of m/z 393.9 shows a similar fragmentation to 457.9 with the appearance of m/z that

correspond to the GlcA and GAINac.

It was then proposed that this ion may be a GalNAc with a HGA coupled to it via one of the free OH
groups. It was believed that the most likely point of bonding would be the OH that is generated
when the glycosisidic bond is broken by an ROS which is highlighted in a previous chapter (figure 25).
This is entirely plausible as we are suggesting that through HGAs metal catalysed oxidation and
polymerisation we get the generation of ROS that can easily break the glycosidic bond of the
disaccharide. It would then be possible for HGA to couple to this OH group in a similar mechanism to
its own polymerisation (figure 43). Indeed we also see a coupling when using H202 and CUSO4 to
generate ROS. In this case we see an OH. Coupling to the free oxygen from the broken glycosidic
bond. We can see in the mechanism of HGAs oxidation that a HGA. Is generated and will is likely to

react with local molecules.
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Comparison of the fenton-induced and the HGA-induced depolymerisation of CS yields 2 very
different spectra. This should not be surprising considering the complexity of the HGA-induced
degradation compared to the fenton-induced. The first thing to consider is that for HGA to be able to
depolymerise CS it must first undergo its own oxidation and polymerisation. Even metal catalysis of
this process will not yield as many ROS as the quite intense reaction of H202 and CUSO4 in the time
frame we are using. It is proposed that HGA is unable to breakdown intact CS in the presence of a
metal catalyst in this short time frame. We propose that it is the accumulation of ROS through HGAs
polymerisation will lead to the degradation of CS over time. This also should not be surprising when
considering that it takes decades for Alkaptonuriapatients to develop arthritis as a result of

ochronosis.

In the Fenton spectra we can see 2 major peaks at m/z 299.8 and 315.9 which corresponds to 4/6S-
GAINAc and a hydroxy-coupled 4/6S-GAINAc. This is not the case when HGA and CUSO4 is added to
intact CS. It seems that the HGA polymerisation structures dominate the spectra and any m/z that

were previously observed corresponding to CS fragments are masked by the background noise.
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Figure 32: Proposed structures of m/z 473.9 following free radical depolymerisation of intact CS and its MS2 fragment

m/z 393.9.
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Figure 33: MS2 spectrum obtained from the fragmentation of m/z 395.9 from figure 33.

6.14 MS HGA and enzyme depolymerised CS
457.9

8 -
7 .
6 | 166.8

x 100000

intensity
N

299.8

0 200

L

Jt "

500

400

m/z

600

800

Figure 34: Negative ion spectra of Porcine CS digest with the addition of HGA and CuSO4
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Figure 35: Negative ion spectra of Shark CS digest with the addition of HGA and CuSO4

There is a clear difference between the spectra obtained in figure 36 and 37.In Figure 36 there is no
observable presence of the 166.8 signal corresponding to HGA. Figure 49 spectra looks much more
like the spectra obtained from the reaction of HGA and CuSO4 with the addition of the 457.9 ion

that corresponds to the unsaturated disaccharide.

In figure 49 we observe a spectra that is suggesting HGA polymerisation (in the presence of CuSO4)
and also the breakdown of the 457.9 ion (unsaturated disaccharide) to 299.8 ion (4/6S GalNAc)

which is not observed when using intact CS rather than enzyme depolymerised CS.

6.15 Mass spec analysis of SOD reaction
Figure 51 shows the result of intact porcine CS that has been subjected to free radical

depolymerisation. The 2 major ions of interest are m/z 297.9 and 315.9 which correspond to a
saturated- monosulfated GAINAc and a hydroxy-coupled monosulfated GAINAc respectively. These
structures were confirmed in the previous chapters. Comparing depolymerised with intact CS we can
see there is a large number of undefined peaks and a noticeabley lower ion intensity in the intact CS.
This is because the mass spec cannot differentiate between such large chain lengths so they are
fragmented in a random fashion. This yields a ‘messy’ spectrum with no major ions dominating the

spectra.
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The mechanism of CS depolymerisation is shown in figure 47. The ROS are generated via fenton-
type reaction which generated oxy radicals from H202 and Cu(ll). The oxy radical cleave the CS at
the glycosidic bond which yields GIcA and GalNAc. The hydroxy-coupled product is generated due to

the presence of free OH radicals that can bind to the free oxygen from the cleaved glycosidic bond.
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Figure 36: Negative ion spectra of intact bovine CS with the addition of SOD before subjecting the mixture to fenton-like
reaction and leaving for 24hrs.

Straight away it becomes apparent that m/z 297.9 and 315.9 are no longer the 2 major ions in the
spectrum. You can also see the slight reappearance of a number of undefined peaks seen in intact
CS. When comparing the 2 spectra statistically it became apparent that the relative intensity of both
297.9 and 315.9 were statistically significant between the intact and depolymerised spectra. If we
assume that the presence of m/z 297.9 and 315.9 are strong indicators of free radical
depolymerisation we can postulate that the addition of SOD to the mixture before the initiation of

Fenton will at least reduce the effect of ROS attack.
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Figure 37: Negative ion spectra of A.HGA and B.HGA and SOD what have both been left at room temp for 24hrs.

The addition of SOD to HGA seemed to have little effect on the spectra generated. The 2 major ions
of m/z 166.8 and 334.8 (expected because we propose that the addition of a Cu catalyst is required
for its polymerisation). The main difference is the reduced relative intensity of m/z 334.8 in the HGA-
SOD spectra compared to the HGA spectra. There also seems to be more noticeable ions present on
the HGA-SOD spectra however this may be due to the base peak having a lower intensity compared

to that of the HGA spectra.
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Figure 38: Negative ion spectra of A. HGA and CuSO4 left for 24hrs, B. SOD in the tube before the addition of HGA and
CuSO04 then left for 24hrs.
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Figure 39: Negative ion spectra of A. enzyme depolymerised porcine CS which was then added to HGA and CuSO4. B.
Enzyme depolymerised porcine CS which was then added to SOD and then to HGA and CuSO4.



7 Discussion

7.1 HPLC analysis of enzymatically digested CS
HPLC analysis of enzyme digested CS shows a distinct difference to the intact profile (figures 4 and

5), we found that fractions obtained between 17-19ml elution volume consisted of the disaccharide
units that were confirmed via ESI-MS. The observed spectra showed the presence of m/z 457.9 that
corresponds to a 4/6S disaccharide. The refractive index detector was chosen due to the lack of UV
active moieties within intact CS. As the enzyme degradation of CS yields an unsaturated
disaccharide, this would be detectable using UV detector however the intact CS chains would remain
undetected. Strongion exchange chromatography could be used for disaccharide analysis and
would also separate the 4/6S disaccharides. Further to this gas chromatography separation would

require previous derivatization.

7.2 HPLC of free radical depolymerised CS

Size exclusion chromatograms of intact CS depolymerised by hydroxyl and superoxide radicals via
Fenton type reactions yields almost identical profiles across species. Aliquots analysed 2hrs after
intact CS was subject to Fenton type reaction yielded a profile similar to that of intact CS with a
defined peak around 12.4ml eluent volume corresponding to intact CS chains (Figure 12). The

additional peak at 17.4ml elution volume corresponds to the CuSO4 present in the reaction mixture.

Profiles obtained 24hrs after CS was subjected to Fenton like reaction shows a noticeable difference
to intact CS. There is still a sharp peak at 12.4ml indicating that there is still intact CS present but
there is a gradual decrease of the refractive index back down to the baseline V (figure 12). We
attribute the signal highlighted in red indicates the presence of depolymerised CS chains. As
mentioned in the introduction, the hw40s column used in this study is not able to differentiate the
variety of depolymerised CS chains. However, as illustrated here it can differentiate between intact

and depolymerised CS which is sufficient for this study.

Size exclusion chromatograms of CS subjected to Fenton reaction for 3 days shows a distinctly
different profile to the 24 and 2hr samples (figure 12). The peak at 12.4ml eluent volume has been
replaced by a broader region with multiple peaks, indicating that there is considerably less of the
larger CS fragments present (figure 12) which indicates a more complete depolymerisation (i.e.
yielding monosaccharides) of the CS chain. Samples taken at an eluent volume between 12 and

16ml would be expected to contain depolymerised CS (i.e. unsaturated 4/65-monosaccharides).

The effect of changing the volume of H202 was then investigated. It was found that using 175ul (10x

that used in the previous experiment) of H202 produced a profile almost identical to the sample left
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for 3 days. It has been found that initial concentration of H202 is independent of the reaction and
does not influence the rate determining step when depolymerising carbohydrates and is in
correspondence to the literature (Arturo Alberto Vitale, Eduardo A. Bernatene, Martin Gustavo

Vitale 2016).

The addition of CusO4 to intact CS had little outcome on the obtained profile when comparing to
just intact CS. For intact CS to be depolymerised to its constituent monosaccharides, it requires the
addition of both CuSO4/Fecitrate and H202. This is supported by the theory of Fenton reactions that

require the addition of fentons copper or iron to generate ROS from H202

The importance of the reaction components are highlighted in the HPLC data and re-enforced by the
ESI-MS spectra obtained. Tables 2, 3 and 4 and statistical analysis shows that the reaction requires
the addition of both CuSO4 and H202 to go ahead. Mass spectra analysis also showed that the
reaction did not noticeably proceed without the presence of both CuSO4 and H202. This again
agrees with the literature that Fenton mediated ROS require the presence of both H202 and a
ferrous catalyst (Arturo Alberto Vitale, Eduardo A. Bernatene, Martin Gustavo Vitale 2016) The
presence of m/z 299.9 and 315.9 at a great intensity (Unsaturated and hydroxyl coupled GalNAc) are

used to indicate if depolymerisation has occurred.

7.3 MS of Enzyme depolymerisation
Infusion ESI-MS analysis of intact CS digest yields 2 major peaks at m/z 457.9 and 479.(unsaturated

and saturated disaccharide). There is no significant difference in the relative intensities of these two
m/z across porcine, bovine and shark CS subjected to enzyme depolymerisation. This is surprising
considering the varied sulfation patterns that occur across species (Martel-Pelletier et al 2015) The
principle ion and base peak at m/z 457.9 corresponds to a 4/6S disaccharide that is generated as a
result of the chondroitinase B-elimination mechanism. This is the cleavage of the glycosidic bond
between the GIcAB(1,3)GalNAc. The peak at m/z 479.9 corresponds to its sodiated adduct
(represented below) which has a relative abundance around 25% of the base peak (m/z 457.9) which
is similar to that of previous studies (Desaire et al 2001). The adduction of single-charged potassium
and sodium ions are the most commonly observed in electrospray analyses (Mortier et al 2004).
However in electrospray form ions can form with more complex adducting species such as
ammonium ions (McAnoy et al 2005) however these adducts were not observed in the above
spectra. A common source of these adducts is contamination form glassware because many of these

simple metal ion salts are used In the manufacturing process (Coates 2006).
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MS2 analysis of the m/z 457.9 ion allows us to identify the various isomers present, i.e. 4/6S-
disaccharides via their fragmentation as reported (Poh et al 2015). Fragmentation of m/z 457.9
yielded several ions illustrated by figure 17 with 4 major m/z: 341.8, 299.8, 281.8 and 198.9. The
structures of these ions and their subsequent fragmentation pathways are illustrated in figure 41.
m/z 281.8 and 299.8 were found to have high abundances in both 4 and 6S disaccharides. It was
therefore concluded that porcine tracheal CS had a greater composition of CS-A compared to bovine

trachea or shark cartilage.
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Figure 40: proposed fragmentation pathway of unsaturated monosulfated disaccharide analysed in negative ion mode
with a fragmentation energy of 0.7. Left is 6S-disaccharide fragmentation, right is 4S- disaccharide fragmentation. It
must be noted that the represented fragmentation can occur as a sequence or simultaneously.
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The unsaturated monosulfated disaccharide and its sodiated adduct are the most abundant ions in
the studied CS species. The m/z 457.9 ion in each species yields the greatest abundance in MS1.
Statistical analyses (T-Test) shows that there is no significant difference in the relative intensity of
m/z 457.8 and 479.9 across species. It was found that the 457.9 ion corresponded to around 6.8% of

the total number of ions and this was also statistically insignificant across species.

The experiments investigating the enzyme depolymerisation of intact CS shows that an unsaturated
4/6S disaccharide unit is generated which can then be further investigated using MS2 fragmentation.
Enzymatic depolymerisation occurs via the cleavage of the glycosidic bond between individual

GlcA/GalNAc disaccharides.

7.4 MS of free radical depolymerisation

7.4.1 Shark

Infusion ESI-MS analysis of intact shark CS subjected to free radical depolymerisation via CuSO4
catalysis shows 6 ions of interest with m/z: 154.8, 184.8, 214.8, 240.8, 297.9 and 315.9 (Figure MS
shark). The 2 major ions from the free radical depolymerisation were 297.9 and 315.9 which are
proposed to correspond to the unsaturated monosulfated GalNAc and a hydoxy-coupled saturated

monosulfated GalNAc (Figure 42).
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Figure 41: Proposed monosaccharide structures as a result of intact CS being subjected to free radical depolymerisation
via Fenton type reaction. 297.9- Unsaturated monosulfated monosaccharide, 299.8 saturated monosulfated
monosaccharide and 315.9- hydroxy-coupled unsaturated monosulfated monosaccharide.
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7.4.2 m/z 240.8

Of the 3 CS sources used in this study, it is shark CS disaccharides that contain the least 45-GalNAc

(figure 17) which agrees with the literature. MS data obtained in this study supports this theory with

shark CS spectra showing a relative abundance of 0.275. This is statistically different to bovine and

porcine which had relative intensities around 0.055 at an m/z of 240.8. The relative intensity of

240.8 in bovine and porcine are not statistically different.

CS
source Porcine Bovine Shark
0.065 0.0721 0.234
Rel.
0.034 0.0432 0.285
intensity
0.074 0.0461 0.306
Ave 0.0576 0.0538 0.275
St Dev 0.020 0.0159 0.037
T test
0.81
P:B
T test
0.0009
P:S
T test
B:S 0.0007

: Relative intensities of m/z 240.8 corresponding to a S-GIcA in porcine, shark and bovine CS that has been subjected to

free radical depolymerisation via Fenton type reaction. 2 sample T tests were carried out to evaluate statistical

significance between each CS source.

MS2 fragmentation of m/z 240.8 ion yields the following m/z: 196.8, 160.8, 154.8, 138.8 and 96.8.
The structures of these MS2 fragments can be seen in figure 20 and enables us to propose the

structure of the parent 240.8. The large peak at m/z 96.8 corresponds to a SO4 and shows that the

parent ion and its constituent ions are also sulfated. It is unusual that the base peak iis at m/z 154.8.

it would be assumed that m/z 297.8 and 315.9 would yield the highest intensity as these are thought

to be the major parent ions that are generated by free radical depolymerisation of intact CS.

67



m/z 240.8

O OH
OH
Q
8]
D=S:=0

! T o o

i O0—S5—0H O=S|—OH 0=S|—OH
0—5—0H H ”
o o

m,z 196.8 m/z 160.8 m,/z 154.8 m/z 138.8

Figure 42: Possible fragmentation pathway of m/z 240.8 of intact shark CS (with 2S-GlcA) that has been subjected to free

radical depolymerisation via Fenton type reaction and analysed by ESI-MS in the negative ion mode with a
fragmentation energy of 0.7V.
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Figure 43: Main proposed fragmentation pathway of m/z 240.8 of intact shark CS (with 35-GlcA) that has been subjected
to free radical depolymerisation via Fenton type reaction and analysed by ESI-MS in the negative ion mode with a
fragmentation energy of 0.7V.

7.4.3 m/z214.8
Following on from m/z 240.8, the next ion of interest was m/z 214.8. MS2 fragmentation of this ion

yielded m/z fragments 214.8, 184.8, 160.8 and 96.8, the structures of which can be seen in figure 23
Unlike m/z 240.8, 214.8 has the possibility of being 4/6S depending on the sulfation of the parent

GAINAc. This particular CS source was shark cartilaginous skeleton which has a mostly 6S-GAINAc.
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Figure 44: 2 possible MS2 fragmentation pathways of m/z 214.8 in a sample of intact shark CS subjected to free radical
depolymerisation via Fenton type reaction. Left is ion in 6 sulfated form whilst left is the ion in 4 sulfated form.
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7.4.4 m/z 184.8 and 154.8
These 2 ions are constituents of the parent m/z 214.8 which is itself most likely an ion generated

from the fragmentation of m/z 297.9 (4/65-GalNAc). Subsequent MS2 analysis of 184.8 yields 3
major peaks of m/z 184.8, 154.8 and 96.8. Fragmentation of 154.8 yields m/z 154.8 and 96.8. 184.8
and 154.8 arise due to ring cleavage of the 4/6S-GAINAc. These 2 ions are known to be sulfated due

to the presence of the 96.8 ion which corresponds to SO4 (figure 19).

7.4.5 Bovine
Infusion ESI-MS analysis of intact bovine CS that was subjected to free radical depolymerisation via

Fenton type reaction yielded an MS spectra similar to that of shark. The major peaks mentioned
earlier were all present and have statistically insignificant relative intensities. This was not true for
m/z 154.8 or m/z 240.8 which has relative intensities statistically different to shark. This supports
the theory that m/z 240.8 corresponds to a 3-sulfated GlcA which mostly occurs in shark CS. This was
the proposed structure over 4 sulfated GIcA as this is the position of the glycosidic and therefore

may not be sulfated unless functional group transfer occurred in the mass spec.

MS2 of the major ion peaks yielded the same fragmentation ions as shark. MS2 fragmentation of
315.9 and 297.9 both yielded the same m/z as in shark which suggests the structures in figure 41

being generated..

7.4.6 m/z154.8
It is proposed that the m/z 154.8 ion arises due to fragmentation of the parent fragments of m/z

214.8 and 240.8. m/z 240.8 corresponds to a 25-GlcA whilst m/z 214.8 arises from in source
fragmentation of 35-GlIcA generated from the free radical depolymerisation. The relative intensity of
m/z 154.8 is significantly less in bovine compared to shark. This could be due to the fact that
sulfation in shark CS can occur on carbon 4/6 on GAINAc as well as carbon 2 on GlcA. All yield
plausible structures that fit the MS2 data, the possible outcomes of these fragmentations are shown

in figures 43-45.

7.4.7 m/z Porcine
Infusion ESI-MS analysis of intact porcine CS that was subjected to free radical depolymerisation via

Fenton type reaction yielded an MS spectra similar to shark and bovine CS. However it must be
noted of the subtle differences in the spectra (figures 20-22): instead of a base peak at m/z 154.8
(shark) or 297.9 (bovine) it is instead at m/z 299.8 which corresponds to a saturated 4/6S GAINAc.
The other noticeable difference is the presence of a peak at m/z 475.9 which corresponds to an

saturated monosulfated disaccharide chain cap which compromises of a GlcA and GalNAc, the
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structure of which is shown below. An m/z of 327.8 is also seen at a great intensity in porcine which

is not seen in porcine or shark.
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Figure 45: Proposed structure of m/z 475.9 which corresponds to a saturated monosulfated disaccharide cap.

The spectra obtained from the porcine sample is slightly different to that of shark and bovine. There
seems to be more undefined peaks in porcine (figure 37) that has similarities to the spectra of intact
CS (figure 16). The presence of the 475.9 as well as the number of undefined peaks may suggest a
partial depolymerisation of the intact CS chains. This is unusual considering the same conditions
were used for all of these comparative experiments. The same concentration of ROS will be
generated in all three experiments (As we use the same concentrations of H202 of CuS04) so it
seems to be that the structure of porcine of CS makes it less susceptible to free radical

depolymerisation, this may be due to the sulfation pattern of porcine CS.

7.5 Proposed mechanism of free radical depolymerisation of CS
The previous data suggests that the free radical degradation of CS occurs at the (alpha)1-4 glycosidic

bond between GlcA and GalNAc (at each glycosidic bond, as it is a polymer) which results in an
increased abundance of the GalNAc residue. This proposed mechanism is an extension of those
proposed by (Wu et al 2010). The hydroxyl radical generated by Fenton absorbs a hydrogen atom
from C3 of the hexosamine (figure 47). This leads to the cleavage of the glycosidic bond and the
formation of a GalNAc radical which then reacts with oxygen to create of fully formed GalNAc. Our

findings suggest something slightly different to a previous study which suggests glycosidic bond
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cleavage on carbohydrate radiolysis occurs due to radical hydrolysis with an unpaired electron at C-1

instead of C3. Both studies however suggest a Beta-scission mechanism (Dizdaroglu 2014).

This mechanism is open for discussion, it is presumed that the Beta glycosidic bond is more stable
than the alpha bond. Beta is thought to be more stable due to the ‘straight’ configuration of the
bond meaning that more hydrogen bonds can form between each monomer (Das et al 2012)(Figure

47).
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Figure 46: Proposed mechanism of the free radical degradation of chondroitin sulfate initiated by Fenton like reactions.
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7.6 Conversion of homogentisic acid into homogentisate
The generation of the homogentisate ion from HGA is an important step in its polymerisation. This

process is an excellent example of the unique redox characteristics of (hydro/semi) quinones which
have the ability to serve as a one or two electron donor/acceptor (Song and Buettner 2010). Another
important chemical feature is the ability to undergo reversible redox reactions without changing
structure; this allows for redox recycling and is important in polymerisation. Patients with AKU
display an deficiency in homogentisatel,2-dioxygenase which normally breaks down HGA into
malolelyacetic acid. A lack of this enzyme results in the accumulation of HGA which can then be

oxidised to homogentisate.
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Figure 47: Mechanism of HGA oxidation to HGA benzoquinone (homogentisate) via a cation intermediate.

The conversion of the HGA benzoquinone is a one electron process that involves the generation of
an unstable cation intermediate which is not detected by mass spectrometry. The generation of the
homogentisate ion is a vital component of HGA polymerisation as this is the point at which a
phenoxyl radical is generated. This phenoxyl radical is then able to couple to other HGA molecules

and polymerise.

7.7 Semiquinones and generation of ROS
To elucidate the potential reactions HGA can undergo we must first analyse the different reactions

undertaken by its parent molecules. A major step in HGAs biochemistry is the generation of a
benzoquinone radical (Figure 48)- These along with quinones and hydroquinones are some of the
oldest organic molecules in the universe and important in many redox systems (Song and Buettner,
2010). Semiquinone generation of ROS has been addressed by Valgimigli et al., 2008. They propose
that semiquinones undergo an unusual reaction with molecular oxygen that generates ROS (figure
3). In particular the 1,4-semiquinone radical reacts with oxygen in water and is thought to proceed

via a sequential proton-loss electron-transfer (SPLET) mechanism at neutral/ alkaline pH.
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Figure 48: Reaction proposed Valgimigli et al., 2008 that postulates semiquinones unusual reaction with molecular
oxygen and the generation of reactive oxygen species.

7.8 Oxidation and coupling of phenol

To understand the possible mechanism of HGAs polymerisation we must also look at the possible
mechanisms of its dimerization which is most likely to occur at one of the phenol groups. This is a
complex process which can be described as a scheme of squares where species are generated by
electron and proton transfers. Although the system can be represented by figure 50, the real system
is more complicated because every species of the system may react to produce 2 other species of
the system. Other side reactions can take place such as dimerization of the radicals of electrophilic
attack of the cations (Eickhoff et al 2001). The 2 phenol groups of HGA will undergo a similar
mechanism. The generation of the phenoxyl radical then enables HGA to undego further coupling to

other phenoxyl radicals.
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Figure 49: Proposed square mechanism of the oxidation of phenol.

Looking forward to dimerization, it is proposed that dimerization of 2 and 5 (figure 50) cannot occur
due to steric hindrance and the absence of strong nucleophiles (Whitson et al 1973). One important
point is that in the absence of a base, phenol 1 is oxidized to 2 which then deprotonates to 5 which is
then oxidised to its desired state of 6. It is also possible for 2 and 5 to react to produce 1 and 6. From
this scheme we can see that the phenoxyl radical (5) is most similar to the homogentisate ion

proposed earlier.
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7.9 Phenoxyl reactions
The final oxidation products will be determined by the reactivity of the pehnoxyl which is stabilised

by resonance. This has previously been proven using ESR measurements (Jgrgensen et al 1999) in
addition to these oxidation products, the phenoxyl can react with other radical (X.) which are added
due to dehydrogenation of an excess of the phenoxyl. There a numerous possibilities of the identity
of X' such as nitrogen or carbon radicals. In the case of HGA dimerization this may well very be

another homogentisate (phenoxyl).

It is possible for 2 phenoxyls to combine and produce multiple dimers, the products can arise via
homocoupling (identical phenoxyls) or heterocoupling (Different phenoxyls). It is possible for this
process to start from the initial phenol or the phenoxyl due to the various electron and proton
exchanges highlighted in figure 40. The type of coupling that arises is determined by the steric and
electronic effects of the R groups. It can be assumed that homocoupling occurs when there is a large
Rotho and a small Ry,r, will lead to the coupling highlighted in figure 42. Heterocoupling can occur with
a large Rorno and an any sized Ry,r, with both of them donating electrons; this gives rise to the

product highlighted in figure 41.

7.10 Oxidation of hydoquinone by copper

The importance of Cu as a catalyst of hydroquinone oxidation is highlighted in a number of studies
(Osako et al 2003, Yuan et al 2013). It has previously been noted that the presence of Cu2+ had a
large impact on the generation of dityrosine. It was highlighted earlier that the formation of
dityrosine involved several oxidative steps so it may be assumed that Cu(ll) also plays a role In these
reactions. It was also found that the production of dityrosine was dependant on it being a free ion
which in our Fenton system it was. The advantage of the Fenton system over the horseradish
peroxidase system was also highlighted. There was no reported decrease in the yield of dityrosine
when the ph was changed, this was not the case when using the horseradish peroxidase system (Ali

et al 2004, Jacob et al 1996).

7.11 Benzoquinone dimerization
Once the benzoquinone of HGA (Figure..) is generated via Cu catalysis it then has the possibility to

undergo polymerisation. It is the strong electron-acceptor characteristics that is important in this
process and is important in a number of biological systems. The radical anion is stabilised by
delocalization of the negative charge in quinone oligomers (Hayashi et al 2007). Like the HGA
qguinone dimer, there are very few quinone oligomers that have been characterised. This may be

because they are so unstable that decompose when crystalized from ethanol.
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7.12 HGA dimerization
Although there has been some work on the dimerization of benzoquinones, there has been very

little applied to homogentisic acid when in its benzoquinone form. Hashimoto, Saikawa, & Nakata,
2007) provided some insight into the possible structure of this dimer. They do this through
characterizing the structure of hippsoduric acid which is a pigment found in sweat. They propose

that HGA is the biogenital precursor to his acid.

O i
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Figure 50: structure of hipssoduric acid (organge pigment)

Hashimoto devoted 7 years to understanding the structure of hippsoduric acid, yet they have still
not resolved how HGA is converted to this pigment. It can be seen that the left-side ring is composed
of the HGA benzoquinone whilst the right is the semiquinone with a lacking carboxyl arm. The
corresponding m/z of this molecule would be around 282.8, when looking at figure 38 we can see
there is no major peak in this area. This does not rule out this molecule being present but it does

show that it is unlikely to be involved in the main mechanism of HGA polymerisation.

Based on the dimerization/ polymerisation of its parent molecules, we can propose some
mechanisms of HGAs (dimer/polymer)isation. If HGA is in its phenoxyl radical form (HGA') it can
undergo a number of feasible dimerizations highlighted by figure 52. The type of dimerization that
occurs it dependent upon the constituent monomers. This dictates whether homo or heterocoupling

occurs as previously discussed.
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Figure 51: Proposed structures of HGA dimers based on the coupling of phenoxyl radicals.

The molecular weight of all these dimers is approximately 334.3 which corresponds to an m/z of
around 333.6. This is around 1 dalton lighter than the recorded m/z that we thought was the HGA
dimer. Further ms2 analysis of m/z 334.9 highlighted that is was solely composed of a non-oxidized
HGA (m/z 166.8). However this should not be surprising as we are suggesting that for HGA
dimerization to occur it must first be in its oxidised (pehnoxyl) form. We believe that the presence of
a ferrous ion (Fe2+) or copper (Cu2+) will catalyse this process and possibly allow us to observe the
proposed dimers. However this does not shy away from the possible complexity of this reaction as
previously discussed. Any one of these dimers can be formed stably and further NMR analysis of
HGA in the presence of copper would be helpful, however this would require extensive and work up
that was not feasible for the time frame of this project. It must be noted that a structure very similar
to structure 2 has been reported when investigating the effects of acetonitrile on HGA dimerization

(Eslami et al 2014).
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It must be noted that HGA does not contain one phenol group, it is a diphenol as well as a phenolic
acid. Oxidation of diphenols can lead to intramolecular coupling of the diradical. The scheme of
dimerization still follows that of figure 38 where the coupling pattern is determined by the molecular
frame. It has been reported that a number of natural products can be generated through the
dimerization of bi and diphenols- hippsoduric acid being one of them (Kita et al 1998, Rama Krishna

et al 1990)

7.13 HGA and the generation of ROS
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Figure 52: Proposed mechanism of HGAs oxidation to a semiquinone and its unusal eaction with molecular oxygen to
produce ROS. * Part of the pathway where HGA dimerization may occur based on previous analysis of benzoquinone
dimerization.

Several lines of enquiry have proposed the potential polymerisation of HGA, below is a possible
structure of the HGA polymer from a previous study (Braconi et al 2015). When looking at the

(dimer/polymer)isation it seems that the most likely point of coupling would be the two oxidised
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phenol groups. The MS2 data from our spectra suggests that the COOH is the easiest group to break
off from HGA. It is more unlikely that polymerisation would occur at this point as it would require a
carbon radical attack. Considering there are 2 free OH groups it seems that these are the most likely

sites to generate radicals and join with other HGA molecules.

\_/

HO

Z

Figure 53: Proposed structure of HGA polymer after the generation of the HGA benzoquinone leading to the ochronotic
pigmentation observed in Alkaptonuria (Braconi et al 2015).

This pathway has been created after reviewing the oxidation and polymerisation of tyrosine as well
as the oxidation of the general classes of molecule that HGA belongs (e.g. benzoquinones,
hydroquinone etc.). Future research is needed to agree or disagree with this theory. What is known
is the ochronotic pigment found in AKU bone does contain polymerised HGA. This inevitably leads to

the degradation of bone/cartilage and the development of arthritis in AKU patients.

The proposed generation of ROS in the final step of its oxidation generates many more avenues for
future research. In the previous chapter, we discussed the free radical degradation of CS, a vital
component of cartilage and bone ECM. In the next chapter, we discuss the possibility of HGA

degrading CS through its own metal catalysed oxidation and polymerisation.
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7.14 HGA interaction with CS
We propose the metal catalysed polymerisation of HGA will lead to the degradation of CS due to

generation of ROS as a result of HGA polymerisation. The above figure provides some evidence that
this is in fact possible. m/z 457.9 corresponds to the unsaturated CS disaccharide which is composed

of a 4/65-GAINAc bound to GlcA via glycosidic bonds. m/z 299.8 corresponds to 4/65-GalNAc.

When compared to the spectra generated by the mixture of HGA and CS it becomes apparent that
the intensity of m/z 299.8 is significantly reduced to background intensity (figure 46). This again
provides some evidence that the addition of CuSO4 (or Iron citrate) is required to catalyse the
generation of ROS from HGA. It may be that HGA on its own would be able to degrade CS, however it

would require years of study to conclude this.

Previous studies have hypothesised that free radicals generated by the oxidation of HGA to its
benzoquinone were responsible for the change in connective tissue observed in AKU. A similar
change in the connective tissue was observed in non-AKU arthritis and disorders or tyrosine
metabolism (Hegedus and Nayak 1994, Rocha and Martins 2012). Specifically it was proposed that
ROS generated from HGA was able to damage the GAG hyaluronic acid in the synovial fluid of joints
(Hegedus and Nayak 1994). This is the only current evidence for HGA damaging a GAG. It was also
proposed that the morphological changes in AKU arose due to the HGA bezoquinone linking to
collagen ionic groups via its carboxyl arm. Furthermore, the linkage between HGA hydroxyl groups or

activated CH groups and the keto-imide bonds in collagen (Braconi et al 2015).

Based on the mechanism in figure 53 we propose that HGA polymerisation will generate oxygen free
radicals similar to those generated from the Fenton like reaction (CuSO4+H202). These ROS can then

go on to breakdown the disaccharide of chondroitin sulfate with the same mechanism as figure 47.
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7.15 Addition of SOD preventing free radical depolymerisation of CS
We propose that the metal catalysed oxidation/polymerisation of HGA generates ROS as well as

radical forms of HGA (e.g. Phenoxyl radicals). The full mechanism of HGA polymerisation is still a
mystery however it is believed to involve several electron/ proton transfers as well as complex
interactions with various cofactors. From these figure 55 we can see the addition of SOD does have
some effect on the ions generated from HGA-CuSO4 reaction. What can be deduced is the reduced
relative intensity of m/z 166.8 in A compared to B. This may suggest that SOD is playing a role in

preventing the oxidation/polymerisation of HGA which would therefore yield more of the initial acid.

In this reaction 10ul of SOD (5000AU) was enough to halt the free radical depolymerisation of CS.
Oxyradicals were generated from 10ul 20mg/mICuS04 and 10ul 35%H202. It would be useful in
future experiments to determine at what volume/activity the SOD would become insufficient to halt
the reaction. From these experiments, it would be possible to determine the stoichiometry of the
reaction. For our studies, it was sufficient to show that the SOD was able to stop free the free radical

depolymerisation of CS.

It was previously discussed that it became apparent that HGA was possibly able to breakdown CS
disaccharides when in the presence of a metal catalyst. It was postulated that HGA-Cu2+ was not
able to fully degrade the full length CS chain. The presence of m/z 299.8 was a marker for this
degradation in porcine CS which corresponds to an unsaturated monosulfated GalNAc. From figure 5
we can see that the addition of SOD to the digest prior to HGA and CuSO4 halted the generation of
m/z 299.8. it is also clear that that m/z 166.8 (corresponding to HGA) is at present in the SOD spectra
but not in the other. This suggests that SOD prevented that oxidation and depolymerisation of HGA
which is supported by previous experiments. Through the actions of SOD preventing HGA
oxidation/polymerisation, it was also able to prevent the HGA(Cu2+)-mediated degradation of the CS

disaccharide.

This hypothesis has major implications in Alkaptonuriawhich is a disease that manifests as a result of
HGAs oxidation/ polymerisation which results in the degradation of cartilage. Could SOD be used as
a possible therapeutic in the treatment of the bone-associated symptoms of alkaptonuria? From
these findings it may be possible to suggest that SOD may also act as preventative agent in non-AKU

arthritis through the action of preventing CS degradation.

The possible beneficial effects of SOD in joint diseases has previously been discussed, it was found
that SOD had protective effects in inflammation in animal models (Fujimura et al 2000). In mouse
models it was found that SOD deficiency in mice lead to an increase in the production of

proinflammatory cytokines and the severity of arthritis (Ross et al 2004). In the same model it was
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discovered that SOD gene transfer resulted in a decrease in arthritis severity (Dai et al 2003).
However in human models, SOD levels had an adverse effect on arthritis severity (Ugur et al 2004).
These findings were met with conflicting results and available data does suggest SOD has a

protective role in inflammatory joint disease (Afonso et al 2007).
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8.Conclusions
The mass spectra suggests that free radical degradation of CS does not stop at the cleavage of the

glycosidic bond but in fact carry on with the cleavage of the ring.; due to the high intensity of m/z
154.8 (which corresponds to further breakdown of 4/6S-GIcA). If this m/z only arose as a result of
MS2 fragmentation of m/z 240.8 then it would surely be present at similar intensities to the other
MS2 fragments and would not be present at a greater intensity than the 240.8 peak in the original
spectra. We instead see a significantly increased presence of 154.8 which may be down to a number
of factors in addition to the point above. One may be that artefacts with similar m/z are contributing
to the large intensity or it may be that further fragmentation of the parent fragments that are

contributing to the increased intensity.

What we do know is that there is evidence in literature od ROS cleaving benzene rings and forming
aldehyde metabolites which then increased the hematoxicity of benzene (Witz et al 1996). In fact
oxidative cleavage of 6 membered rings by transition metals is also of great interest in the petrol and
biomass industries (Hu et al 2014). What this shows is there is evidence that free radical damage of
stable C-C bonds is possible. Further work is needed to provide an insight for or against the proposed

mechanism for the further breakdown of the GalNAc ring.

We have proposed a mechanism for the free radical degradation of CS, an important structural
component of articular cartilage. The degradation of this molecule has been associated with the
development of arthritis. As age increases so does the quantity of ROS generated. The proposed
mechanism of free radical depolymerisation of CS may provide some insight into the development of
arthritis. Chondroitin sulfate can elicit anti-inflammatory effects and regulate the anabolic/catabolic
balance in chondrocytes (Du Souich 2014). Therefore, bodily free radical depolymerisation (i.e. free
radicals generated via biological routes such as inflammation) of CS will not only degrade structural
components of cartilage but will also be detrimental to the defence against further free radial

(oxidant) damage of nearby structures.

Further work is needed to identify the potential implications of this proposed mechanism in vivo.
However the data provided here does present evidence that the free radical degradation of CS
occurs by the cleavage of the glycosidic bond between GlcA and GalNAc. The mass spectra also
suggests either fragmentation of the generated monosaccharides or further free radical degradation
of the hexose ring . This has massive implications when considering arthritis progression and severity

with age.
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This study aimed to characterize the structures generated from the free radical and enzyme
depolymerisation of CS using ESI-MS. We concluded that ROS generated via Fenton reaction was
able to breakdown both intact CS and its disaccharide unit. Structures were characterised using
tandem MS data and theoretical modelling , alongside this we were also able to construct
fragmentation pathways of the components of the CS disaccharide e.g. GlcA and GalNAc. This
method can easily detect the presence of the free radical damaged CS by generating high intensity

fragments of m/z 299.9/297.8 and 315.9.

The use of HPLC and ESI-MS was then used to characterize structures from the analysis of HGA.
Tandem MS analysis and theoretical modelling was also used to characterize strcutres from the
fragmentation of HGA. This same method was used to investigate the potential Cu catalysed
oxidation and polymerisation of HGA. Whilst these strcutres still remain elusive, we were able to
show that the presence of copper was needed to catalyse the transition from the acid form of HGA

through to its oxidised form (Hydroquinoines, benzoquinones etc).

We were able to predict the possible mechanism of HGA polymerisation by using its parent
molecules such as tyrosine and phenol. Using these as templates we concluded that the most likely
point of polymerisation would be one of the OH groups. From this we proposed a mechanism of
HGA dimerization with the generation of oxygen free radicals via its unusual reaction with molecular
oxygen. The proposed mechanism involved the generation of ROS via its polymerisation and this
would fit well with the prediction that HGA can infact breakdown CS disaccharides in the presence of

copper.

The use of SOD highlighted the ability to halt the free radical degradation of CS via its oxygen radical
scavenging mechanism. SOD was also used to halt the HGA induced degradation of the CS
disaccharide which again suggests that HGA induced degradation arises due to the generation of

ROS via its own oxidation and polymerisation.
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