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ABSTRACT

A protective layer of mucus lines the surface of the gastrointestinal tract. Agents or processes

that interrupt the continuity of this layer can potentially compromise the integrity of the mucosa,

causing disease. The anaerobic bacterium Prevotella strain RS2 utilises the major structural

component of the mucus layer, the mucous glycoprotein or mucin, as an energy source.

Prevotella strain RS2 possesses a novel mucin-desulfating sulfatase (MdsA) which removes the

protective sulfate ester group from N-acetyl-B-D-glucosamine-6-sulfate sugar residues of mucin

oligosaccharide side chains. The desulfation of sulfated sugar residues in mucin is thought to be

the rate-limiting step in mucin degradation. The gene sequence for MdsA has previously been

determined.

The 4650 bp of genomic DNA downstream of the gene encoding MdsA was amplified by inverse

PCRs and sequenced. Two complete open reading frames, mdsC and mdsD, were identified and

are predicted to encode putative proteins of 362 and 1073 amino acids respectively. The

deduced MdsC protein exhibited homology to the catalytic domain of aminoglycoside

phosphotransferases and may perform a similar function. The deduced MdsD protein is predicted

to be transported to the periplasm and/or outer membrane, and based on homology, may have a

multiprotein proteolytic function similar to the tricorn protease. Northern and Western blot

analyses suggest mdsA, mdsC and mdsD are coexpressed and their expression is increased

when Prevotella strain RS2 is grown on mucin. This work is the first mucin-degrading operon of

genes to be described.

Also during the course of this research, a novel desulfating enzyme, 6-sulfo-N-acetyl-B-D-

glucosaminidase (6-SNG) was discovered in Prevotella strain RS2. The enzyme can remove

intact N-acetyl-p-D-glucosamine-6-sulfate residues from sulfated sugar substrates and is different

to MdsA which removes the sulfate ester group. A procedure for the partial purification of active

6-SNG has been determined. The 6-SNG is predicted to corresponded to a 67.0 kDa SDS-PAGE

protein band though several isoenzymes or fragmentation products were detected during the

puriflcation. The 6-SNG is located in the periplasm of Prevotella strain RS2 and is expressed at

increased levels when grown on mucin. Inhibition studies for the partially purified enzyme have

identified a number of potential enzyme inhibitors. This work represents the first 6-SNG to be

described that may play a role in mucin-desulfation.
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CHAPTER 1: INTRODUCTION

1.1 General introduction

A continuous layer of mucus lines the surface of the gastrointestinal, respiratory and urogenital tracts

(Allen, 1981 ; Atuma et a|,2001). This protective, viscoelastic, mucus gel forms a selectively permeable

barrier between the underlying epithelial mucosa and the external environment (e.g. the gut lumen).

Agents or processes that interrupt the continuity of this mucus layer can potentially compromise the

integrity of the underlying mucosal cells, sometimes resulting in injury or disease.

The main structural constituents of the mucus gel are the mucins or mucus glycoproteins. Mucins are

extensively glycosylated glycoproteins that constitute between 1 and 10% (wet weight) of the mucus gel

(Allen, 1981). Two types of mucin are found, those that are attached to the mucosa cell membrane and

those that are not. Some mucins are heavily sulfated (sulfomucin) and are secreted in regions of the

gastrointestinal tract, the colon and oral cavity, where large numbers of commensal and opportunistic

pathogenic bacteria colonise (Nieuw-Amerongen ef a/, 1998). The mucus layer is thought to prevent

most of these bacteria from directly infecting the underlying epithelium. Some bacteria have the

potential to utilise the mucin component of the mucus gel as an energy source (Hoskins ef a/, 1985;

Stanley et al, 1986). A dynamic balance between mucin secretion and its degradation therefore exists

in order to prevent these bacteria from compromising the integrity of the mucus barrier. In addition,

evidence suggests that mucin carbohydrate substituents, neuraminic acid and notably sulfated sugar

residues (e.9. N-acetyl-D-glucosamine-6-sulfate, D-galactose-6-sulfate and D-galactose-3-sulfate),

limits mucin degradation. The size and charge exerted by a sulfate ester group on these sugars, is

thought to inhibit the action of bacterial mucin-specific proteases and glycosidases (Mian et al, 1979a).

A bacterium possessing mucin-desulfating sulfatase or similar activity would therefore have a habitat in

the competitive colon and oral environments as well as being potentially harmfulto the host. Mucin-

desulfating sulfatases have been identified in a number of bacteria, including Prevotella strain RS2 and

Bacteroides fragilis ATCC 25285, in this laboratory (Wilkinson and Roberton, 1988; Rosendale 1997).

Changes in mucin sulfate content has been found to occur during gastrointestinal disease (e.g.

ulcerative colitis). lt is not certain if such changes are due to or alternatively result in alterations in

bacterial mucin-desulfating sulfatase activities.

The above overview will be discussed in detail in the sections below.



1.2 Mucus gel

1.2.1 Composition and structure

The mucus gel is composed of a complex mixture of water (90 to 95% of the polymorphic layer), mucins

(2-10o/o wet weight), other glycoproteins, peptides, secreted antibodies, electrolytes, nucleic acids,

lipids, sloughed cells, serum, cellular macromolecules and microbes (Neutra and Forstner, 1987;

Carlstedt et al, 1985). Two different forms of mucus comprise the mucus layer covering the

gastrointestinal tract. A thin layer of stable, water-insoluble gel firmly adhering to the mucosal surface

(composed mainly of membrane-associated mucins), and a semi-adhered water-soluble mucus overlay

mixed with lumen fluid (composed primarily of secreted mucins) (Atuma et a\,2001). The human mucus

gel thickness varies between and within anatomical regions of the gastrointestinal tract (e.9. 50-450 pm

human stomach; 10-20 pm duodenum; 60-150 pm proximal colon; 60-200 pm distal colon; and 100-200

pm rectum) (Pullan et al, 1994; Allen and Hoskins, 1988; Jordan ef a/, 1998).

The mucins are the gel-forming determinants of the mucus layer, but other substances (e.9. nucleic

acid, trefoil peptides) contribute. The formation of gels is dependent on secreted mucin concentration

(Neutra and Forstner, 1987; Verdugo, 1990). Normal physiological concentrations of secreted mucins

in gels are between 20 and 50 mg/ml depending on the region and source of the mucin within the

gastrointestinaltract (Allen et a|,1976; Sellers et a\,1988; Strous and Dekker, 1992). Membrane-

associated mucins are monomeric and do not form gels, but are believed to be involved in cell

recognition and adhesion (Corfield et al,2OO1). Mucus gels are sensitive to shear forces (e.g.

peristalsis), proteolysis (Bell et a|,1985), and reduction of intermolecular disulfide bonds (Bell ef a/,

1985; Snary et al, 1970). Gel rheology can also be influenced by hydrophobic and other non-covalent

interactions with non-mucin molecules within the gel (e.g. lipids, nucleic acids and proteins) (Willits and

Saltzman,2001).

1.2.2 Function

The mucus layer performs many functions in the gastrointestinal tract. The most important function is

the protection of the sensitive underlying mucosa from damage. The roles presently attributed to the

mucus layer include.

(i) Bio-lubrication of inoested matter - the unique hydrophilic and viscoelastic properties of the mucus

layer enables it to adhere and thereby facilitate the passage of solid food, faecal and other materials

during peristalsis in the gastrointestinal tract (Silberberg, 1989; Forstner and Forstner, 1986; Silberberg

and Meyer, 1982).
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(ii) Protection from pH extremes - the mucus layer protects the underlying epithelium from extreme pH

environments (e.9. stomach, pH 2 to 3), by providing a suitable matrix that allows the formation of a pH

gradient between the lumen and mucosa. This buffering action is attained in the stomach by the

diffusion of secreted bicarbonate ions from the mucosa which neutralise the small amount of H+ ions

diffusing towards the cells (Flemstrom, 1987; Smith et a|,1985; Allen et a|,1984; Allen, 1989).

(iii) Protection from destructive lumen enzvme activities - the mucus layer protects the underlying

epithelium by acting as an impenetrable barrier to hydrolytic enzymes from the host digestive secretions

or from bacteria (Specian and Oliver, 1991; Gerken ef a/, 1989; Forstner and Forstner, 1986; Fahim ef

a/, 1983;Allen, 1981).

(iv) Protection from infection - the mucus layer performs an important function in protecting the

epithelium from the colonisation and invasion by bacteria and viruses. lt performs this function by

physical prevention or specific interaction (Forstner and Forstner, 1986; Rozee et al, 1982). The

possible mechanisms involve:

a) Physical aggregation of microorganisms for clearance by natural mucus flow

(Forstnerand Forstner, 1986; Bellef a/, 1984).

b) Inhibition of bacterial proteases and glycosidases (Shora et a|,1975).

c) Specific mimicking of cell receptor epitopes (e.9. blood group antigens) from the epithelium

towards which bacterial lectin-like adhesins and viral epitopes are targeted (Slomiany et a\,1987;

Yolken et al, 1994; Chen et a/, 1993). For example, murine intestinal mucin can bind to entero-toxigenic

Escherichia coli bearing K88 and K99 pili-associated antigens (Cohen et al, 1983) and interact and

inhibit rotavirus infection (Chen ef a{ 1993).

d) Interaction with the immune surveillance system (e.9. immunoglobulin A (slgA); defensins;

immunologlobulin G-gamma-Fc binding protein) (Klipstein et al, 1984; Bevins , et at,1999; Kobayashi ef

a/, 1991).

e) lnteraction with benign bacteria to out-compete potential pathogens for particular ecological

niches (Hoskins et al, 1985; Cohen et al, 1983; Rozee et al, 1982; Juntunen ef a/, 2001). Mucins have

been found to facilitate the growth of some endogenous microorganisms by acting as a food source

(Roberton and Stanley, 1982; Rosendale, 1997).

f) Interaction with defensive proteins including lysozyme (anti-bacterial protease), lactoferrin (iron

sequester that limits bacterial growth), and protease inhibitors (e.9. c1-antitrypsin) (Corfield et a\,2001).

(v) Protection of the mucosa from dehvdration - the rate of water permeability through mucus is

inversely correlated to the concentration of the mucus.

(vi) Facilitation of host diqestion - the unstirred continuous mucus layer acts as a selective permeability

barrier of nutrients, macromolecules (e.9. lipids), drugs, ions and toxins (Forstner and Forstner, 1986;
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ibid 1994; Proust et al, 1984', Smithson et al, 1981). The mucus is thought to aid fat digestion by acidic

mucin-mediated dissociation of mixed micelles (Shiau ef a/, 1990).

(vii) Interaction with heaw metals - the negatively charged components of the mucus gel may act by

complexing heavy metals within the lumen, which have the potentialto inhibit enzymes.

(viii) Interaction with trefoil peptides - mucins can associate with trefoil peptides secreted in the mucus

gel. Trefoil peptides participate in the process of mucosal wound healing (mucosa reconstitution) and

epithelial protection (Poldosky, 2000). lt is thought the mucus gel aids healing by covering the injury

before trefoil peptide action (Wright, 2001; Thim ef al,2Q02).

(ix) Mucins as liqands for selectins - some mucins were found to act as ligands for selectins. Selectins

are carbohydrate binding proteins, involved in cellular adhesion processes including cellular homing of

lymphocytes. Interaction of mucins with selectins was found to initiate weak tethering to the

endothelium (Nieuw-Amerongen ef a/, 1998).

(x) Interaction with heparin - some mucins have been shown to interact specifically with highly sulfated

glycosaminoglycan heparin. lts exact function is not yet known (Xu ef a/, 1996).

1,3 Mucin (Mucous Glycoprotein)

1.3.1 Synthesis and secretion

Secreted and membrane-associated mucins are synthesised and secreted from a variety of highly

differentiated cells found throughout the gastrointestinal tract (Munster et al, 1989; Filipe, 1979;

Horowitz, 1977). These specialised cells are located at the mucosal surface or in the invaginated

epithelium of mucosal or submucosal glands and crypts. They produce heterogeneous mucin

molecules that differ in size, carbohydrate and amino acid compositions, antigeneticity, and structure

(Neutra and Forstner, 1987). A specific mucin may be secreted in one or several regions of the

gastrointestinal tract, and the mucus from a specific region may be a combination of several types.

Mucins are synthesised as nascent peptides on membrane-bound ribosomes in the rough endoplasmic

reticulum. Post-translational modifications, such as oligomerisation, folding and addition of

carbohydrate side chains, occur during transport through the rough endoplasmic reticulum and Golgi to

the secretory granules (Van Klinken et al, 1998). Secretion of mucin from these cells via exocytosis

(fusion of granules to the plasma membrane), can be constitutive (continuous) or regulated (requiring

an external stimuli). Constitutive secretion is thought to account for the baseline secretion of mucin

observed by several researchers (Specian and Neutra, 1984; Forstner and Forstner, 1994). lt is
probably important in maintaining the dynamic equilibrium between mucin degradation (mechanical and
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bacteriological) and mucin replenishment to give a continuous layer. Regulated secretion, by contrast,

is dependent on many secretagogues (e.9. prostagladir E1, acetllcholine, calcium) binding to receptors

(Forstner and Forstner, 1994). Evidence has shown that signal transduction pathways are involved in

regulated mucin secretion, since Ca2*, protein kinase C or cAMP-dependant protein kinase A are

required (Seidler and Sewing, 1989; Hong ef a|,1997).

1.3.2 Structure of mucins

1.3.2.1 Mucin Monomer

Mucin monomers are extensively glycosylated, unpolymerised glycoproteins that vary in length and

composition of their peptide core and oligosaccharide side chains. Because of their heterogeneity, the

molecular weight of mucin monomers range between 0.25 to 2x103 kDa. Mucin monomers contain (by

weight) approximately 15-25o/o protein, 60-80% carbohydrate and up to 9% ester sulfate depending on

the location secreted in the gastrointestinal tract. Two types of major structural regions are found along

the protein backbone of mucous glycoprotein monomers. A heavily glycosylated central domain, rich in

threonine, serine and proline residues (42 to 55 mol%; Roberton ef a/, 1989), and flanking sparsely

glycosylated regions, usually high in cysteine (Fig. 1.1).

The long central peptide domain exhibits a rigid configuration due to the high density of bound

carbohydrate chains (Gerken ef al 1989; Shogren ef a/, 1989). This region is resistant to proteolytic

degradation. However, some mucins contain areas within the central domain that are protease-

sensitive (Carlstedt and Sheehan, 1989; Thorton et a|,1990). These'naked' peptide regions are

predicted to increase the flexibility of the central domain.

The less glycosylated flanking regions of mucins contain many cysteine residues predicted to

participate in both intra-molecular (stabilisation of flanking peptide) and inter-molecular (polymerisation)

bonding. These flanking regions are susceptible to proteolytic degradation. Additionally, the carboxyl

termini of membrane-bound mucins exhibit a helical peptide structure for stable transmembrane

spanning and anchorage at the cell surface (Gendler et al, 1990; Spicer et a\,1991; Sheng et al, 1992;

Perez-Vilar and Hill, 1999).

1.3.2.2 Mucin Polymer

Polymerisation of secreted mucins is important for normal biological function (Neutra and Forstner,

1987; Forstner and Forstner, 1994). The presently accepted structural representation of high-molecular

weight mucin polymers is the linear'coiled thread' model (Carlstedt and Sheehan, 1984; Sheehan and

Carlstedt, 1990). This model proposes that mucin monomers are linked end-to-end via intermolecular
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Fig. 1.1 Secretory Mucin Monomer and Polymer Structure

(modified figure from Allen and Hoskins, 1988)
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disulfide bonds at the flanking regions to give long, semi-flexible polymeric molecules (Fig. 1 .1).

Multiple binding by two or more mucin monomers at a single attachment end has been suggested

(Perez-Villar and Hill, 1999). Non-covalent intermolecular interactions between oligosaccharide chains

or hydrophobic residues in the flanking regions may also be involved (Sellers et a|,1988; Neutra and

Forstner, 1987). The possibility of heteropolymer structures that contain different types of mucin

monomers exists (Dekker and Strous, 1990), though, only if co-expression of distinct mRNAs occurs

simultaneously in the cell. Native polymeric mucins have been predicted to attain molecular weights of

up to 3xl 04 kDa. All polymeric mucins within the gastrointestinal tract become solubilised (loss of

polymerisation) by proteolysis of the exposed flanking regions or by reduction of the disulfide bridges

(Snary et al, 1970; Bell et al, 1985). Loss of the polymeric structure will inhibit the ability of mucin to

form a gel at physiological concentrations (Forstner et a\,1979).

1.3.3 Composition of mucin

1.3.3.1 Protein core

At present, some thirteen human mucin (MUC) genes from various tissues have been identified

(Moniaux et al,2oo1, corfield et al, 2001). However, only MUC-1 , -3, 4, -12 and -13 (membrane-

associated) and MUC-2, -sAC, -5B, -6 and -11 (secreted) are located in the gastrointestinal tract

(Corfield et al,2QQ1). The deduced protein cores of completed MUC gene sequences range from 377

(MUC-7) to 5662 (MUC-58) amino acids in length. A unique feature of all the core peptide sequences

is the presence of repetitive structures or tandem repeat domains. Most tandem repeat domains are

located in the central structural region of mucous glycoproteins. An example of a secretory mucin

(MUC-2) is presented in Fig. 1.2. lndividual mucin sequences have their own unique tandem repeat

sequence(s), that varies only slightly from a predicted consensus sequence(s). Allelic variations in the

number of encoded tandem repeat sequences is observed, inferring mucin genes are hypervariable

(Gum et al, 1989; Gendler et al, 1990; Swallow ef al, 1987). So far, most of the tandem repeat

sequences range from 8 to 29 amino acids, with the exception of MUC-6 (169 amino acids) (Toribara ef

a/, 1993) and MUC-3 ('17, 59 and 375 amino acids) (Wlliams ef a/, 1999). Table 1.1 shows tandem

repeat domain sequences for MUC genes encoding mucins identified in the colon.

Table 1.1 Tandem repeat sequences of MUC genes identified in the human colon

Mucin oene Repeatino oeotide seouence Reference
MUC-1 PGSTAPPAHGWSAPDTRPA (20) Gendler ef a/. 1990
MUC-2 PTTTP ITTTTTWPTPTPTGTQT (23) Gum ef a/, 1989
MUC-3 HSTPSFTSSITTTETTS (1 7) Gum ef a/. 1990
MUC-4 TSSAMSTGHATP(S)LPWD (1 6) Porchet ef a/, 1991



Cys-rich region
including D-domains
(1380 AA)

Cys-rich
region
(148 AA)

Cys-rich region
with D-domain
(845 AA)

tl
/

Highly glycosylated
imperfectly conserved
tandem repeat region
(3474A)

I

Highly glycosylated
conserved tandem repeat
region (-230044)

tl

Glycosylated region
(13eAA)
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sequences (striped areas), cysteine'rich sequences showing homology to D-domains of prepro-
von-Willebrand factor (shaded D areas), and possible post-translational modification cleavage
sites (filled triangle) are shown. (Figure adapted from Roberton and Corfield, 1999).
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Tandem repeat sequences are rich in serine, threonine and proline residues. Glycosylation of these

sequences occurs via O-glycosidic linkages to the hydroxyl group of serine and threonine amino acids.

Evidence suggests that most of these residues within the tandem repeat central domain are

glycosylated, including adjacent amino acids (Sheehan and Carlstedt, 1984; Neutra and Forstner, 1987;

Gum ef a/, 1989; Shogren et al, 1989). The high number of proline residues within this domain enable

efficient packaging of the carbohydrate side chains (Gerken, 1986; Shogren ef a/, 1989; Gerken ef a/,

1989). The mucin central, structural (tandem repeat) region with attached carbohydrate side chains

constitutes approximately 70-90o/o of the mass of a mucin molecule.

The non-tandem repeat regions of secreted mucin peptide cores, located at each end of mucin

monomer sequences, contain high numbers of cysteine residues (Fig. 1.2). These regions exhibit

domains with similarity to D regions of prepro-von-Wllebrand factor, and therefore are thought to be

involved in polymerisation of secreted mucin monomers via disulfide bonds (Perez-Vilar and Hill, 1999).

Several possible sites for N-glycosylation are found in the non-tandem repeat regions (Forstner and

Forstner, 1994). Signal peptide sequences have been observed in the amino-terminal region of

transported mucins, while transmembrane (hydrophobic) stretches, cytoplasmic motifs for signal

transduction, and sites for serine phosphorylation and tyrosine sulfation, are located in the carboxyl-

terminal domain of membrane-associated (adherant) mucins (Khatri et a\,1998; Corfield et a\,2001).

A'link peptide' (-118 kDa) derived from the carboxyl-terminal region of some mucins (e.9. human MUC-

2, rat intestinal mucin MLP) was discovered after treatment of mucins with thiol reducing agents (Fahim

ef a/, 1983; Mantle et al, 1984; Roberton ef a/, 1989; Xu ef al, 1992a; ibid, 1992b). This link peptide is

involved in mucin polymerisation, though not quite in the manner envisaged. The carboxyl-terminus is

rich in cysteine residues (10 mol o/o) and contains multiple potential N-glycosylation sites. Formation of
the link peptide occurs following auto-catalytic cleavage of the mucin molecule late in the secretory

pathway, after disulfide bond formation between the 'link peptide' and the rest of the mucin molecule

(Lidell ef a/, 2003).

1 .3.3.2 Oligosaccharide side-chains

The carbohydrate component of mucin molecules is essentialfor normal mucin physiologicalfunction.

Almost all of the carbohydrate chains are O-linked to the serine and threonine residues of the tandem

repeat domain sequences. N-linked carbohydrate chains are primarily located in the unique flanking

regions of mucin monomers (Gum et a|,1992). N-linked carbohydrate chains are believed to aid mucin

subcellular compartment targeting and folding of polypeptides. The predominant O-glycan chains

consist of five different types of sugars: N-acetylgalactosamine (GalNAc), N-acetylglucosamine

(GlcNAc), D-galactose (Gal), neuraminic acid (or sialic acid) and L-fucose (Fuc). These sugars

distinguish mucins from most other glycoproteins. For example, serum glycoproteins contain mainly
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glucose and mannose residues, while glycosaminoglycans (GAG) contain uronic acid and if any, one or

few types of the mucin O-glycan sugars.

Mucin oligosaccharide chains vary in length (1 to greater than 20 sugar residues), sequence and

composition depending on the type, location, source and physiological state (normal or diseased) of the

mucin (Allen, 1981 ; Slomiany et al, 1984; Neutra and Forstner, 1987, Mawhinney et al, 1992a: ibid,

1 992b; Zalewska ef a/, 2000). Normal human colonic mucins, for example, have 2 to 12 sugar residues

per chain (Podolsky, 1985a; ibid, 1985b; Capon et al, 1992: ibid,1997), while more complex chains are

found in pig gastric mucins (18 residues) (Slomiany and Meyer, 1972) and human tracheal mucins from

patients with cystic fibrosis (160-200 residues) (Sangadala ef a/, 1993). Differences in oligosaccharide

side chain structure within a single mucin molecule is believed to contribute significantly to the

heterogeneity observed among mucins.

The oligosaccharide chains are not random sequences, but are organised into three discrete regions.

Each region, the core, the backbone, and the peripheral, exhibit their own antigenic determinants (Fig.

1.3).

The core

Mucin oligosaccharide chains attach to the peptide core via cr(1-O) linkages between a GalNAc sugar

residue and the hydroxyl group of serine or threonine amino acids (Neutra and Forstner, 1987). Eight

core structures have been recognised (Klein et al, 1992). However, only three are common in

gastrointestinal mucins (Table I .2). Each core defines the configuration of the two or three sugars

nearest the peptide attachment site (Schachter and Brockhausen, 1992). Specific cores are used

selectively in different types of mucin monomers and regions of the gastrointestinal tract (Allen and

Hoskins, 1988). For example, core 3 is predominantly found in colonic mucin (Podolsky, 1985a; ibid,

1985b). Differences in core usage are attributed to the nature of the tandem repeats on the peptide

backbone and the availability and concentration of specific glycosyl-transferases in the cell.

Table 1.2 Common core regions of gastrointestinal mucin oligosaccharide chains

Structure
Core 1 GalB 1 -3GalNAcal -O-Ser/Thr
Core 2 GalB 1 -3(GlcNAcF 1 -6)GalNAccrl -O-Serffhr
Core 3 GlcNAc0 1 -3GalNAcol -O-Ser/Thr
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chain (SS2 chain) (boxed) structures are shown. Figure adapted from Roberton and
Corfield, 1999.
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The backbone

Elongation of the oligosaccharide core structures occurs by the B-glycosidic linkage of disaccharide Gal-

GlcNAc repeating units (Fig. 1.3) (Strous and Dekker, 1992). Two types of disaccharide repeating units

are found, Gal-13(1-3)-GlcNAc (type1) and Gal-B(1-4)-GlcNAc (type2). Variation in the number and type

of elongation disaccharide units occurs within and between the mucin monomers. Branching of the

oligosaccharide chain happens within the backbone region when GlcNAc residues attach B(1-3) and

p(1-6) to a Gal residue. Short branches can occur elsewhere. Some Gal and GlcNAc residues may be

sulfated depending on the type of mucin.

The peripheral

Termination of the oligosaccharide chain occurs when peripheral sugar residues bind by cr-glycosidic

linkages (cf. B-linkages for the internal backbone region) (Fig. 1.3). These peripheral residues include

Fuc, neuraminic acid, Gal and GalNAc. Different types of a-glycosidic linkages are found for terminal

Fuc and neuraminic acid residues. Fucose can link a(1-2) to terminal Gal residues, or cr(1-3) and a(1-

4) to GlcNAc residues. While, neuraminic acid links cr(2-6) to peptide bound GalNAc, cr(2-3) to internal

or terminal Gal and cr(2-8) to other neuraminic acid residues (Carlstedt et al, 1985; Neutra and Forstner,

1987; Allen and Hoskins, 1988; Strous and Dekker, 1992). The types of sugars, their linkages, and the

presence of sulfate, in the peripheral region confer ABO(H) and Lewis blood group antigen specificity to

mucins of secretor individuals (Table 1.3) (Neutra and Forstner, 1987; Carlstedt ef a/, 1985; Nieuw

Amerongen ef a/, 1998). Changes in antigenic structures can occur following disease (i.e. Lewisa and

Lewisb in cancer). Sulfation of terminal Gal and GalNAc residues can occur.

1.3.4 Classes of mucins

1.3.4.1 Neutral mucins

Mucins can be separated into neutral and acidic fractions based on histological staining properties

(Filipe, 1979) and ion exchange chromatography (Wesley ef a/, 1985). The terms are only related

qualitatively to the amount of neuraminic acid and sulfate present (Roberton and Corfield, 1999).

Neutral mucins contain relatively low amounts of neuraminic acid (<5 mol% of mucin) and sulfate (<3%

(w/w) of mucin) compared to acidic mucin species (Liau and Horowitz, 1982; Nieuw-Amerongen ef a/,

1998). Mucins that are predominantly neutral in character are secreted in the antrum of pig and human

stomachs (Allen 1981).
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Table 1.3 The structure of blood group, Lewis and related antigens found in mucins

Antiqen name Structure"
H Fucal-2GalB1-R
A GalNAcal -3(Fuccrl -2)GalB 1 -R
B Galol -3(Fuccr1 -2)GalB1 -R
Le* GalF 1 -4(Fuco1 -3)GlcNAc-R
LeY Fuco 1 -2GalB 1 -4(Fuccrl -3)GlcNAc-R
Le" GalB 1 -3(Fuccrl 4)GlcNAc-R
Leo Fucctl -2Ga lB 1 -3(Fuca1 -4)G lcNAc-R
sialyl-Leu Neu5Accr2-3GalF 1 -3(Fuccr 1 4)GlcNAc-R
sialyl-Le^ Neu5Aca2-3Galp 1 4(Fuco1 -3)GlcNAc-R
sulfo-Lea SOs-3GalB1 -3(Fuco 1 -4)GlcNAc-R
sulfo-Le* SOs-3GalF 1 -4(Fuca 1 -3)GlcNAc-R
Tn GalNAccrl-GSer/Thr
sialyl-Tn NeuSAca2-6Gal NAcs 1 -O-Ser/Th r
Thomsen Friedenreich T-antiqen Galts 1 -3GalNAccrl -O-Serff hr
sialyl-T-antigen Neu SAca2-3Gal F 1 -3Gal NAca 1 -O-Ser/Thr

or GalBl-3(Neu5Aco2-6)GalNAccrl-O-Ser/Thr

a. -R denotes backbone or core saccharide residue. Table adapted from Nieuw-Amerongen et al,
1 998.

1.3.4,2 Acidic mucins

Acidic mucins contain comparatively large amounts of neuraminic acid (>5 mol% of mucin) and/or

sulfate (>3% (w/w) of mucin). Acidic mucins can be separated into sulfomucin and sialomucin sub-

fractions depending on the relative amounts of sulfate and neuraminic acid respectively. Variations in

sulfation and neuraminic acid content are observed between and within tissue types, and across

species. Such differences are likely due to tissue-specific expression and/or regulation of sulfo-

transferase(s) and sialyl-transferase(s) activities (Nieuw-Amerongen et a/, 1998).

For example, human gastric mucins contain significantly less sulfate and neuraminic acid residues (1-

3% (w/w) sulfate; <2 molo/o neuraminic acid) than human colonic mucin (3-5o/o (w/w) sulfate; 10-20

molo/o neuraminic acid). Mucins secreted in the distal rectal region of the colon and fundic region of the

stomach are more sulfated compared to those from the proximal colon (right) and stomach antrum

respectively (Jass and Roberton, 1994). Further, rat gastric mucin (up to 14Yo (wlw) sulfate) is

signiflcantly more sulfated than human gastric mucin (Fillipe, 1979; Liau and Horowitz,1982). Mucins

that contain predominant amounts of sulfate (sulfomucins) are secreted in the colon and mouth

(Bolscher et a|,1995), while the small intestine contains predominantly neuraminic acid containing

mucin (sialomucin).
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Neuraminic acid residues can vary in the type, position and extent of acyl substitutions. In the colon,

neuraminic acid is usually O-acetylated at positions Ca, Cz, Ca and Ce, and N-acetylated at C5 (Culling ef

a|,1975; Reid et al, 19751. A range of sulfated sugar residues have been found at both internal and

non-reducing positions of sulfomucin oligosaccharide side chains. These include GlcNAc-(3-, 4- or 6-)

sulfate; GalNAc-6-sulfate; Gal-(3-, 4- or 6-) sulfate; and N-acetyl-glucosamine-bis-sulfate (Slomiany and

Meyer, 1972: Lombart and Winzler, 1974; Liau and HorowiE,1982; Mawhinney et al, 1987; ibid,1992a;

ibid, 1992b; Lamblin et al, 1991 ; Sangadala ef a/, 1993; Lo-Guidice et al, 1994; Capon et al, 1992: ibid,

1997). However, the predominant sulfated sugars in human mucins are GlcNAc-6-sulfate, Gal-3-sulfate

and Gal-4-sulfate. Neuraminic acid and sulfated sugar residues may be present on the same

oligosaccharide chain (Capon et a|,1992).

Within the human colon, specialised mucin-secreting goblet cells produce varying degrees of sulfated

and neuraminic acid-containing mucins, according to the position within the crypt. For example, goblet

cells in the upper one third of the crypts in the rectum, mainly produce sulfo- and sialomucins while in

the lower two thirds, goblet cells produce only sialomucins (Allen and Hoskins, 1988). As globlet cells

age, they migrate from the undifferentiated region in the lower crypt to the upper organised crypt region.

Thus, their capacity to produce acidic mucins alters with age.

Changes in mucin sulfate and neuraminic acid content accompanies disease. A decrease in sulfated

mucin was found following ulcerative colitis (Raouf et a|,1992), Crohn's disease (Nieuw-Amerongen ef
a/, 1998), gastritis and peptic ulcers (Slomiany et a\,1987; Murakami and Mori, 1984). lnterestingly, a

lipopolysaccharide from Helicobacter pylon (the principle causative agent of gastric disease) was found

to inhibit the process of mucin glycosylation and sulfation (Liau ef a/, 1992). Decreases in sulfate

content accompanied by an increase in neuraminic acid residues and shortened oligosaccharide chain

length was found for mucins secreted from colonic tumours (Boland et al, 1982: Neutra and Forstner,

1987; Boland and Deshmukh, 1990). Conversely, gastric carcinomas often produce mucins rich in

sulfate content (Neutra and Forstner, 1987). Patients with cystic fibrosis show an increase in the
proportion of sulfate and a corresponding decrease in neuraminic acid content for their respiratory

mucins (Mawhinney et al, 1987; Neutra and Forstner, 1987; Lamblin ef a/, 1991).

1.3.4.2.1 Functions of acidic groups in mucin oligosaccharide chains

Neuraminic acid and sulfated residues of mucin oligosaccharide chains are essential for normal mucin

function (section 1.2.2). Roles attributed to the acidic components of mucin include, inhibition of host

and microbial proteases and glycosidases, targeting of microorganisms to prevent infection, and

specific interaction with selectins for cell adhesion processes. The evidence presented below will

discuss these roles and emphasise the importance of sulfate in these functions.
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Neuraminic acids have been implicated in the inhibition of proteases exhibited by mucins (Nadziejko

and Finkelstein, 1994). O-acetylation of Cz, Cs and Cg hydroryl groups of neuraminic acid were also

found to significantly reduce bacterial neuraminidase action, an initial step required for mucin

degradation (Mian et a|,1979b; Corfield et a|,1988; ibrd, 1992a). Furthermore, removal of the O-acetyl

groups by O-acetylesterase activity facilitated cleavage of neuraminic acid groups from mucin (Poon ef

a/, 1983). Approximately 9% of the Caucasian population lack the ability to O-acetylate neuraminic acid

(ie. are homozygous for an inactive O-acetyl transferase gene). However, there is no evidence to

suggest that these individuals are more predisposed to colorectal cancer or other diseases (Jass and

Roberton, 1994). Therefore, the role of O-acetylation and neuraminic acid in mucin protection is

unclear.

Sulfated glycoproteins isolated from pig duodenal mucosa were found to significantly inhibit Clostidium
pertringens neuraminidase activity (Mian et al 1979a). The inhibition was found to be pH dependent,

and it was postulated that the polyanionic sulfate groups on the sulfated glycopeptides sterically

hindered the access of the neuraminidase to the substrate. Similarly, pepsin activity was inhibited when

incubated with sulfated gastric mucin (Mikani-Takagaki and Hotta, 1979). However, desulfation of the

mucin reversed the observed inhibition. Studies investigating the effects of faecalenzyme extracts on

colonic mucin, found that the addition of a sulfatase-containing fraction to a glycosidase-containing

fraction increased five-fold the release of fHl glucosamine from 13Hl glucosamine labelled mucin (Tsai

et a|,1992). Additionally, faecal enzyme extracts from patients with ulcerative colitis degraded normal

colonic mucin more extensively than extracts from control patients (Corfield ef a/, 1993). Measurement

on faecal extracts from ulcerative colitis patients have been suggested to have elevated sulfatase

activities (Corfield et a|,1993; Tsai ef a/, 1995), though recent studies suggest this is not correct

(Roberton and Corfield, unpublished work). Also, mucins from patients with ulcerative colitis that

possess lower amounts of sulfate, were more easily degraded by faecal enzyme extracts than control

patient mucins (Corfield et al, 1993). Collectively, these results suggest that sulfated residues within a

mucin molecule protect it and the subsequent underlying epithelium from glycosidase and protease

activities. Also, the action of mucin-specific desulfating sulfatases would increase the susceptibility of

mucin to these activities.

Degradation of mucins was shown to be less complete when highly sulfated colonic mucin (compared to

gastric mucin) was used as substrate for bacterial (Prevotel/a strain RS2) growth (Stanley ef a/, 1986).

Similarly, neutral mucins from sputum of patients infected with Pseudomonas aerugrnosa were more

extensively and selectively degraded compared to sulfomucin (Houdret ef a/, 1989). Likewise, sulfated

mucin was found to inhibit 16-fold the ability of Helicobacter pyloi to bind (colonise) erythrocytes

compared to neutral mucin (Piotrowky et al, 1991). However, desulfation of the acidic mucin facilitated

attachment of the bacterium to the erythrocytes. Thus, it was postulated that the sulfated content of
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mucin acts to mimic and therefore competes with the carbohydrate groups of specific epithelial cell

receptors (ie. glycolipids bearing sulfate ester groups). Veerman et al(1997) have since shown that H.

pylorican bind preferentially galactose-3-sulfate and galactose-3-sulfate-Lewis" blood group antigen.

However, only weak binding was found toward sialylated Lewis" and Lewisb antigens.

Interaction of mucin with microorganisms preventing their access to the mucosa has been reported by a

number of researchers (Tse and Chadee, 1991; Parregaard et al, 1991 ; Ryan et al, 2001; Kubiet ef al
2000; Liu ef al,2000). Such mucin-binding to microorganisms would be expected to benefit the host by

removing potential pathogens during normal mucin loss and aid colonisation of the mucus layer by

commensal bacteria. However, mucins may also facilitate the tracking of some mobile bacteria, viruses

or parasites towards the epithelium, where deleterious colonisation and/or secretion of virulence factors

(cytotoxins, invasins or cytolysins) may occur (\Mlson et al, 1992; Lee ef a/, 1986).

Other evidence supporting the importance of sulfomucin in mucosa protection is demonstrated by the

effect of ebrotidine, an antiulcer agent that elevates the secretion and sulfation of mucin, dose

dependently (Piotrowski ef al 1994). Part of the gastroprotective action of this drug may therefore be

due to the increase in sulfated mucin. Also, it can be argued teleologically that sulfated mucins are

important in the control of bacterial colonisation because regions within the gastrointestinal tract that

produce the highest proportion of sulfated mucin (mouth and colon) are also the regions with an

abundant bacterial flora. ln summary, normal mucosal resistance to bacteria seems to be partly

dependant on the sulfate content of the mucin. And arguably, when a decrease in the sulfomucin

content occurs (e.9. ulcerative colitis; Corfield et a|,1992b), this change may be linked to an increased

bacterial involvement in the gastrointestinal disease.

Efficient recognition of mucin oligosaccharide chains by selectins requires neuraminic acid and/or

sulfated sugar residues. Selectins are a family of carbohydrate-binding proteins involved in cell

adhesion processes (Shimizu and Shaw, 1993). The three known selectins (L, E and P) have an N-

terminal Ctype lectin domain that binds specifically to carbohydrates in a calcium-dependent fashion.

All recognise oligosaccharide structures related to the sialyl-Lewis'antigen with distinct specificities,

and bind efficiently to oligosaccharides containing a sulfate replacing a neuraminic acid (Table 1.4)

(Brandley et al, 1993; Yuen et al, 1994; Mannori et al, 1gg5).

L-selectin, expressed constitutively on leukocytes, recognises the 6-sulfo-sialyl-Lewi$ ligand with

highest affinity (Table 1 .4) (Sanders ef a/, 1996). E-selectin on the other hand, expressed after

activation of endothelial cells, was shown to bind strongly to sulfated Lewisa tetra- and penta-saccharide

ligands (Table 1.4) (Yuen et al, 1994) . While P-selectin, expressed by activated platelets and

endothelial cells, binds PSGL-1 (P-selectin glycoprotein ligand-1) on leukocytes with high affinity, The

specific structure of the P-selectin ligand is not known, but the presence of three sulfated tyrosines on
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top of the mucin domains of PSGL-1, in conjunction with a sialylated and fucosylated glycan are

essential for binding (Sako ef a/, 1995). The above findings emphasise the importance of sulfate for

selectin recognition of mucin glycoproteins.

Selectin Liqand name Structure of liqand
L.EandP sialvl-Le" Neu5Aca2-3Ga lB 1 4(Fuccr 1 -3)G lcNAc-R

L 6-sulfo-sialyl-Le* Neu5Aca2-3GalB 1 -4(Fuco 1 -3)50.-6GlcNAc-R
E 3-sulfo-Le" tetra-

saccharide
SOg-3GalF 1 -3(Fuccr1 -4)GlcNAcB 1 -3Gal-R

E 3-sulfo-Le' penta-
saccharide

SOg-3GalF1 -3(Fucal -4)GlcNAcB 1 -3GalB 1 -4Glu-R

P PSGL-1 ?

Table 1.4 Ligands of L, E and P selectins

Abbreviation: PSGL-1, P-selectin glycoprotein ligand-1

1.4 Gastrointestinal flora

A dynamic and complex microbial ecosystem exists within the gastrointestinal tract of many vertebrate

animals, The structure and function of the microbiota is regulated by environmental conditions such as

nutrient availability, redox potential, pH, and microbial interactions (Conway, 1995). The presence of a

diverse and competitive microflora is essential for host well-being, as the indigenous microbiota which

normally have low-pathogenic capability, exclude (out-compete) other organisms that are potentially

pathogenic. In humans, colonisation by bacteria occurs primarily in the colon, while other regions, the

stomach (acidic) and small intestine (continual peristalic movements) provide less desirable

environments for colonisation (Macy and Probst, 1979; Cummings and Macfarlane, 1991). However,

specialised bacteria (e.9. Helicobacter pylon in the stomach) can still inhabit these regions, particularly if

they are associated with the mucosa.

In humans, it has been estimated that no less than 400 to 500 different species of bacteria inhabit the

colon, and of those the predominant culturable genera include Bacteroides, Eubacteium, Clostridium,

Biftdobacterium, Ruminococcus, Peptococcus, Pepfosfreptococcus, and Fusobacterium (Moore and

Holdeman, 1974; Finegold ef a/, 1983). However, these predictions were made using conventional

anaerobic culture techniques, and are likely to provide an incomplete picture of the diversity of the

predominant organisms found in the gut flora. lndeed, molecular genetic tools have indicated that only

2Q to 4Oo/o of the microbiota has been cultured successfully from the gastrointestinal tract (Langendijk ef

a/, 1995). Recent phylogenetic analyses of 165 rDNA sequences amplified from bacteria in human

faeces, found the Bacterordes group, the C/osfndium coccoides group, and the Clostridium leptum
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subgroup accounted for approximately 95o/o of all the cloned isolates (Suau et a\,1999; \A/ilson and

Blitchington, 1996). More recent quantitative studies using group specific probes, indicate that the

Bacteroides group accounts for approximately 37t16o/o of the total rRNA from faeces ol27 individuals,

the Clostidium coccoides group for 14x6o/o, the C/osfrdium leptum subgroup for 16x7o/o,the Enteric

group less than 1o/o, 
"nd 

the Bifidobacterium and Lactobacillus groups together, only 2o/o (Sghir ef a/,

2000). Fusobacterium prausnitziiwas also shown to account for approximately 5.3t3% of total bacterial

165 rRNA from human faeces (Suau et at,2001).

For these and other bacteria to successfully inhabit the gastrointestinal tract, each must possess

enzymes capable of hydrolysing one or more of the nutrient compounds found within the gut (e.9.

carbohydrates, proteins, aliphatic lipids and steroids) (Hoskinsef al 1985). lndeed, many bacteria,

particularly those from the Bacteroides genus, have been found to utilise not only ingested dietary

carbohydrates (starch, cellulose, hemicellulose and pectins) (Cummings, 1981), but also host specific

carbohydrates including the glycosaminoglycans (hyaluronic acid, chondroitin sulfate, keratan sulfate,

heparin, heparan sulfate, dermatan sulfate) and mucin glycoprotein (Salyers et al, 1977a). The

completion of the Bacteroides thetaiotaomicron genome emphasises the extent to which this common

colon commensal relies on a large number of carbohydrate catabolic pathways, adhesins specific to

substrate polymers, and degradation glycosidases (Xu ef al,2O03).

The capacity of endogenous carbohydrate to support solely the colonic flora is evident from the

persistence of colonic and faecalflora during periods of fasting, and in patients undergoing intravenous

feeding. In each case, the intestinal contents were markedly reduced, but the intestinal flora persisted

in both its original complexity and metabolic activity. Similarly, segments of colon formed by resection

of patient intestine (ie. blind colon sacs), maintained an active flora (Miller et al, 1984). The absence of
dietary polysaccharides suggest that these bacteria were able to break down an endogenous energy

source (e.9. mucin). Also, an investigation comparing the mucin contents in the gut of germ-free and

conventional rats, showed that in the absence of endemic bacteria, germ-free rats contain significantly

more mucin (Hoskins and Zamcheck, 1968; Hoskins and Boulding, 1976), thus, inferring that mucin

was degraded in the presence of endogenous bacteria. Additionally the same research group showed

that faecal bacteria, either as a crude mixture or as isolated strains, degraded mucin (Hoskins and

Boulding, 1981).

Slnce this demonstration of mucin degradation, many individual strains of bacteria have been isolated

which utilise or degrade mucins (gucin oligosaccharide degrading [MOD] strains) (Miller and Hoskins,

1 981 ; Hoskins and Boulding, 1981 ; Variyam ef al 1983; Hoskins et al, 1985; lbrd, 1992; Stanley et al,

1986; Falk ef a/, 1990; Tsai ef a/, 1991 ; Slomiany et al, 1992; Van der Hoeven and Camp, 1991 ;

Rosendale, 1 997; Jansen et al, 1997; ibid 1 999; Smalley ef al, 1994) . Examples of MOD strains

include, Bacteroides thetaiotaomicron NCTC 10582; Bacteroides fragilisATCC 25285; Prevotella strain
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RS2: Burkhoderia cepacia strain E195; Pseudomonas aeruginosa strain E601, Ruminococcus torques,

Bifidobacteium spp. and Sfrepfococci spp. Some of these bacteria can also utilise non-mucin

polysaccharides. However, the extent to which mucin utilisation occurs naturally and whether non-

mucin polysaccharides are preferred when both are present has not been investigated rigorously. One

might speculate, however, that in certain circumstances (e.9. the host starved state), these bacteria

would utilise mucin due to its availability (Miller ef a/, 1984).

Degradation of mucin is probably cooperative, as released carbohydrate and amino acids would allow

the growth of a consortium of bacteria (Bradshaw et al, 1994; Hoskins 1981). A dynamic balance

between mucin secretion and its degradation is believed to prevent the gastrointestinal mucosa from

being compromised. Therefore, bacteria that are able to degrade mucin are potentially significant

factors in the aetiology of gastrointestinal disease. For instance, Helicobacter pyloriwhich possesses

mucin sulfatase activity is the prime causative agent of gastric ulcers (Slomiany et a|,1992). lt has

been estimated that approximately 1o/o of normal faecal bacteria are able to live solely on mucin (Miller

and Hoskins, 1981), but the validity of this figure based on most probable number dilutions is

questioned in view of the known reluctance of single cells of anaerobes to grow in broth culture.

Symbiotic relationships between bacteria and their host animal have evolved. The host provides a

stable nutrient environment, while the bacterium produces certain metabolite end products that may

benefit the host (e.9. short chain fatty acids, ammonia, amines, phenols and vitamin K) (Cummings and

Macfarlane, 1991). Recent work by Hooper and coworkers have identified a molecular basis for the

commensal relationship between Bacteroides thetaiotaomicron, (a prominent bacterium in the human

colon), and the mouse intestinal mucosa (Hooper et a\,2000: ibid 2001). Studies revealed the

existence of a novel signalling pathway that allows B. thetaiotaomicron and the host to actively

collaborate, such that the host provides a nutrient fucosylated glycan for the bacterium (Hooper ef a/,

2000). B. thetaiotaomicron was also shown to modulate the expression of other host genes that

participate in diverse and fundamental physiologicalfunctions. Such modulations included, an increase

in mRNA expression of a mouse sodiumiglucose cotransporter, a colipase, and liver fatty acid-binding

protein, as well as, a decrease in mRNA expression of metallothionen I and glutathione S-transferase.

lnterestingly, B. thetaiotaomicron colonisation did not provoke a detectable inflammatory response

(Hooper et al,2OQ1). However, it did increase the expression of polymeric immunoglobulin receptor

(which transports immunoglobulin A across epithelium), decay accelerating factor DAF (a apical

epithelial inhibitor of complement-mediated cytolysis), and augment the expression of the CRP-ductin

gene (which encodes both a mucus layer component (MUCLIN) and a putative receptor for the Trefoil

peptide). lt was suggested that the coincident expression of these genes would help prevent bacteria

from crossing the epithelial barrier and avoid mucosal damage from activation of complement

components in intestinal secretions (Hooper et al,2001).
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1.4.1 The Bacteroides, Prevotella and Porphyromonas genera

The Bacteroides, Prevotella and Porphyromonas genera are Gram negative, obligate anaerobe, non-

spore forming, fermentative rods. These genera form part of the Bacteroides group, as defined by the

Ribosomal Database Project ll (RDP reg. no. 215.1.2; http://www.rdp.cme.msu.edu/RDP), which is

comprised of thirteen RDP phylogenetic subgroups. The Bacterordes genus is made-up of mainly

saccharolytic and non-pigmented species (e.9. B. fragilis, B. thetaiotaomicron; rdp reg. no. 6 and 8),

the Prevotel/a genus of moderately saccharolytic, bile-sensitive and predominantly oral species (e.g.

P. melaninogenica, P. intermedia; rdp reg. no. 9, 10, 11 , 12 and 13), and the Porphyromonas genus of
generally asaccharolytic and black pigmented species (e.g. P.gingivalis, P. asaccharolytica; rdp reg.

no. 7) (Shah and Collins, '1990; Paster, 1994). Other subgroups of the RDP Eacfe roides group are,

the Rlkenella microfusus subgroup (rdp reg. no. 1), Anaeroflexus maitimus subgroup (rdp reg. no. 2),

Cytophaga xylanolsubgroup (rdp reg. no. 3), Cytophaga fermentans subgroup (rdp reg. no. 4), and

Mainilabilia subgroup (rdp reg. no. 5) (http://www.rdp.cme.msu.edu/RDP). The latter bacteria are

generally aerobic, filamentous rods, with gliding motility (e.g. Cytophaga sp.).

Members of the Bacteroides genus and related taxa normally colonise the upper respiratory, intestinal

and female genital tracts, while species of the genus Prevotella are predominantly found in the oral

cavity. However, recent studies suggest that members of the Prevotel/a genus are also found in high

numbers in the colon (Suau et a|,1999). lnterestingly, Prevotella strain RS2, the isolate predominantly

used in this work, was isolated from the surface of pig colon. Phylogenetic analysis of the 165 rDNA

sequence amplified from Prevofel/a strain RS2 is presented in Appendix 9. Recently, the complete

genome sequence for Bacteroides thetaiotaomicron has been published (accession number NC-

004663) (Xu ef a|,2003). \lVhile incomplete genome sequences for closely related members of the
Bacteroides group, Prevotella intermedia (NC-003441), Bacteroides fragilis (NC-003228) and

Porphyromonas gingival,s (NC-002950) are also available.

Although the Bacteroldes and Prevotella genera are considered to be part of the normal commensal

flora of the mucus membranes of humans and animals, they are also the most important bacteria

associated with human anaerobic infections (Finegold ef a/, 1985). The infections caused by these

organisms are usually related to the primary site of origin. For instance, the Bacteroides genus

accounts for 32 to 68% of peri-rectal abscesses, and the Prevotel/a genus accounts for up to 72% of
head and neck anaerobic infections. In part, these infections may be the result from the utilisation of
host-specific polysaccharides and glycoproteins, because some of these organisms possess the

ability to degrade these molecules (e.9. Bacteroides thetaiotaomicron is able to utilise chondroitin

sulfate, a polysaccharide component of host connective tissue, (Salyers and O'Brien, 19S0).
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1.5 Bacterial Mucin-degrading enzymes

The rate of mucin degradation depends on the activity of enzymes that can remove peripheral residues

on oligosaccharide chains. The removal of outer neuraminic acid, sulfate and blood group residues in

mucin oligosaccharides, allows access for glycosidase and protease activities to underlying sugar and

polypeptide units respectively. Evidence suggests that the enzyme action of sulfatases, sialate-O-

acetylesterases and blood group specific cr-galactosidases and N-acetyl-c-D-galactosaminidases

determine the rate limiting step in mucin degradation (Corfield et al, 1993; ibrd 2001; Roberton and

Wright, 1997; Hoskins et al, 1992, Hoskins, 1968). Fig. 1.4 shows the steps required to remove typical

peripheral residues.

1 .5.1 Mucin-glycosidases

Mucin-glycosidases are specialised enzymes that selectively remove sugar residues from mucin

oligosaccharide chains. Two general types of mucin-glycosidases are found, exoglycosidases, which

hydrolyse monosaccharides from the non-reducing ends of carbohydrate chains, and

endoglycosidases, those that cleave interior glycosidic linkages releasing oligosaccharides. Many

bacterial mucin-glycosidases have been found that recognise almost allthe known glycosidic linkages

observed in mucin-oligosaccharide chains (Hoskins and Boulding, 1981; Hoskins, 1991 ; Tsai ef a/,

1991 ; Corfield ef al, 1992a; Roberton and Corfield, 1999; Ashida et al, 2001). Examples of bacterial
mucin-glycosidases include, exo-neuraminidase (EC 3.2.1.18), a-fucosidase (EC 3.2.1.51), cr- and B-

galactosidase (EC 3.2.1.22 and EC 3.2.1.23), N-acetyl-cr(1-O)-D-galactosaminidase (EC 3.2.1.4g), and

N-acetyf-B(1-6)-D-glucosaminidase (EC 3.2.1.52). These enzymes are either released into the

extracellular medium, or are associated with the cell (e.g. periplasm, cytoplasm or attached to the

bacteria outer surface) (Hoskins, 1981).

While many bacteria can only partially utilise mucin, some strains (e.g. Bacteroides sp.) have the ability

to grow solely on mucin (Salyers et a|,1977a). This ability would indicate an extensive complement of
mucin-degrading enzymes within such organisms. However, no bacterium in pure culture has been

found to completely degrade mucin (Salyers et aI,1977b). Therefore, some form of cooperation

between bacterial species possessing enzymes of different specificities would occur if complete

degradation of mucin is to be achieved (Roberton and Corfield, 'tggg),

The ability to internalise part or all of the mucin molecule for utilisation in the cell would be of ecological
importance, since the resulting hydrolysed saccharides and amino acids would not be available to other

competing gastrointestinal tract bacteria. Evidence for outer membrane binding of starch

polysaccharide has been reported for Bacteroides thetaiotaomicron (Anderson and Salyers, 1989a; lbrd,
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ABC
A-N-acetyl-c(l-3)-galactosaminidase C-p(l-3/4)-galactosidase
B - c(l-2)-fucosidase

Blood group A antigen
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-J\ -J\q \) +) GalNAc + Fuc + Gal

reaction

Sulfo-Lex antigen

HS03
\ ---\ -ls'catBlr<)-GrcNAc- \) q q 1) HSo3+Gal

/ A B C D +Fuc+GlclNAc
Fuco(1-3)
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C - B(1 -4)-galactosidase

Fig. 1.4 Reactions required to remove rate-limiting peripheral mucin oligosaccharide sugars

(Figure adapted from Corfield et a\,2001).
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1989b). The attachment of starch polysaccharide to outer membrane proteins was shown to be

required before starch utilisation by periplasmic starch-degrading enzymes. However, it is not expected

that all saccharolytic bacteria would be able to 'ingest' polysaccharides.

1 .5.2 Mucin-desulfating sulfatases

Mucin-desulfating sulfatases are sulfohydrolase enzymes (or glycosulfatases), that catalyse the

removal of sulfate esters from sulfated sugars of mucin oligosaccharide chains. These enzymes differ in

specificity to the other known classes of sulfatases, (ie. aryl-sulfatase, steryl-sulfatase, alkyl-sulfatase,

adenylyl sulfatase, chondroitin sulfatase, cerebroside sulfatase, choline-sulfatase) (Enzyme

nomenclature database at http://kr.expasy.org/enzymel). Bacteria that possess mucin-desulfating

sulfatase activity are predicted to have an ecological advantage in the gastrointestinal tract. Indeed,

removal of sulfate from mucin oligosaccharide chains is probably the putative rate-limiting step in mucin

utilisation due to the inhibitory effect that sulfated saccharides have on mucin glycosidase and protease

activities (section 1.3.4.2.1) (Tsai ef aI,1992).

Mucin-desulfating sulfatases have been identified in a number of different bacteria from both the

gastrointestinal and respiratory tracts. The bacteria include Prevotella strain RS2, Bacferoides

thetaiotaomrbron NCTC 10582 , Bacteroides fragilis ATCC 25285, Bacteroides vulgatus strain Vlll-
271E, Helicobacter pylori, Burkhoderia cepacia strain E195, Pseudomonas aeruginosa strain E601,

Ruminococcus torques strain Xl-70, Bifidobactenum strain Vlll-210 and Sfrepfococici spp. (Roberton ef
a/, 1993; \Mlkinson and Roberton, 1988; Rhodes et a|,1985; Corfield et al, 1992a; Tsai ef a/, 1991;

Murty et al, 1992; Van der Hoeven and Camp, 1991; Jansen et al, 1997: ibid 1999; Smalley et al, 1994;

Rosendale, 1997). Mucin-desulfating sulfatase activity of unknown origin has also been detected in

human faecal extracts (Tsai ef al, 1992: Corfield et al, 1987). However, only a few of the identified

mucin-desulfating sulfatases have been characterised, and then to a limited extent. These enzymes

exhibit putative specificities to almost all the known sulfated sugar residues present in mucin. ldentified

specificities include, galactose-3-sulfatase, galactose-6-sulfatase, and N-acetylglucosamine-6-sulfatase

(EC 3.1.6.14) enzymes. The presence of more than one mucin-desulfating sulfatase of different

specificity in an individual bacterium has been reported (Roberton ef a/, 1993; Rosendale, 1997).

Descriptions of partially characterised mucin-desulfating sulfatases are summarised in Table 1.5.

The Prevotel/a strain RS2 mucin-desulfating sulfatase (MdsA), purified to homogeneity in this

laboratory, differs in many respects to other reported mucin-desulfating sulfatases. MdsA is a cell-

associated inducible periplasmic enzyme that putatively removes N-acetylglucosamine-6-sulfate

residues from mucin oligosaccharide chains at neutral pH (Roberton et al, 1993). Only one other

enzyme, the sulfatase from Bacteroides thetaiotaomicron NCTC 10582, was found to be similarly

induced by the presence of mucin (Tsai ef al 1991), However, this sulfatase differs in that it is secreted
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extracellularly, it has a lower pH optimum (pH 5.0 compared to pH 7.4 for MdsA, Wilkinson and

Roberton, 1988), and has greater affinity toward the model substrate D-glucose-6-sulfate (l(' of 43mM

as opposed to 60.6mM for MdsA, Roberton et a/, 1993).

Interestingly, allthe other reported extracellular sulfatases, including human faecal extract enzymes and

Helicobacter pylorisulfatase, exhibit lower pH optimums compared to periplasmic MdsA (te. pH 4.5 to

5.7 compared to pH 7.4) (Tsai et a|,1992; Corfield et a|,1987; Murty et a|,1992). Indeed, this would be

predicted for enzymes secreted into the colon environment, which is slightly acidic due to anaerobic

metabolism (Roediger et al, 1984). Also, H. pyloi which burrows into the gastric mucus layer, is not

exposed to the extreme pH conditions of the stomach (ie. pH 2 to 3), but to the slightly acidic pH

environment formed within the thick mucus layer by reaction of host secreted bicarbonate ions with

diffused HCl. The location of MdsA in the periplasm therefore suggests a specialised mechanism for

mucin internalisation in Prevofel/a strain RS2, and possibly for the other cell-associated sulfatases

present in Burkhodeia cepacia strain E195, Pseudomonas aeruginosa strain E601 , and Sfrepfococcus

spp. (Jansen et al, 1997; ibid 1999; Smalley et a/, 1994).

Not allthe putative mucin-desulfating sulfatases identified have been shown to desulfate mucin directly

(e,g. 135S1-mucin). lnstead, mucin specificity was presumed based on the identification of sulfatase

activity toward model mucin sugar-sulfate substrates and the ability of the intact bacterium or faecal

extract to desulfate [3sS]-mucin. The B. thetaiotaomicron NCTC 1Q582, Ruminococcus torques strain

lX-70, Bifidobacterium strain Vlll-210 and human faecal extract mucin-desulfating sulfatases (Tsai ef a{

1991 ; Corfield ef al, 1987; ibid 1992a), identified by model substrates glucose-G-sulfate and lactitol-6-

sulfate (ie. B-galactosyl-6-O-sulfate-(1-4)-glucitol), are believed to desulfate mucin directly. The use of
p-nitrophenyl (pNP-) sugar-sulfate model substrates (e.g. pNP-galactose-6-sulfate, pNP-N-acetyl-B-D-

glucosamine-6-sulfate) for detecting putative mucin-desulfating sulfatase activities in MOD strains has

been reported (Clinch et al,2002).

lnterestingly, the H. pyloi sulfatase was shown to have activity toward three sugar residues, galactose-

6-sulfate, N-acetylglucosamine-6-sulfate and glucose-6-sulfate. This broad specificity has not been

reported for any other sulfatase. Activities exhibited by Burkhodeia cepacia strain E195 and

Pseudomonas aeruginosa strain E601 toward human colon carcinoma cell lines LS174T and HT29-

MTX 135S;-mucin may correspond to galactose-3-sulfatase and galactose-6-sulfatase enzymes

respectively (Jansen ef al 1999). The predominant sulfated mucin oligosaccharide sugars present in

these carcinoma mucins are reported to be Ealactose-3-sulfate and galactose-6-sulfate (Capon ef a/,

1992; ibid 1997).

At present only two putative mucin-desulfating sulfatases have been purified to homogeneity, MdsA

(homodimer of 58 kDa subunits) (Roberton et al, 1993) and a human faecal extract sulfatase (15 kDa)
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(Tsai ef al, 1992). The putative mucin-desulfating sulfatase reported for H. pylori, appears to be only

partially purified, and tentatively corresponds to a dominant 30 kDa SDS-PAGE band (Murty ef a{

1992). The Prevotel/a strain RS2 MdsA is a homodimer of 58 kDa subunits and was the first and only

mucin-desulfating sulfatase to have its gene sequence determined (Wright et al,20O0d. The deduced

MdsA protein sequence exhibited significant homology to other sulfatases belonging to the sulfatase

gene family. Interestingly, the molecular weight of the other mucin-desulfating sulfatases, 15 kDa

(faecal sulfatase) and 30 kDa (H. pylorisulfatase), are much smaller than the minimum size -50 kDa

predicted for known sulfatase gene family sequences. lt remains to be seen whether the faecal extract

and H. pyloi enzymes are protease-degraded fragments of larger sulfatases or belong to a new

sulfatase family.

1.5.3 Mucin-proteases

Mucin-proteases are hydrolytic enzymes that break down the peptide component of mucin

glycoproteins. A range of cell-associated and secreted mucin-proteases have been identified in

gastrointestinal bacteria, including Bacteroides fragilis, Propionibacteium sp., Clostridium sp. and

Enterococcus faecalis (Macfarlane et a|,1988; ibid, 1989; ibd 1996). The function of mucin-proteases

in mucin degradation is believed to be two fold. Firstly, they cleave the non-glycosylated (polymerising)

regions of mucins in the mucus gel, thereby providing glycopeptide substrates for mucin-glycosidase

enzymes (ie. convert the mucus gel into a mucus liquid to begin mucin solubilisation). Lastly, they

break down the exposed mucin peptide core, following glycosidase removal of mucin oligosaccharide

side chains, into its amino acid components.

1 .5.4 Mucin-sialate O-acetylesterases

Mucin-sialate O-acetylesterases are enzymes that remove O-acetyl esters from neuraminic acid

residues present in mucin oligosaccharide chains. O-Acetylation of mucin neuraminic acid residues

normally occurs at positions Cz, Ce and/or Ce. Sialate-O-acetylesterases (EC 3.1.1.53) have been

identified in both human faecal extracts and individual intestinal bacteria, including Ruminococcus

torques Vf ll-239, Ruminococcus gnaruus Vl-268, and Bifidobacterium strain Vlll-210 (Corfield ef a/,

1988; ibid, 1992a; Poon et a/, 1983). The function of mucin-sialate O-acetylesterases is the removal of

O-acetyl esters that protect neuraminic acid residues from neuraminidase activity.
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1.6 Background to Research

1.6.1 lsolation of sulfomucin-degrading bacteria

The isolation of bacteria capable of degrading sulfated mucin was accomplished in this laboratory by

Stanley et al (1986). Prevofel/a strain RS2 was chosen for further study from 48 mucin-degrading

isolates because of its ability to grow vigorously on sulfated pig colonic mucin. lsolates were procured

from mucosal scrapings of an e*ensively washed pig colon segment, maintained under anaerobic

conditions in a Coy anaerobic chamber. Initial studies showed that this bacterium could remove up to

76 and 38% of the carbohydrate plus sulfate content of pig gastric mucin and pig colonic mucin,

respectively. The degradation of gastric mucin was not affected by the presence of high levels of D-

glucose or inorganic sulfate in the growth medium. These results suggested that one or more mucin-

desulfating sulfatases might be present in Prevotella strain RS2.

Prevotella has not been identified by culture methods as a major genus in the colon of humans.

However, Stanley et al (1986) selectively cultured such a bacterium without enrichment, that was able

to grow on colon mucin. Recent 165 rDNA analyses of culturable and non-culturable bacteria in the

human colon, suggest that Prevotel/a is actually present in very large numbers (Suau ef al 1999), and

the original analysis based on culturable bacteria did not give an accurate picture.

1.6.2 Purification and biochemical characterisation of a N-acetyl-B-D-glucosamine-6-sulfatase from

Prevotella strain RS2

Wlkinson and Roberton (1988) identified and partially purified (121-fold) a glycosulfatase (EC 3.1 .6.3)

from the periplasm of Prevotella strain RS2. The enzyme was assayed and subsequently classified

by its ability to hydrolyse the model substrate D-glucose-6-sulfate to D-glucose and inorganic sulfate.

Roberton et al (1993) purified the glycosulfatase to homogeneity, after elucidating conditions for

stabilising the enzyme. They found that the purified enzyme removed sulfate from fss1-labelled native

rat gastric mucin. There was an initial rapid release of sulfate (19o/o after 10 min) followed by a slower

release (33o/o of the total sulfate after 3 h), suggesting the enzyme could remove only a portion of the

sulfate. Crude cell extracts were shown to remove 79o/o of tne fsslfrom the mucin as inorganic

sulfate. These results were interpreted at the time as showing that steric hindrance may limit the

access of the purified glycosulfatase to the mucin oligosaccharide chains in the absence of

glycosidases and/or that this glycosulfatase lacked specificity for the other sulfated sugars in the

chains. The information in Chapter 3 suggests another interpretation of this data.
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The purified sulfatase had an apparent molecular mass of 111 kDa (by gel exclusion chromatography)

and appeared to be composed of two homologous subunits of 58 kDa (by SDS-PAGE) (Roberton ef

a/, 1993). The enzyme was found to be inducible when grown in the presence of pig gastric mucin or

pig gastric mucin plus D-galactose. Enzymic activity increased at the end of the growth phase.

Substrate specificity analyses revealed that the enzyme specifically desulfated the monosaccharides

D-glucose-G-sulfate and N-acetylglucosamine-6-sulfate, the latter being a major sulfated component of

mucin oligosaccharide chains. Other sulfated compounds, lactose-6-sulfate, galactose-6-sulfate,

sulfated steroids, and the unsaturated disaccharide sulfates from chondroitin sulfate breakdown were

not desulfated. Based on these analyses, the enzyme was reclassified as a N-acetyl-B-D-

glucosamine-G-sulfatase (EC 3.1.6.14). Kinetic parameters determined for the sulfatase using D-

glucose-G-sulphate as substrate were a K, of 60 mM and a Vru, of 20.4 mmol/min/mg.

1.6.3 Molecular characterisation of the N-acetyl-B-D-glucosamine-6-sulfatase

A molecular biological approach was undertaken to provide information on the structure, function and

regulation of the N-acetyl-p-D-glucosamine-6-sulfatase, its relationship to other enzymes involved in

mucin degradation, and how widespread such sulfatases are in digestive tract bacteria. Molecular

investigations on the N-acetyl-B-D-glucosamine-6-sulfatase were initially performed by Catriona Knight

(G.G. Knight, MSc Thesis, 1993) then completed by Damian Wright (D.P. Wright, MSc Thesis, 1995).

Their results are summarised below.

The amino terminus of the N-acetyl-B-D-glucosamine-6-sulfatase was probably modified since direct

N-terminalsequencing of the intact protein was unsuccessful. Subsequently, the protein was cleaved

by either trypsin or cyanogen bromide and the fragments purified by RP-HPLC. Several peptides

were partially sequenced and the amino acid sequence data (Table 1.6) used to design degenerate

oligonucleotide primers. Combinations of these synthesised primers were used in polymerase chain

reactions with isolated Prevotella strain RS2 genomic DNA as template. One combination of primers,

TR4(f) and TR7(r) (Table A.1.10), amplified a 637 bp PCR product. The DNA sequence of the

fragment was determined (nucleotides 4020 - 4656, Appendix 4.2) and the peptide sequence

deduced. Wthin this sequence several peptide fragments were found that had been identified

previously in tryptic and cyanogen bromide generated peptides.

The 637 bp PCR product was then used to screen a partial genomic DNA library made fromXhol

digested Prevotella strain RS2 genomic DNA inserted into pGEM-7zf(-) plasmid DNA. A positive

recombinant clone was isolated (pGEM-7(2A-52)) containing a 5058 bp genomic DNA insert. The

DNA inseil was sequenced (nucleotides 1 - 5058, Appendix 4.1). The region incorporating the

sulfatase gene contained a 1551 nucleotide open reading frame (ORF), designated mdsA (11ucin
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g[esulfating sulfatase A) (formally GLS, D.P. Wright, MSc Thesis, 1995) (Appendix 4.2). The

deduced polypeptide sequence of 517 amino acids comprised a N-terminal signal peptide (23

amino acids) and a mature polypeptide of 494 amino acids (57.6kDa) (Fig. 1 .5). This agreed with

the protein molecular mass measured previously by SDS-PAGE. Authenticity of deduced

polypeptide sequence was confirmed by colinearity to the microsequenced sulfatase peptide

fragments presented in Table 1.6. Putative transcriptional and translational regulatory elements

were found adjacent to the sulfatase gene. The deduced polypeptide sequence showed homology

with aryl- and nonaryl-sulfatase protein sequences from various organisms, suggesting the N-

acetylglucosamine-O-sulfatase gene was a member of an evolutionary related sulfatase gene

family (Table 1.7). The sulfatase sequence showed most homology to the goat (gl6s_capr) and

human (gl6s-homo) N-acetylglucosamine-6-sulfatase and E. coli arylsulfatase (yidj_esch) gene

sequences ( Fig. 1.6). Alignment of the sulfatase protein sequence with selected sequences

showing regions of consensus observed throughout the sulfatase gene family is presented in Fig

1.7.

Table 1.6 Amino acid sequences of tryptic and cyanogen bromide generated N-acetyl-B-D-
glucosamine-6-sulfatase peptide fragments

Peotide' Sequenceo Amino Acidso
TGa FMYEE 360 - 364
T6b QAWDAYY 276 -282
T7a QS 427 -428
T7b VF 255 - 256
T16 EQGYATDIVTEHAVE 166 - 180
T17 LI0FY 455 - 459
T22a NFNLEDNTIL 331 - 340
T22b TOVHoLLODA 109-118
T22c Y
T23 YMHDYLSTIH 307 - 316
T24 YLG 210 -212
CB2 (M)OOLOKQAWDAYY 270-282
cB1 1 (M)QNDPNELNOL 478 - 488
C814a (M)PNLKYLGLYDKVEFP 205 -220
cB14b (M)YEES(F,L)Rfi,D)P 361 - 369

a. Tryptic peptides are given a T prefix, and cyanogen bromide peptides a CB prefix. Peptides
denoted with 'a', 'b' and 'c' were obtained from mixed RP-HPLC peaks prior to sequencing.
b. 0 Denotes the amino acid could not be identified. (M) indicates an inferred methionine. Two amino
acids in brackets indicates that a decision between the two amino acids was equivocal. Underlined
amino acids denote differences with the deduced peptide sequence (Fig. 1.7).
c. Amino acid numbering corresponds with the mdsAjrev peptide sequence in Fig. 1.7.
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Fig. 1.5 Open reading frames in 5058 bp fragment.

Diagramatic representation of ORFs (arrows) and their predicted products in the 5058
bp genomic DNA fragment. Direction of anows show orientation of transcription.
Dashed arrows indicate predicted sequence. Genes mdsA - mucin-desulfaing sulfatase,
mdsB - sulfatase modiffing protein, mdsC - truncated ORF, aptA - truncated
a nth ran i late phosphoribosyl transferase, are i ndicated,

C"-na- zra"-c )
5058 bp genomic DNA fragment

t_J
192 bp 1257 bp

partialORF gene

tt
64 aa N-terminal 419 aa
truncated protein protein
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Table 1.7 The Sulfatase Gene Family

Identifieru Enzvme Specificitl Orsanism Size" Swiss-Prot" Reference
mdsajrev N-Acetylglucosamine-6-

sulfatase
Prevotella strain RS2 5t7 A.p^F72520 Wright et a1,2000a

gl6s_bact* N-Acetylglucosam ine-6-
sulfatase

Bacteroides
thetqiotaomicron

558 NP-813567 Xu et aL,2003

mds bact* N-Acetylglucosam ine-6-
sulfatase

Bacteroides
thetaiolaomicron

522 NP-8r2089 Xu et a1,2003

gl6s_capr N-Acetyl glucosamine-6-
sulfatase

Capra hircus 559 P50426 Friderici et al.1995

gl6s_homo N-Acetylglucosamine-6-
sulfatase

Homo sapiens 552 Pl 5586 Robertson et al.1992

yidi esch* Arvlsulfatase Escherichia coli 497 P31447 Burland et al.1993
ars chlam Arylsulfatase C hlamydomonas re inhardtii 647 Pt42t7 De Hostos e/ al

I 989
ars_volvo Arylsulfatase Volvox carteri 649 Qr0723 Hallmann and

Sumper. 1994
ars oseud Arvlsulfatase P sue domonas ae rusinosq 532 P51691 Beil el al,1995
arsf homo Arvlsulfatase F Homo saoiens 591 P54793 Puca et al. 1997
ga6s_homo N-Acety lgalactosam ine-6-

sulfatase
Homo sapiens 522 P34059 Tomatsu et al,l99l

arsd homo Arvlsulfatase D Homo sapiens 593 P5 I 689 Franco et al.1995
ars klebs Arylsulfatase Klebsiella aerosenes 464 P20713 Murooka et al.1990
ars esche* Arvlsulfatase Escherichia coli 55r P25549 Daniefs et al.1992
ga4s_homo N-Acety lgalactosam i n e-4-

sulfatase
Homo sapiens 533 P I 5848 Peters et al. 1990

ga4s_feli N-Acety I galactosam ine-4-
sulfatase

Felis catus 535 P33727 Jackson et al,1992

ce3s homo Cerebroside-3 -su lfatase Homo sapiens 507 P15289 Krevsins et al.1990
ceJs musm Cerebroside-3 -s u lfatase Mus musculus s06 P50428 Krevsins et al- 1994
arse homo Arvlsulfatase E Homo saoiens 589 P5 I 690 Franco et al.1995
ster homo Stervl sulfatase Homo sapiens 583 P08842 Stein eral. 1989
id2s homo lduronate-2-su lfatase Homo sapiens 550 P22304 Wifson et al.1990
id2s musm Iduronate-2-sul fatase Mus musculus 563 o08890 Daniele et al- 1993
ster-ratt Stervl sulfatase Rattus norvesicus Jtl P r 5589 Kawano et al. 1989
ster musm Stervl sulfatase Mus musculus 624 P50427 Salido el al.1996
ga4s_ratl N -Acetylgalactosam ine-4-

sulfatase
Roftus nomegicus 473 P50430 Kunieda et ql.1995

ars_stron Arylsulfatase Strongtlocentrotus
ourDuratus

s67 P50473 Yarl.get al,1989

nsgl homo N-Sulfoglucosamine
sulphohydrolase

Homo sapiens 502 P5 r688 Scott et al" 1995

ars hemic Arvlsulfatase Hem ice ntrotus pulchenimus 551 P14000 Sasaki etal. 1988
Table compiled from sequences recorded in Swiss Prot protein data base. Order of sequences in
table based on relative homology to Prevotella strain RS2 N-acetyl-B-D-glucosamine-6-sulfatase.
a. ldentifier corresponds to those used for various UWGCG routines. Sequences indicated by
asterisk are putative and their specificity based on sequence homology.
b. Amino acid size of sulfatase.
c. Swiss-Prot accession number.
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g16s-capr

916s-hono

ars-cblan
ars-volvo
ndsa-I,rev
yidj-esch
ars-klebs
ars3seud
ga4s-feli
ga4s-hono

ga{s-ratt
ster-nu8n
ster-ratt
Eter-hono

arsd-boloo

arge-hono

arsf-hono

ce3s-hono

ce3s-nusn

ars-henic
ar8_gtron
ga6s-bono

ars-eEcbe

icl2s-hono

idZs-nusu

nsgl-bono

Fig. 1.6 Dendrogram of selected sequences from the sulfatase protein family

The tree is not phylogenetic. However, an indication of the relatedness between the
sequences can bejudged from the depth ofthe branches. Deep branched
sequences are unrelated, whilst the shallow-branched sequences are closely related.
Key to sequence name abbreviation is given in Table 1.7. The three main branches
(A, B and C) are indicated. mdsA_prev in branch A corresponds to the Prevotella
strain RS2 sulfatase. Note, Bacteroidesthetaiotaomicron putative sulfatase
sequences are not included in figure.
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Fig. 1.7 Multiple sequence alignment of selected sulfatase sequences.

Sequence alignment made using UWGCG algorithm PILEUP. Positions conserved in five of the

seven sequences are highlightio in reverseJont. Sequence name abbreviations are described in

Table 1.7. Residues imfiortint at the active centre and conserved or conservatively_ replaced in

allthe sulfatases are inciicated. Red - serine or cysteine which is post-translationally modified to

i tormytgtycine derivative, Blue - amino acid cooidinates Ca'* or Mg'* ion at the active centre.

Green --amino acid stabilises sulfate ester (hydrogen bond) during catalysis. Assignment of
residues was based on tertiary structure analyseJdetermined for ga4s-homo..and ce3s-i-omo

slquJnc.r. Residues were conserved or conservatively replaced in Prevotella strain RS2

MdlA. Numbers in margin correspond to positions within relevant peptide sequence.
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1.6.4 ldentification of a putative sulfatase post-translational modifying protein

The region upstream of the sulfatase within the 5058 bp genomic DNA fragment was examined to

determine whether there was evidence for an operon of mucin-degrading enzymes. The DNA

sequence contained a 1257 nucleotide open reading frame (nucleotides 1952 - 696, Appendix 4.2),

designated mdsB (mucin g[esulfating sulfatase B) (formally ORF2, D.P. Wright, MSc Thesis, 1995)

(mdsB_prev in Fig. 1.8). mdsB is on the opposite DNA strand to mdsA and therefore does not form

an operon of genes with mdsA. Several lines of evidence suggested that mdsB is expressed in vivo;

(i) putative transcriptional and translational regulatory elements were identified, (ii) codon usage

preferences are similar to that used by the sulfatase gene, and (iii) the deduced protein sequence is

homologous to sequences encoding iron sulfur proteins required for post-translational modification of

sulfatases (r'e. modification of an active site serine or cysteine residue to a formylglycine derivative)

(Szameit et a/, 1999) (Fig. 1.8). These sequences were formally (Cheng et al, 1992) assigned as

sulfatase regulatory proteins (D.P. Wright, MSc Thesis, 1995). The deduced polypeptide sequence

for mdsB contained 419 amino acids (48.2 kDa) (Fig. 1 .8).

1.6.5 ldentification of Two Partial Open Reading Frames

Downstream from mdsA, a partial ORF, designated mdsC (qucin Qesulfating sulfatase C), was

identified (nucleotides 4828 - 5058, Appendix a.4 (Fig.1.5). mdsC exhibited similar codon usage

preferences to mdsA and mdsB, inferring possible expression in vivo. The deduced amino acid

sequence did not show significant homology to any sequence in the GenBank database. Preliminary

evidence, which will be discussed in detail in section 2.1, supported the possibility that mdsA and msdC

form an operon of genes required for mucin degradation.

Downstream from mdsB, a partial ORF, designated aptA @nthranilate phosphoribosyl lransferase A),

was identified (nucleotides 192 - 1, Appendix 4.2) (Fig. 1.5). The deduced partial peptide showed

homology to anthranilate phosphoribosyltransferase N-terminal sequences (data not shown). These

enzymes are not related to mucin metabolism or sulfatases.
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Fig. 1.8 Multiple sequence alignment of sulfatase post-translational modifying proteins.

Sequence alignment made using UWGCG algorithm PILEUP. Positions conserved in three of the
four sequences are highlighted in inverse font. Sulfatase modifying protein name abbreviations:
mdsB_prev - Prevotella strain RS2 (SwissProt #AAF72521, Wright et a/, 2000a), chuR_bact -
Bacteroides thetaiotaomicron (AAA22908, Cheng et al, 1992), aslB_esch - Escherichia coli
(P25550, Daniels et a\,1992), and atsB_kleb - Klebsiella aerogenes (P20714, Murooka ef a/, 1990).
It was initially thought chuR_bact, aslB_esch and atsB_kleb produced regulatory proteins (Cheng ef
a|,1992), but more recently they were shown to be FelS proteins catalysing post-translational
modification, oxidising a serine or cysteine at the sulfatase active centre to a formylglycine (Szameit
et a|,1999). Numbers in margin correspond to positions within the relevant peptide sequence.
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1.7 Aims of the Research of which this Thesis forms a part

Mucins are the major structural element of the protective mucus barrier covering the digestive tract.

The role that acidic mucins, including sulfomucins, play in this protective function is not well understood.

A bacterial N-acetyl-B-D-glucosamine-6-sulfatase, which partially desulfates sulfomucins has been

isolated and characterised molecularly. The aims and accomplishments of this research are:

- to investigate whether the N-acetyl-p-D-glucosamine-6-sulfatase gene is part of an operon of genes

involved in mucin degradation

- to purify a novel 6-sulfo-N-acetyl-B-D-glucosaminidase identified by a new substrate

- to examine other bacteria in the digestive tract for evidence of similar sulfatases, and to look for

associations between bacterial pathogenicity, and/or the ability to degrade mucin, and the possession of

sulfatase(s).

- to purifo a novel p-D-galactose-6-sulfatase identified by new substrates

- in the long term to identify and provide sulfatases that may be useful as desulfating tools in

glycobiology, and establish their utility.

It is ultimately hoped that this research will improve the understanding of the roles that sulfomucins play

in mucosal protection.
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CHAPTER 2: THE PROPOSED MUCIN-DEGRADING OPERON INCORPORATING THE
N-ACETYL-p-D-G LUCOSAM I N E-6-S U LFATASE G EN E

2.1 lntroduction

The literature reviewed in chapter 1 supports the theory that some saccharolytic bacteria in the

gastrointestinal (Gl) tract possess the ability to utilise mucin as an energy source. Furthermore,

sulfomucins are present in the mucus layer of those Gl regions that are colonised by large

numbers of bacteria. For these reasons, a range of enzyme specificities are required by

bacteria to fully degrade the complex carbohydrate component of mucin molecules. Candidate

exo-glycosidase, endo-glycosidase and sulfatase specificities have been proposed (section 1.5).

Prevotella strain RS2 possesses a novel sulfatase that removes the 6-sulfate ester from N-

acetyl-p-D-glucosamine-6-sulfate saccharides present in sulfomucin oligosaccharide chains.

The molecular characterisation of the mucin-desulfating sulfatase from Prevofel/a strain RS2 has

been completed during the research for this thesis (Wright et al.,20O0a). The work represents

the first and only mucin specific sulfatase gene to be characterised. Indeed, only limited DNA

sequence data is available for potential mucin-degrading enzymes from endogenous

gastrointestinal bacteria (Table 2.1). However, increasing numbers of hypothetical genesfrom

bacterial genome sequences are being identified based on sequence homology. Future studies

of heterologous genes from these genera, especially known mucin-degrading species of

Prevotella and Bacteroides, will be important in understanding their ecology, biochemistry and

pathology in the gastrointestinal tract.

Operons for nutrient uptake, biosynthetic and catabolic pathways have been described in many

species of bacteria (Rutberg, 1997). Only nine operons to date have been characterised for the

genera Prevotella and Bacteroides. These include, xylan metabolism in Prevotella ruminicola

(Gardner et a\.,1997) and Bacteroides ovafus (Whitehead, 1 995), heme binding (Otto ef a/.,

1996), aerotolerance (Tang et al., 1999), capsular polysaccharide biosynthesis (Comstock et al.,

1999) and tetracycline resistance (Rasmussen and Kovacs, 1993) in Bacteroides fragilis, fimbria

construction in Bacterordes nodosus (Hobbs et al., 1991), and chondroitin sulfate metabolism

(Guthrie and Salyers, 1987) and starch binding (Reeves et a\.,1997) in Bacteroides

thetaiotaomicron. Operons allow coordinated controlled expression of genes in response to or

absence of substrate or compound. Increased expression of N-acetyl-p-D-glucosamine-6-

suffatase (4.2told induction) has been reported for Prevotel/a strain RS2 when grown in the

presence of pig gastric mucin (Roberton et al., 1993). Based on this observation, a mucin
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degrading operon containing either mucin-binding, mucin-transporting, glycosidase and/or

sulfatase genes in Prevotella strain RS2 would therefore be feasible.

Table 2.1 Representative gene sequences of potential mucin-degrading enzymes characterised
from bacteria commonly identified in the human gastrointestinaltract

Enzvme Specificitv" Orqanism (GenBank Accession number)"
cr-Fucosidase B a cte ro i d e s th eta i otao micron" ( N P-8 1 257 6)#, B i f i d o b a cte ri u m b rev e"

(JC5137)
cr-Galactosidase Escherichia coll (AAN83548)#, Lactobacillus plantarium (NP-786693)#,

B if i dob acte ri u m adol esce ntls" (AAD309 94), Bifidob acte i u m /ongum" ( N P-
696676)#, Clostridium perfringens (NP-561 428)#, Clostridium stercorarium
(BAC56887), Bifidobacte riu m b reve* (AAK962 1 7), Streptococcus m utans
(A448 1 9), Streptococc us p ne u mo niae ( N P-359305)#, Bacte roide s
th eta iotaomlcron" ( N P-8 1 3068)#

f)-Galactosidase B if i dob acte i u m i nf a nti s" (44102052), Esch e ri ch i a coll ( N P-755705),
B if i d o b acte ri u m I o n g u m* ( N P€96 1 50)#, Lactob ac i I I u s p I a nta ri um ( N P-
786678)#, B ifi dob a cte ri u m adol e scentrs- (AAG 3 1 696), B if i dob acte ri u m
bifidum* (CAC14567), Clostidium perfingens (NP-5621 82)#, Lactobacillus
acidophilus (84,420537) , Bacteroides fragilis* (8AC56904) , Enterobacter
cloacae (84,407673) , Lactobacillus sakei (CAA57730) , Streptococcus
salivarius (AA167294), Lactobacillus delbrueckii (A30093), Clostridium
a ceto b u tv I i cum ( N P -349 1 28\#, B acte ro i d e s th e ta i ot a o mrbron* ( N P-8 1 3 59 5)#

N-Acetyl-lt-D-glucosam inidase E nte rob acter sp. ( 84474506), Lacfob ac i I I u s casel ( 84A76352), B acte roi de s
th eta i otaomrcron* ( N P-8 I 01 97 l#, B ifid ob acte ri u m I on q u m" ( N P-695287)#

N-Acetyl-cr-D-
oalactosaminidase

N/D

Neuraminidase Bacteroides fragilis" (JC2500), Bacteroides thetaiotaomicron. (NP-809368)#,
Clostridium peffringens (NP-561469)#, Clostidium sordellii (P1 5698),
Sfreptococc us oneu moniae (N P-345784)#

Sialate O-acetylesterase Bacteroides fragil is* (BAC56898), Bacte roides thetaiotaomicron" ( N P-
B1 3002)#, Lactobacill us casei (84476352)

N -Acetyl-p-D-gl ucosam ine-6-
sulfatase

P re v ote I I a stra i n R 52* (AAF 7 2520), B a cte ro i d e s t h et a i ot a omicron* ( N P-
813567)#

N -Acety l-c- D-galactosam i ne-
6-sulfatase

Bacteroides theta iotaomicron* ( N P-8 12398)#

Ga lactose-3-sulfatase N/D
Ga lactose-6-su lfatase N/D
a. Enzyme specificities capable of degrading mucin oligosaccharide sugar component (refer section 1.5).
b. Bacteria endogenous to the gastrointestinaltract (Tannock, 1999). Bacteria labelled with asterisk have
been shown to grow on or degrade mucin glycoprotein. Accession numbers labelled with hash are putative
proteins and were identified by sequence homology. N/D - no data available.

A description of the molecular biological work performed on the Prevotel/a N-acetyl-13-D-

glucosamine-6-sulfatase has been presented in section 1.6.3. Investigation of the DNA

sequence regions flanking the sulfatase gene (mdsA) exhibited putative promotor (-35, -10)

elements (Hawley and McClure, 1983), a Shine-Dalgarno sequence (Shine and Dalgarno, 1974)

upstream from the initiating ATG (Fig. 2.1a), and a putative Rho independant termination

sequence downstream from the termination codon (Fig.2.1b). The predicted termination
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A.

3 1 O 1 AGAAATTGGCGAAAAGGTTTCATGGTTCACCTTTTTGTATTAACTTTGCAACAAATTATGGGCACCCGTG

-35 -10
3 I 7 1 CGGGCATTCCAATGAATAATACCTAATAGCTAATGAAATCGGACAACATGCGTTTCTATTCCGCAATGCT
MdSASDMKSDNMRFYSAMLI3
32 4 L CATGGCAGGATGCGGACTGCATGCCGCTGCACAGACGCAGCGACCTAACATTGTGTTCATCATCACCGAT

MAGC GLHAAAQT QR PN I VF I I T D 36
 

ET

47 1 L GGCGCTCAAGGACTATCGCAAGAACCTCAAGGTCGACGAGTATTAAACCAATAAATATCATGTGAGAGGC
MdsA A L K D Y R K N L K V D E Y * ===>517
4 ? 8 1 GCCTTGTTGGCGCTCACTACCTAATCACCTATAAATAACCTAACATTATGTCTACATTCAACTTAGACAA
MdsC
4 8 5 1 CATCCTTTCGCAGTTCCTCAITGAGGGAAAGGTGGAAAGCGTGAAGCCGCTTGGCAATGGCCTGATCAAT

r IJ S Q T' L I E G K V E S V K P L G N G L I N 31

c.

4764 AATATCATGTGAGAGGCGTftiftCCff@aCIACCT I nreaicted transcript,ional
nt===><=== lf---- J termination sequence.

. .CftG..FETnE.refrc... .. I con""nsus cranscripcionai

...CC6..iffinrfi.iffc..... I cermination sequences.

-:====) <======= X ) (B-a/c, $-cfcy
dyad symmetry

3182 arcalFEarKlEtrilGCrAArGAAArcGGACAA
MdsA MKSDN 5

480e crArEAEtrrAERm6c$nnrcrcrAcArrcAAcr
Mdsc MSTFNL 6

Fig.2.1 Putative transcriptional regulatory elements for mdsA and mdsC.

Numbers in margins correspond to nucleotide (left) and amino acid (right) positions within
relevant sequences. A. Putative promotor (-35,-10) elements based on similarity to E coli
consensus sequences (-35, TTGACA; -10, TATAAT) are indicated. Predicted Shine-
Dalgarno sequence (SD) for ribosome binding and signal peptidase cleavage site (A) are
indicated. Peptide sequence translated from mdsA. B. lntergenic region between mdsA
and mdsC. Predicted ribosome binding site for mdsC (SD) and transcriptional termination
sequence (arrows; refer to C. for description) are indicated. C. Alignment of putative
transcriptionaltermination sequence (UWGCG TERMINATOR algorithm)to consensus
sequence. Horizontalarrows indicate dyad symmetry. Vertical arrow indicates predicted
last nucleotide of RNA transcript. Inverse font indicates homology between sequences. D.
Alignment of mdsA and mdsC ribosome binding site regions (-16,-4). Inverse font indicates
homology between sequences.

D.
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sequence (UWGCG TERMINATOR algorithm, Brendel and Trifonov, 1984), exhibited only

limited homology with conventional termination sequence consensus features including dyad

symmetry (Fig. 2.1c). For this reason, attenuation of transcription by a Rho independent

mechanism at this site can be considered nominal.

Downstream of mdsA a partial open reading frame, mdsC (231 nucleotides), was identified

(section 1.6.5) (Fig.2.1.b). The proximity of mdsC to mdsA (74 nucleotides) suggested that both

were possibly found on a polycistronic mRNA transcript. A potential Shine-Dalgarno sequence

was identified -5 bases upstream from the mdsC initiation codon. lt shared homology with an

equivalent sequence identifled for mdsA (Fi1.2.1.d). The intergenic region between mdsA and

mdsC did not exhibit potential promotor (-35,-10) consensus elements. These and previous

observations collectively advance the contention that the sulfatase gene (mdsA) and the partial

open reading frame (mdsC) form an operon of genes putatively involved in mucin-degradation.

Such an operon would allow the integrated metabolism of the mucin glycoprotein and is of

particular scientific interest.

This chapter proposes the existence of a mucin-degrading operon of genes incorporating the N-

acetyl-p-D-glucosamine-6-sulfatase in Prevotel/a strain RS2. Experiments involve genomic

walking downstream from the N-acetyl-p-D-glucosamine-6-sulfatase by inverse PCR and the

subsequent sequencing of generated clones. An additional 4650 bp of DNA sequence

containing two complete open reading frames (ORFs) and a partial ORF are presented. Their

amino acid sequences are compared with other homologous sequences found in sequence data

banks. The ORFs have been cloned and expressed in E. coliexpression systems. RNA

isolation and hybridisation analyses are presented. Anti-MdsA and anti-MdsD antibodies have

been raised from expression chimera constructs and the antibodies used for Western blot

analyses.

Results

2.2 Genomic Walking

Conventional cloning procedures involving the construction and screening of DNA libraries can

be used to attain a contiguous arrangement of DNA fragments immediately adjacent to a known

sequence. Although the process can resolve very large areas of DNA sequence at a time, the

procedures are relatively time consuming. The approach of genomic walking has been

accelerated by the polymerase chain reaction (PCR). Severaltechniques incorporating PCR
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have been developed to selectively amplify flanking anonymous DNA fragments in vitro

(Ochman et al., 1993). The disadvantage with these procedures is the size of DNA that can be

amplified. For conventional proof reading polymerases approximately 3 kb of DNA can be

amplified efficiently. In view of this and the expectation that a minimum of 2.5 kb of DNA

sequence would be required to accommodate an operon of genes, it was decided that PCR

would be used to sequence the DNA region downstream from the 5058 bp DNA fragment, which

incorporates mdsC.

Initial attempts were made to sequence this region using the 'targeted gene walking' procedure

by Parker et al. (1991). Although successful genomic walks have been reported using this

technique (Daniel Morris, personal communication), amplification of 3' DNA flanking the 5058 bp

region was unsuccessful (not shown). Failure to amplify the targeted DNA may in part be due to

the quality of the synthesised linker library, which required blunt end ligation of restriction

digested genomic DNA fragments to a linker oligonucleotide. An alternative procedure 'inverse

PCR' was then used. This conceptually simple technique (Ochman et a/., 1988) is detailed in

section 4.2.9.6 and shown in Fig. A.2.1. The procedure involves the digestion of source DNA,

circularisation of resulting restriction fragments and finally DNA amplification using specific

oligonucleotide primers directed outwards in opposing directions from a core region. The

procedure enabled the amplification of contiguous DNA fragments downstream from the

sulfatase gene. The work is outlined below and the derived DNA sequence is presented in

Appendix 4.1 (nucleotides 5059 - 9708).

2.2.1 Restriction Analysis of Flanking DNA

Restriction analysis of flanking DNA by Southern hybridisation was first performed to facilitate

the genomic walking process by inverse PCR. From the measured sizes of hybridisation bands

and using manual permutation exclusion analysis, a restriction map incorporating restriction sites

was constructed. During the genomic walk process, two independent Southern hybridisation

experiments were conducted. Historically, the first Southern hybridisation provided restriction

site information required for the initial three genomic inverse PCR walks, while the second

Southern hybridisation provided information for genomic walks 4 and 5 (Fig.2.2),

Purified Prevotella stain RS2 genomic DNA was digested either singly or in combination with

stated the restriction enzymes (Fig. 2.3 legend). The digested DNA was electrophoresed

through a 1oh agarose gel then transferred to Hybond N" membrane. Southern hybridisation #1

was probed using the radioactively labelled 407 bp Sstl/XholDNA fragment (Fig. 2.2) obtained

from 5058 bp genomic DNA insert. Southern hybridisation #2 was probed using radioactively
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l-^_^, 5058 bp genomic DNA fragment i
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TR4(f)/TR7(r)-l
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TR4(f)) (rnz(O

B. TR20(r) a
)TR11(0
lNc
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TRl 1(f) TR13(r)

)TR21(f)
TR13(r){

Genomic Walk #1
( /Vco/ circularised DNA,
1 .1 kb PCB product)

Genomic Walk#2
(Pyull circularised DNA.
2.9 kb PCB product)

Genomic Wdk #3
(Nco/ circularised DNA,
0 83 kb PCH producl)

Genomic Walk #4
(Hrndl/l circularised DNA.
2.7 kb PCR product)

Genomic Walk #5
(Ncol circularised DNA.
1.0 kb PCR product)

Consensus Wdk

i :<rRll(f) i lrR13(r)
iNc
i:r-[
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TR2l (f) rR20(r)
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Pv Nc
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> : .i

TR21(r) ;rR20(0

Ncit-tr)a
DW2(t) DW3(r)

HNc
4650 bp

Fig.2.2 Restriction map and genomic walk summary for DNA downstream of mdsA

A. Restriction map determined from Southern hybridisation information (Fig. 2.3). Restriction
sites Xhol Stul, Kpnl, Xbal and EcoRlpredicted downstream of 5058bp fragment are outside
known sequence region. Restriction site Ncol* was derived from nucleotide sequence data.
Restriciton site abbreviations: Ba - BamHl, Bc - Bcll, Bg - Bglll, A - Apal, Ecl - EcoR/, EcV -
EcoRV,X-Xhol,Pv-Pvull,Sp-Sph/,St-Slu/,Ss-Ssf/,Nc-Nco/,M-Mse/,Sa-Sa//,H-
Hindlll, F - Fspl, Ps - Psf/. Filled boxes indicate probe sequences used for Southern
hybridisation.
B. Genomic walks downstream from 5058 bp fragment. Open boxes indicate DNA sequence
known prior to each individual walk. Right open boxes correspond to DNA amplified by reverse
primers. Lines between boxes indicate newly derived walk sequence. Genomic walk primers are
indicated by filled triangles.
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labelled 677 bp Sst//Nco/ DNA fragment obtained from amplified PCR DNA generated in the

third genomic walk (Fi1.2.2). The autoradiographs are shown in Fig. 2.3. All restriction digests

except Sa// (lane3, Southern hybridisation #1) produced a positive hybridisation signal. The lack

of signal was predicted as a Sa// site is located 90 bp from the Sst/ site within the Ssf/2(hol

probe region (Fig. 2.2). Restriction digest Hindlll(lane 23, Southern hybridisation #2) gave

several hybridisation signals indicating possible partial digestion of genomic DNA. Faint bands

observed in most lanes of Southern hybridisation #2 were adjudged as background non-specific

hydridisations (Southern hybridisation #2 was over exposed). No hybridisation signal for uncut

genomic DNA was expected as high molecular weight DNA is transferred to membrane less

efficiently.

A restriction map compatible with the measured hybridisation signal sizes and those from a

previous southern hybridisation experiment using 637 bp TR4(f)/TR7(r) amplification product as

probe (not shown, D.P. Wright, MSc Thesis, 1995) is presented in Fig 2.2a. From the map,

several restriction enzyme candidates were available for inverse PCR genomic walking. During

the walking process four criteria were used to select which restriction enzyme was to be used for

each walk: (i) the predicted circularised flanking DNA fragments could permit amplification of

adjacent DNA using the designated oligonucleotide walking primers, (ii) restriction digests

requiring a combination of restriction enzymes (thus requiring blunt-end filling prior to

circularisation) were avoided, (iii) predicted PCR product did not exceed limits of efficient PCR

ampliflcation (approximately 3 kb using Ultma proof reading polymerase), and (iv) a minimum of

0.5 kb of unknown adjacent DNA would be amplified.

2.2.2lnverse PCR genomic walking

Five independent contiguous inverse PCR genomic walks downstream of the 5058 bp genomic

fragment were performed during this work (Fig. 2.2b). Genomic walk primer sets,

TR1 1 (0/TR1 3(0, TR20(0/TR21 (f) and DW2(0/DW3(r) (Table A.1 .10), were designed to

opposing nucleotide sequences either within the 5058 bp fragment (TR1 1(f)/TR13(r)) or from

acquired genomic walk DNA sequences (TR20(r)/TR21(f) and DW2(0/DW3(r)) (Fig. 2.2b).

For each inverse PCR genomic walk, purified genomic DNA was digested with stated restriction

enzyme, the DNA fragments ligated to favour circularisation and a segment amplified with the

appropriate primer set according to the method described in section 4.2.9.6. Genomic walk

inverse PCR #'s 1, 3 and 5 amplified flanking DNA from circularised Nco/ digested genomic DNA

using the primer sets TR1 1(fl/TR13(r), TR20(r)/TR21(f) and DW2(0/DW3(r) respectively.

Inverse PCR #2 amplified flanking DNA using circularised Pvul/ digested genomic DNA and
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Fig. 2.3 Southern hybridisation analysis

Membranes were hybridised, washed and autoradiographed according to the procedure described

in section A.2.16.1 .

A. Southern hybridisation #1. The membrane was probed with 32P l"b"ll"d ssttxhol 4o7bp
pio5. from the'3' end of the 5058 bp fragment (see Fig. 2.2) and autoradiographed for 84h. 1.0%

agarose gel. Lanes 1, 10 and l8 contain 32P tabelled 1 kb ladder DNA. Lane 17 (positive

cSntrol) clntains 5058 bp fragment. Other lanes contain digested genomic DNA (1 pg) as

indicated: Z-Spht,3-Sa//, GNcol,5-Ssf/,6-Pvull,7-Pstl,$-Pstt/EcoV,*Pstl/Hindlll,1l-Pstl/Xbal,
,12-pstt/EcoRl, tg-pstt/damHt, 14-Pstt/Bgttl, 1'-Pstl/Notl, 16-Pstl/kpnl. Hybridisation signals

difficutt to see because of graphic replication are indicated by filled triangles.

B. Southern hybridiation #2. The membrane was probed witn 32p labelled ssf//Nco/ 677bp probe

fiom genomic tiralk #2 pCR product (see Fig. 2.2) and autoradiographed lor 24h. Lanes l9 and

2g contain 32p-t"bell"d 1 kb ladder DNA. 0.8% agarose gel. Lane 28 (positive control) contains

G*t tenomic DNA. Other lanes contain digested genomic DNA (1 pg) as indicated: Z0-Apal'

21-Bclt, Z}-Fspt, 23-Hindtll, 24-Msel, 25-Sph/, 26-Xhol, 27-Stul.

t
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I
O
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primer set TR1 1(fl/TR13(0, while inverse PCR #4 used circularised Hindllldigested genomic

DNA and primer set TR20(r)/TR21(f). The inverse PCR genomic walks are presented as

diagrams in Fig 2.2b and Fig. 2.5a. Amplified PCR products for each of the inverse PCR walks

are presented in Fig.2.4. All inverse PCRs amplified a PCR product of the expected molecular

weight based on the restriction map data (Fig.2.2a). lnverse PCR #'s 1,2,3,4 and 5 amplified

PCR products of 1 .1 ,2.9,0.83,2.7 and 1.0 kb respectively. The inverse PCR products from

individual PCR reactions were purifled from agarose gels, digested with suitable restriction

enzymes (corresponding to engineered sites in respective primers, Table A.1 .10), and cloned

into M13 bacteriophage vectors, M13mp18 and M13mp19 for sequencing. A description of the

clones and subsequent subclones made to assist sequencing are presented in Fig. 2.5b and

detailed in Table 2.2. The genomic walk clones were sequenced on both DNA strands (Fig.

2.5b).

Table 2.2 Summary of clones used to determine DNA sequences of consensus walk products

a - Sequence clone numbers correspond to those presented in Fig. 2.5b.
b - Restriction enzyme labelled with an asterisk cuts the corresponding site in the pGEM -7zf(-) polycloning
region. Underlined restriction enzymes have compatible cohesive termini that allowed ligation. Primers in
square brackets contained the corresponding engineered restriction site. Restriction site labelled with filled
triangle was blunt-end filled before ligation.

Sequence
Clonet

Constructiono

1 M13mp18 (Sall, Xbal") + 0.3 kb (Sall. Xbal*) fraoment from pGEM-7QA-52\
2 M13mp19 (Pstl, Xbal*) + 1.05 kb (Pstl, Xbal") fraqment from pGEM-7QA-52\
3 M13mp18 (Pstl, BamHl) + 1.1 kb inverse PCR#1 (Pstl nnrl(Dt, Bslll trR13(r)l) fraqment
4 M13mp18 (Pstl, Hindlll) + 0.55 kb (Pstl [rR11(01, Hindlll) frasment from 1.1 kb invPCR#l
5 M13mp18 (BamHl, Hindlll) + 0.56 kb (Bqlll trR13(r)1, Hindlll) fraqment from 1.1 kb invPCR#
6 M13mp18 (Pstl, Hindlll) + 1.7 kb (Pstl, Hindlll) fraqment from 2.9 kb invPCR#2
7 M13mp19 (Pstl, BamHl) + 1.1 kb inverse PCR#1 (Pstl trR1t101, Bqlll IrR13(r)]) fragment
8 Sequencing primer TR18(f) usinq sequence clone 6 as template
I M13mp19 (Hindlll, Sstl) + 0.94 kb (Hindlll, Sstl) frasment from 2.9 kb invPCR#2
10 M13mp19 (Pstl, Smal) + 0.81 kb (Pstl, Notl^) fraqment from 2.9 kb invPCR#2
11 M13mp18 (Sall, BamHl) + 0.58 kb (Sall, B-qlll) frasment from 2.9 kb invPCR#2
12 M13mp18 (Xbal, Kpnl) + 0.83 kb inverse PCR#3 (Xbal frnzrtDt, Kpnl frR2o(r)t) frasment
13 M13mp19 (Hindlll, Pstl) + 1.7 kb (Hindlll, Pstl) fraqment from 2.9 kb invPCR#2
14 M13mp19 (Hindlll, Smal) + 1.75 kb (Hindlll, Pvull) fraqment from2.7 kb invPCR#4
15 M13mp19 (Xbal, Kpnl) + 0.83 kb inverse PCR#3 (Xbal nnzt(flI, Kpnl trR2o(r)l) fraqment
16 M13mp19 (Sall, Sphl) + 0.73 kb (Sall, Sphl) frasment from27 kb invPCR#4
17 Sequencing primer DW16(r) using sequence clone 18 as template
18 M13mp18 (Xbal, Sphl) + 1.54 kb (Xbal nnzr(Dl, Sphl) fraqment lrom2.7 kb invpcR#4
19 Sequencinq primer DW1(fl usino seouence clone 14 as temolate
20 M13mp19 (Sall, Sphl) + 0.3 kb (Sall, Sphl) fraqment from 2.7 kb invPCR#4
21 M13mp18 (Smal, Hindlll) + 1.75 kb (Pvull, Hindlll) fraqment from2.7 kb invPCR#4
22 M13mp19 (Smal, Hindlll) + 0.54 kb (Espl, Hindlll) frasment from2.7 kb invPCR#4
23 Sequencinq primer DWg(r) usinq sequence clone 25 as template
24 M13mp18 (BamHl, Pstl) + 1.0 kb inverse PCR#S (BamHl tDW3(r)1, Pstl tornn(Dt) frasment
25 M13mp19 (BamHl, Pstl) + 1.0 kb inverse PCR#S (BamHl tDW3(r)I, Pstl tDw2(flr) fraqment
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Fig.2.4 Amplified PCR products of inverse PCR genomic DNA walks

fnverse PCR reactions lanes 2, 5, 8, 11,Iland 17 were performed according to the method

described in section A.2.9.6. iea6ionsin lanes 3, 6, 9, 12,15 and {8 were .similar to above

reactions except Z rnf fvfg-Cf2 w-s used. Remaining reactions (lanes 4,7,10,13, l6 and 19)

were controls, similar to reactions in lanes 2,5,8,11,14 and 17, except that circularised DNA

template was not added. Inverse PCR reactions lanes 2, 3, 8, 9, 1! 12,,14,15,17 and 18

used circularised oNAtempi"t" tror 1.0 pg/mL ligation rlactions. Reactions in lanes 5 and 6

used Dl.lA from a 0.F pg/mL ligation reaction (section A.2.9.6)- Lanes I and 20 contain 1 kb

DNA ladder. pCR products of expected size are indicated by filled triangle. 1.0% agarose

gels in 0.5x TBE eledtrophoresis buffer were used'

A. Inverse PCR #1, primers TR11(0/TR13(r) and Nco/ circularised template,

B. Inu"rse pCR #2: irimers TR1 1(1nnt S(r) and Pvullcircularised template,

C. inu"rre pCR #3: primers TR20(i)/TR21(f) and Nco/.circularised template,

D. lnverse pcR #4: brimers fnzo(rilTn21(0 and Hindlllcircularised template,

E. tnuerse PCR #5; brimers D\ r2(i)iDw3(r) and Ncol circularised template'
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Fig. 2.5 Analysis of consensus genomic walk

A. Diagramatic representation of inverse PCR products. Bold type restriction sites were
required for sequence cloning. Restriction site in normal type were not used for sequence
cloning. Restricition sites at flanks of representative PCR products were engineered in
corresponding primer (indicated by triangle), except DW3(r). Restriction sites with asterisk
were required for genomic DNA digestion and indicates point of circularisation. Resticition
site abreviations: B - BamHl, Bg - Bglll, X - Xhol, Pv - Pvull,Sp - Sph/, Ss - Sst/, Nc - Nco/,
Sa-Sa//, H-Hindlll, F-Fsp/, Ps-Psf/, No-Nof/, Xb-Xbal,K-Kpnl. B. Sequencing
strategy for consensus walk. Arrows represent direction of sequence contig and length.
Consensus arrow was compiled from contigs I to 25. C. Open reading frames in
consensus sequence. Base pair numbers correspond to nucleotide sequence presented in
Appendix 4a. ldentified ORFs are labelled. Frames 1,2 and 3 are forward reading frames,
while 4, 5 and 6 are reverse reading frames.
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The DNA sequence generated from each inverse PCR walk were assembled to form a 4650 bp

contiguous consensus sequence (Appendix 4.1, nucleotides 5059 to 9708). Authenticity of the

nucleotide sequence was shown by (i) overlap of each sequential inverse PCR genomic walk,

and (ii) the identification of restriction sites consistent with the predicted restriction map (Fig.

2.2a). Historically, genomic walk #1 contained the complete sequence of ORF mdsC. Within

this walk fragment and downstream of mdsC, a partial ORF, mdsD (55 nucleotides) was

identified. Analysis of the DNA region between mdsC and mdsD (97 nucleotides) identified a

putative Shine-Dalgarno sequence 6 bases upstream from the mdsD initiation codon that

showed homology to equilivant sequences for mdsA and mdsC (section 2.3). No consensus

transcription initiation promotor (-35, -10) elements were identified in this region. However, a

stem loop structure with putative homology to transcription Rho independent termination

consensus sequence was found. Despite the latter, genomic walk inverse PCR was continued

downstream from mdsC with the intention of obtaining the complete sequence for mdsD.

Genomic walking was stopped following genomic walk #5 because (i) the complete nucleotide

sequence for mdsD was identified, (ii) a putative consensus transcription termination sequence

was found 136 nucleotides after mdsD, and (iii) a partial ORF on the opposite DNA strand was

observed 209 nucleotides downstream from the mdsD termination codon.

ln summary, the derived consensus sequence contained two complete ORFs, mdsC (1086

nucleotides) and mdsD (3219 nucleotides) and a partial ORF, zbpA (271 nucleotides) (refer to

section 2.3.3 for zbpA description) on the opposite DNA strand. Authenticity of these open

reading frames was based on codon preference analysis described in section 2.3.

2"3 DNA Sequence Analysis of 4650 bp Consensus Sequence

The complete nucleotide sequence (4650 bp) for the consensus genomic walk region is

presented in Appendix 4.1 (nucleotides 5059 - 9708). This sequence has been submitted to

GenBank number AF248951. The nucleotide sequence exhibited two complete ORFs, mdsC

(1086 nucleotides) and mdsD (3219 nucleotides), reading from the same DNA strand as mdsA,

and a partial ORF, zbpA (270 nucleotides) reading on the opposite DNA strand (Fig. 2.5c). A

fourth ORF was also found (frame 4, Fig. 2.5c). However, this ORF exhibited different codon

preferences to the other ORFs, was not analogous to sequences found in the data banks (see

below), and is not considered likely to encode a protein.

Codon preferences for the ORFs were analysed (UWGCG algorithm, CODONPREFERENCE,

Gribskov et a\.,1984). The calculated codon preference statistic tor mdsC, mdsD and zbpA with

respect to a codon frequency table compiled from mdsA and mdsB codon usages is shown in
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Fig. 2.6. The codon preference statistic for these ORFs showed a significant rise above

background levels and a corresponding reduction in rare codon frequencies indicating similar

codon usage to mdsA and mdsB. All other identified ORFs (Fig. 2.5c) within the consensus

sequence exhibited codon usages similar to a random sequence.

A codon frequency table was compiled from the ORFs aptA, mdsA, mdsB, mdsC, mdsD and

zbpA of the 9708 bp DNA sequence (Table 2.3). The table showed a codon bias in the third

codon position for G or C (79.9o/o of the degenerate codons ended in G or C). The GC content

tor Prevotel/a strain RS2 is calculated to be 56.0% (based on the assumption that base

composition of bacterial DNA is uniform along the genome, and that GC content of the 9708 bp

nucleotide sequence is representative of that genome (Zubay, 1993)). This differs from that

estimated for the Prevotella genus, 4O - 48o/o (Shah, 1992).

Table 2.3 Codon frequency table for ORFs mdsA, B, C, D, aptA and zbpAin Prevotella strain
RS2.

a. Amino acids (AA) are written in three letter code.
b. Preferred codon where choice is given is indicated by asterisk.
c. Frequency (#) and relative fraction (1/x) of codons for the ORFs are indicated.

The nucleotide sequence regions preceding the initiating ATG for mdsC and mdsD were

compared to those for mdsA, mdsB and aptA. Homologous putative Shine-Dalgarno sequences

for each of the ORFs were found (Fig. 2.7a). mdsA, mdsC and mdsD Shine-Dalgarno

ffi Codono #" !/x" .ftA Codon" #" I/x" AA' Codon" #" L/x
nra

Ar9

Asn

ASP

cys

Gln

GIu

Gly

ccc 19 0.I2
ccA 20 0.12
ccr 24 0.15
GCC* 101 0.62
AGG 3 0.02
AGA 3 0.02
ccc 3 0.02
ccA 7 0.04
cGT 19 0.12
ccc* l_21 0.78
AAT 22 0.18
AAC* 99 0.82
cAT 37 0.20
cAc* 144 0.80
TGT 6 0.19
TGC* 25 0.81
cAG* 83 0.75
cAA 27 0.25
cAG 133 0.86
GAA 22 0.14
GGG 7 0.04
ccA 36 0.19

Gly

His

rle

Leu

LyS

Met
Phe

Pro

GGT 32 0.17
ccc* 112 0.60
cAT L5 0.24
cAc* 52 0.76
ATA 7 0.05
ATT L7 O. ].5
ATC* 91 0.80
TTG 20 0. L0
TTA 1 0.00
crc 62 0.30
cTA 1 0.00
cTT 11 0.05
crc* 113 0.54
AAG* 124 0.94
AAA l_0 0.06
ATG 73 1.00
TTT 18 0.15
TTC* 97 0.84
ccc 15 0. 15
ccA 9 0.09
ccT 13 0.1.3

Pro
Ser

Thr

Trp
Tyr

VaI

End

ccc* 62 0.53
AGT 17 O.I2
AGC* 46 0.34
TCG 41 0.30
TCA 9 0.07
TCT 8 0.05
TCc L6 0.L2
ACG 31 0.22
ACA 22 0.l-6
ACT 3 0.02
ACC* 82 0.59
TGG 44 1.00
TAT 52 0.42
TAC* 73 0.58
crc* 117 0.69
crA 7 0.04
crT 9 0.05
crc 35 0.21-
TGA 1 0.20
TAG 0 0.00
TAA* 4 0.80
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Fig. 2.6 Codon preference analysis of consensus sequence

Plot made using UWGCG algorithm CODONPREFERENCE. Frame numbers
correspond to numbers indicated in Fig. 2.5. Values on Y-axis are codon
preference arbitrary numbers. Base pairs refer to those given in Appendix 4a.
Boxes indicate ORFs mdsA, C, D and zbpA. Dashed line corresponds to
average random codon preference. Verticle lines below ORFs indicate rare
codon use.
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A.

cnrrn$rtrll@tfiGcrAArG
nrnnar@@c$rruc--
crcnc[c$@r/A[rcrATc-

mdsA

mdsC

mdsD

B.

rcrrGE@AcErcATG---- mdsl
AAAcAE@GETTATG--- - - aptA

5881 GACATGATGGATAACTTCATCCGCACGCTCATCTAAGAGTGGGCCCTTTTTCCGCCTACC MdSC

D M M D N F I R T L I * ==362
5 9 4 ]. CCTCCCTTCTGCTGCTATAAGAGAAGGGGGTGGTGGGCGGTTTCGTTTCCAACTCACACA

n
lt----

6 O O 1 TCTATAATCTATGAAAAGACATCTTCTTGCCATCGCAGCGCTTGCCATCAGTTCGGCGGC MdSD
MKRHLLAIAALATSSAALT

9 1 9 1 CAGCAACTGCGTCGCGCCGTGGAGGAAATGCTGAAGAAGTAATCACAAATAGCTCATTGA MdSD

aaTRRAVEEMLKK*1073
9 2 5 7 AAGGAGC TATGACATC C TAATAATC TTCC CAATC CGGC CTAATGATC GATTGGGGATAAA

e 3 1 1 cAAArcccc:l:::"::""""*::o:::::::"i"lrrcrrrAcccrrcAArcrrrccr

9 37 I GTAGAATGGTAGAGGGCACCATTCAACCCAAATCTAATGACCGATTTGGGTTCAACGTTC

9 4 3 1 CCCATTATGAAAAGTAATAGAGGAACATGGCGTTACCCGTGAGCGCTGGCTTGCGCTGGC

------+---------+---------+ +---------+---------
AATACTTTTCATTATCTCCTTGTACCGCAATGGGCACTCGCGACCGAACGCGACCG Z bpA

* S F Y Y L F M A N G T L A P K R A 74

9490 GCCAGCGCAAGCCAGCGCTCACGGGTAACGCCATGTTCCTCTATTACTTTTCATAATGGG ZbpA
ORKPALTGNAMFLYYFS*90

9 4 3 O GAACGTTGAACCCAAATCGGTCATTAGATTTGGGTTGAATGGTGCCCTCTACCATTCTAC

9 37 O ACGAAACATTCAACCCTAAAGAAATCGCCCTCGCTGCTTGTGTGCTGCGAGGGCGATTTG
======= => <= ======= fl ----

9 3 1 O TTTATCCCCAATCGATCATTAGGCCGGATTGGGAAGATTATTAGGATGTCATAGCTCCTT

9 25 O TCAATGAGCTATTTGTGATTACTTCTTCAGCATTTCCTCCACGGCGCGACGCAGTTGCTG

---+---------+-- -------+---------+--
AATGAAGAAGTCGTAAAGGAGGTGCCGCGCTGCGTCAACGAC MdS D

* K K L M E E V A R R L Q Q106]-

c.
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F

( i) ccccrcccrrcrccrcCrArMGAGAA@GrGGrGGGcGc[rnc

(ii) rc c c ccTcGcAGCACACA@cccacGGcGAilTEc
/- ------- 

A ----------- -- \- ------- ll

( iii ) rcccccrcccrccrrcr$r@rcccacccc@affi

dyad symmetry

Fig.2.7 Analysis of genomic walk consensus DNA

A. Alignment of putative Shine-Dalgano sequences for mdsA, B, C, D and aptA ORFs.
lnverse font indicates homology between sequences. lnitiating ATGs are underlined.
B. lntergenic region between mdsC and mdsD. Putative transcriptional termination sequence
for mdsO is indicated (refer to E for description). Numbers in margin correspond to nucleotide
(left) and amino acid (right) sequences positions.
C and D. lntergenic region between mdsD and zbpA. Putative transcriptional termination
sequence for mdsD (C) and zbpA (D) are indicated (refer to E for description). Numbers in
margin correspond to nucleotide (left) and amino acid (right) sequences positions.
E. Alignment of putative transcriptional termination sequences (UWGCG TERMINATOR
algorithm) to consensus sequence. Horizontal arrows indicate dyad symmetry. Vertical arrow
indicates predicted last nucleotide of RNA transcript. Inverse font indicates homology to
consensus sequences.

Putative transcription
termination seguences
for mdsc (i), ndsD (ii)
and zbpA (iii).
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sequences were most similar to each other, as were those of the mdsB and aptA sequences.

Some of these putative Shine-Dalgarno sequences differ to accepted sequences, which are rich

in purine residues (G and A) -O to -13 nucleotides upstream from initiating ATG. No potential

promotor (-35, -10) consensus elements were found in the intergenic regions between mdsA,

mdsC and mdsD. A potential promotor (-35, -10) consensus element was found previously

upstream (-81, -60) from mdsA (Fig. 2.1a).

The nucleotide sequence regions succeeding the termination codons for mdsA, mdsC and mdsD

were analysed. Putative sequence regions exhibiting homology to consensus Rho-independent

transcriptional termination sequences (Platt, 1981) were found 64 and 1 1 5 nucleotides

downstream from mdsC and mdsD respectively (Fig. 2.7b and c). The sequences exhibited

standard features of dyad-symmetry rich in GC base pairs, but lacked significant homology in

the thymine rich region (Fig.2.7e). The predicted sites of termination are indicated (arrow, Fig.

2.7b and c). The corresponding inverse sequence for the mdsD stem loop region also exhibited

homology to consensus termination features (Fig.21d and e). This sequence is 121

nucleotides downstream trom zbpA. Tentatively, the complementary DNA strands of this region

may serve to halt transcription for both ORFs, mdsD and zbpA.

2.3.1 The Open Reading Frame mdsC

The open reading frame mdsC, reading in the same direction as mdsA (Fig. 2.5c), was 1086

nucleotides in length (Appendix 4.1 , nucleotides 4828 - 5913). mdsC potentlally encodes a

deduced polypeptide of 362 amino acids (Appendix 4.2), with an apparent molecular size of

41,593 Da. The isoelectric point (pl) for the deduced protein was estimated to be 4.84

(ProtParam algorithm at http:/lwww.expasy.ch/tools). The amino-terminal sequence showed no

characteristic signal peptide sequence for protein targeting (Fekkes and Driessen, 1999). Five

potential disulfide-bond forming cysteine residues are present in the deduced sequence.

The polypeptide sequence for MdsC was compared with putative protein sequences recorded in

GenBank (BLAST algorithm at http://www.ncbi.nlm.nih.gov). Notable similarity was found with

four putative proteins, Blt4240 from Bacfe roides thetaiotaomicron YPI-5482 (363 amino acids)

(64.20/o identity for 355 amino acid overlap) (accession number NP-813151, Xu ef a/., 2003),

Slr1880 from Synechocysfis sp. strain PCC6803 (377 amino acids) (34.3Yo identity for 362

amino acid overlap) (BAAI 7692; Kaneko et al. , 1 996), All2O40 from Nostoc sp. strain PCC 7 120

(372 amino acids) (34.0o/o identity for 350 amino acid overlap) (8A,873739, Kaneko et a1.,2001)

and Cpe0154 from Clostridium perfringens (368 amino acids) (39.6% identity for 366 amino acid

overlap) (8A880906, Shimizu et a\.,2002). An amino acid sequence alignment of the
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sequences, based on direct progressive pairwise residue identities, is shown in Fig. 2.8a. The

alignment showed amino acid homology extends over the entire length of the aligned

sequences. The pl for the B. thetaiotaomicron, Synechocystis sp., Nosfoc sp. and C.

perfingens putative proteins are 5.03, 5.91, 5.28 and 4.98 respectively (cf . 4.84 for MdsC). No

recognisable signal peptide sequences were found in the putative proteins. The slr1880

(Synechocysfis sp., Kaneko et al., 1996) and all2040 (Nosfoc sp. strain PCC 7120, Kaneko ef

a|.,2001) genes appear to be singly transcribed. Interestingly, 30 nucleotides 5' to the bt4240 B.

thetaiotaomtbron gene sequence and coding on the same DNA strand, there is an ORF (bt4241)

putatively encoding a p-galactosidase (NP-813152). Prevotella strain RS2 is closely related to

B. thetaiotaomicron but only distantly related to the other bacteria.

The polypeptide sequence for MdsC was next compared to homologous domain sequences

recorded in the ProDom protein domain database (ProDom database at

http://protein.toulouse.inra.fr). The ProDom database, compiled using recursive Position

Specific fterated (PSl) Blast searches (Altschul et a\.,1997), identifies weak but biologically

significant similarities to homologous multi-aligned sequences. Similarity was found to the

catalytic domains of aminoglycoside phosphotransferase sequences (Fig. 2.8b). The amino

acids identified within this domain are important for coordinating Mg2* 1His214 and Asp235) and

phosphate transfer (Asp216) and are conserved in the aligned MdsC sequence. Analysis of the

amino acid sequence outside this domain exhibits only weak homology to the aminoglycoside

phosphotransferase sequences (not shown). Conserved residues outside the domain required

for aminoglycoside phosphotransferase catalysis (lysine for ATP binding; glutamic acid for

orientation of the aforementioned lysine) could not be identified by alignment in MdsC.

Candidate catalytic residues are however found within the corresponding region. lt is

noteworthy that the aminoglycoside phosphotransferase catalytic domains and the MdsC region

are homologous to the catalytic domains of phosphorylase B kinases (Fig. 2,8b).

23.2 fhe Open Reading Frame mdsD

Open reading frame mdsD, reading in the same direction as mdsA and mdsG (Fig. 2.5c), was

3219 nucleotides in length (Appendix 4.1, nucleotides 601 1 - 9229). mdsD potentially encodes

a deduced polypeptide (MdsD) of 1073 amino acids (Appendix 4.2). The aminoterminal 19

amino acids of the deduced protein (Fig. 2.9) exhibits features characteristic of a signal peptide

necessary for Sec-dependant protein translocation (Fekkes and Driessen, 1999) (SignalP

algorithm at http://www.cbs.dtu.dk). The signal peptide sequence shares marked similarity to

that predicted for MdsA at the presumptive leader peptidase (type l) cleavage site (alanine,
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Fig. 2.8 Multiple sequence alignment of MdsC

A. Muttiple sequence alignment of Mdsc and putativeProteins 814240, slrA, All2040 and

Cpe0154. Sequence aligiments made using ClustalW (1.74) algorithm at

http://www.ch.embnet.oig. ldentical amino Jcidr fot four of five sequences are highlighted in

inverse font. The region-homologous to the aminoglycoside phosphotransferase catalyic domain

is underlined (see Bj. Numbers in margin correspond to_positions in relevant peptide sequence'

Abbreviations: MDSC/PREVo - prcvoielta strain RS2 (swissProt # AAF72522, wright ef a/,

ZOOOO), BT424O1BAC - Bacteroides thetaiotaomicrcn (NP-813151' Xu ef a/' 2003)'

SLRA/SyNEC - Synlchocysfis sp. (8AA17692, Kaneko et al,1996), ALL2040/NO - Nostoc sp'

eCCfZO (8A87d739, Kaneko et a,t,2OO1), and CPEO154lCL- Clostridium pertingens

(8A880906, Shimizu et al' 2002').

B. Multiple alignment of aminoglycoside phosphotransferase catalyic domains with MdsC and

SlrA. Alignment based on the n6ure by Ponting and Pallen (1999). Residues excised from

alignments are represented in parentheses. nyphens represent insertion/deletion positions'

Eighty percent .onrlnrrt sequence of the aminoglycoside phosphotransferase domains is

shown beneath the atignmenti charged residues tit-tO, E, H, K and R) are shown in purple'

hydrophobic residues int tn, C. F. G. H. l. K, L, ft/i, if, T, V, W and Y) and aliphatic residues [l] (l'

L and V) are shownin gieen, potar residues tpl (Q D. E, l, K, N, Q, R, S and T) are shoyl in^

pink, turn-like residuesjtl (A, C, O, g, G, H, li, Q, R, S and T) are shown in blue, small [s] (A' C'

D, G, N, p, S, T 
"nJ 

U "ri 
shown in red. Position with a histidine or asparagine residue tnl (H

and N) is shown in teal. Highly conserved residues important at the active centre are indicated

Ov ^ tJ"" text for Oetails). 5"qu"n." indicated by asterisk corresponds to secondary structure

beneath alignment. Abbreviations: MPT/ECOLI- macrolide 2'phosphotransferase, E' coli

(8AA12g10, Noguchi et at,1gg6); VpT/BASCU - viomycin phosphotransferase, Bacillus subfi/is

ip +ZZIZ, Ogaw- el a:, 1995) ; VPT/ST_RVI - viomycin phosphotransferase, Stre ptomyces

iir"""rr(pjgozg,-Bifio ,t 
"i,1g85); 

CMP/STRCP - cappreomycin phosplrotransferase,

Streptomyc", 
""pioirs 

1a4a92937, Thiara and Cundliffe, 1995); AP(2'yENTGA - gentamycin

phosphotransferase, Entirococcus gallinarum (AAB49832, Chow et a1,19971; AP(3')/ST4,qU -
b'5'aminoglycoside phosphotranrf"i"r", Staphylococcus aurcus (P00554' Trieu-Cout and

Courvafin,-1'g6g); np(g')/KLEPN - neomycin-kahamycin phosphotransferase, Kebsiella

pnuemoniae (p005S2, 6eck et a/, tgA2);'AP(2')/STAAU - aminoglycoside phosphotransferase,

Staphytoco"ru, "rirs 
(AAR36548, Rouch et a1,1987); MDSS/PREV - mucin desulfating-

sutfatase C, prevote//a strain RS2 (SwissProt # pdlF72:522, Wright ef al 2000b); SLRA/SY-NEC -
sfrA, synecnocystrs "p 

(aAArz69i, Kaneko et a:,1996); PHBIVRABBI- phosphorylase B

kinase, rabbit (P00518, da cruz e silva and cohen, 1987). Secondary structures beneath the

alignment snow extlnoed structures p-strands (E) and g-helices (H). Structure from

RpiS')_SfnUCT - 3'S"aminoglycoside phosphotransferase crystal structure (Hon et a\,1997)

"nd 
pfrax_sTRucT - phosphorylase d kinase crystal structure (Owen et a/, 1995)'
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^8h MdsA (amino acids t-2s)

^8lA MdsD (amino acids L-zL\

A. N-Terminal positively charged region, incorporating arginine and lysine residues for binding and
orientation of the leader sequence at the cytoplasmic membrane surface.

B. Hydrophobic region forming an a-helix for stable plasma membrane spanning.

C. Signal peptidase (type l) cleavage recognition region. Alanine residues are most
preferred at positions -3, -1 of cleavage site, and glutamine at +1.

n Cleavage site.

Fig. 2.9 Signal peptide (leader) sequences for MdsA and MdsD

ldentical residues are indicated by inverse font. Positively charged amino acids are indicated by
+. Glutamine residue at position one of processed MdsA may cyclise forming pyroglutamate
(preventing direct sequencing of protein).

A.
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methionine, alanine, glutamine) (Fig. 2.9). The molecular mass of the processed polypeptide

(amino acids 20 - 1073) lacking the putative amino-terminal signal peptide was calculated to be

119,182 Da. The pl for the mature protein was estimated to be 5.80. Eight potential disulfide-

bond forming cysteine residues are present in the processed amino acid sequence (ProfileScan

algorithm at http://www. isrec.isb-sib.ch).

Computer analysis was performed to examine the possibility that MdsD is an integral inner or

outer membrane protein. The region incorporating the central hydrophobic core of the putative

signal peptide (residues 4 - 16) was predicted to traverse the lipid inner membrane (HMMTOP

algorithm at http://www.enzim.hu, Tusnady and Simon, 1998). No other regions exhibited

sufficient cr-helical propensity and hydropathy to suggest lipid membrane spanning. Amphipathic

B-sheets are important in spanning the outer membrane of Gram negative bacteria (Neuwald ef

a/., 1995). Hydrophobic moment analysis (UWGCG algorithm MOMENT, Eisenberg et a|.,1984)

in conjunction with Chou-Fasman and Garnier-Osguthorpe-Robson p-sheet predictions (not

shown) identified a region, amino acids 693-704, that may allow traversing of the outer

membrane. This region also showed weak similarity to outer membrane traversing p-sheet

sequences (Neuwald et a|.,1995). The MdsD carboxyl terminal sequence exhibits no similarity

to carboxyl terminal consensus sequences common to most bacterial outer membrane proteins

(Struyve et a|.,1991). These results suggest that MdsD is unlikely to be an integral outer cell

membrane protein.

An unusual highly charged region (69% of this region is composed of aspartic acid, glutamic

acid, lysine or arginine residues) within MdsD, exhibiting strong surface probability and cr-helix

forming propensity, was identified (amino acids 552-590). The pl for this region was estimated to

be 9.19 (cf. 5.80 for processed MdsD). This domain is not predicted to form an cr-helical coiled

coil structure (Coils algorithm at http://www.ch.embnet.org), although shows similarity to such a

region.

The deduced polypeptide sequence for mdsD was compared with putative protein sequences

recorded in GenBank. Similarity was found with 15 putative proteins of comparable length,

sharing homology to a Thermoplasma acidophilum tricorn protease (1071 amino acids) (21.2Yo

identity for 1068 amino acid overlap) (accession number P96086; Tamura et a\.,1996). MdsD

exhibits greatest homology toward the putative protein 8t1408 from Bacteroides

thetaiotaomicron (1102 amino acids) (44.2To identity for 1 102 amino acid overlap) (NP-81 0321;

Xu ef a/., 2003) and a composite protein of two overlapping sequences from Vibrio cholerae

(1084 amino acids) (35.0% identi$ for a 1079 amino acid overlap) (F82507 and E82507,
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Heidelberg et al.,2OOO). Other sequences that share less similarity include predicted proteins

from Vibio vulnificus (NP-763403), Chloroflexus aurantiacus (ZP-00017762), Streptomyces

ceolicolor (NP-626787), Pyrobaculum aerophilum (NP-559206), Shewanella oneidensis (NP-

718964), Sulfolobustokodii(NP-377094), Streptomyces avermitilis (8AC73286), Ferroplasm

acidarmanus (ZP-00000776), Sulfolobus solfataricus (NP-343486), Thermoplasma volcanium

(8,4860057) and Rhodobacter sphaeroides (ZP-00008176). Only the Gram negative

Bacteroides thetaiotaomicran, Vibio cholerae, Vibrio vulnificus and Sheuranella oneidensis

sequences have a predicted signal sequence for protein targeting at their amino terminus

(SignalP algorithm at http.//www.cbs.dtu,dk). The pl's for the sequences are comparable and

range from 4.82 to 7 .25 (cf. 5.80 for processed MdsD). The flanking DNA regions of the

Bacteroides thetaiotaomicron gene (btl408, Xu et a\.,2003) is adjacent to two ORFs bt1407 (a

putative activator of (R)-2-hydroxyglutaryl CoA dehydrogenase, 128 nucleotides 3'to bt1408)

and bt1409 (unknown function, 78 nucleotides 5' to btl408) on the same DNA strand. The other

sequences appear to be singly transcribed (not part of an opero n). Prevote,//a strain RS2 is

closely related to Bacteroides thetaiotaomicron but not related to the other bacteria.

Multiple amino acid sequence alignment of selected sequences, based on direct progressive

pairwise residue identities, is shown in Fig. 2.10. The alignment shows amino acid homology

extending over the entire length of the aligned sequences with greatest similarity in the carboxyl

terminal portion. The amino acids, identified within the Thermoplasma acidophitum tricorn

protease by crystallographic analyses to be important for catalysis (Ser965 - catalytic amino

acid; His746 - activator of Ser965; and Asp966 & Gly918 oxyanion hole) and orientation

(Ser745) or polarisation (G|u1023) of catalytic amino acids (crystallographic analysis by

Brandstetter et a\.,2001), are conserved or conservatively replaced in MdsD (Se€81 , His769,

Asn982, Gly934, Ser768 and Glu1038 respectively) (Fi1.2.10). However, amino acids within

the Thermoplasma acidophilum tricorn protease, identified to be important for substrate

specificity (Asp936 - specificity switch for basic P1 and hydrophobic residues; Arg131 & Arg132

- binding site for substrate carboxyl terminus), are not conserved in MdsD (Phe952, Vall 13 and

Ala114 respectively by alignment) (Fig. 2.10). The amino terminal portion of MdsD (amino acids

25-700) exhibits noteworthy homology to the corresponding aligned sequence region in the

Thermoplasma acidophilumtricorn protease, which is reported to form a six'blade'(amino acids

39-310) and seven 'blade' (amino acids 326-675) double B-propeller structure (Brandstetter ef

a|.,2001).

The polypeptide sequence for MdsD was next compared to homologous domain sequences

recorded in the ProDom protein domain database for similarity to biologically significant multi-
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Fig. 2.10 Multiple sequence alignment of MdsD to tricorn proteases.

Sequence alignment made using UWGCG algorithm PILEUP. ldentical amino acids for at least

foui of the sif sequences are frigntignted in inverse font. Numbers in the margin correspond to

positions in the relevant peptidJsequence. Secondary structure beneath the alignment show

extended structures (p-strands, E) and c-helices (H) identified for the Thermoplasma

acidophilumtricorn piotease (flrotein Data Base file 1k3?,at http:/Arwur.rcsb.org/pdbO.

Abbreviations: lvtDSDlpRgV - UtOsD,irevotetta strain RS2 (accession number MF72523,

wright ef a/, 2000b); TRI/BACTH - putative protein, Bactercides thetaiotaomicron (NP-810321,

Xu Et ar, 20b3); TR|MBCH - putative composite protein from two overlapping sequences,

Vibrio cholera'e (F82SO7 and E82507, Heidelberg ef a/, 2000); TRI/SULSO - putative protein,

Su/folobus solfataicus (CAA69507, Sensen et a/, 1996); TRI/THEAC - tricom protease'

Thermoptasma acidopiitu^ (FAC4:A621, Tamura ef al 1996); TRI/STRCE - putative protein,

Streptomyces ceolicolor(CAbOOZZT, Bentley et at,20OZ); SEC/THEAC - secondary structure of

the Thermoplasma acidophitumtricorn protease (lK32A, Brandstetter et a\,2001). The thirteen

p-propeller iepeats (..--t) (repeats 1-6 form six bladed p-propeller; repeats 7-13 form seven

bfaded p-propeler) , PD1domain (FPDZ-]) and the two carboxyl-terminal a-p domains ([:u-0-])

identified for the Thermoplasma acidophitum tricorn protease are indicated. The amino acids

identified to be importani for Thermopilasma acidophilum tricorn protease function and

conserved or conservatively replaced in aligned sequences are highlighted. Blue - amino acids

are required for the catalytit reaction. Red - amino acids for orientation or polarisation of the

catalytic amino acids. Green - amino acids for substrate specificity.

IDSRKK-----**

DALIEELRNWNEELPQRPS

alalanISSTPAKTPPSLP
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aligned sequences (ProDom algorithm at http://protein.toulouse.inra.fr). Six sequence regions

homologous to p-propeller repeats in TolB proteins were identified in the amino-terminal portion

of MdsD. Crystallographic analysis of the tricorn protease (Brandstetter et a|,2001 ) identified 1 3

p-propeller'blades' (each blade formed by a repeat), which differs to the 12 predicted by Ponting

and Palfen (1999) and Pallen et al (2Q01) by sequence homology to the TolB protein repeats.

Fig.2.11a presents an alignment of the predicted 13 B-propeller repeat sequences, by

homology, for MdsD. The repeats identified by ProDom analysis, coincide with repeats 1 , 2,7 ,

8, 9 and 10 (Fig. 2.10 and Fig. 2.11a). Based on amino acid conservation (Fig. 2.1 1a), the

predicted MdsD repeat sequences share notable similarity to each other and to those for the

tricorn protease. The repeats are also comparable to WD40 repeats observed in eukaryotic

proteins (Fig. 2.11a). The unusual highly charged amino acid region within MdsD (see above), is

likely to form an insertion between p-sheets 3 and 4 in 'blade' 11 (Fig. 2.11a).

A region homologous to PDZ interaction domains was identified in MdsD (amino acids 793-869)

by ProDom analysis (Fi1.2.10). A corresponding sequence is also found in the tricorn protease

(Ponting and Pallen, 1999) (Fig. 2.10). Amino acid segments, important for ligand recognition

(CLGL, amino acids 785-788 MdsD) and stabilisation of the compact module core (GD amino

acids 820-821 MdsD), are conserved or conservatively replaced in the aligned MdsD sequence

(Fi1.2.12a). A schematic for PDZ recognition of ligand is presented in Fig. 2.12b.

A region homologous to the catalytic domains of bacterial tail-specific proteases and related D1

proteases was identified in the carboxyl terminal region of MdsD (amino acids 888-1007) by

ProDom analysis (Fi1.2.13). Similar sequences are found in the tricorn protease (Ponting and

Pallen, 1999) and other tricorn-like proteins (Fig. 2.13). The D1 protease active site serine

(Ser372, crystallography analysis by Liao et a/, 2000) is conserved in all the aligned sequences

and the same serine (by alignment in the tricorn protease) is likely to be important for catalysis

(Ser965, Brandstetter et a\,2001). However, the D1 protease putative active site lysine

(Lys397), which completes the proposed catalytic dyad, is not conserved in MdsD or the tricorn

proteins (Liao ef a/, 2000). No sequence homology is found for MdsD and the D1 and Tsp

proteases outside the aligned region (Fi1.2.13). Also other amino acids, identified in the tricorn

protease as being important for catalysis and substrate specificity, are not found by alignment in

the D1 and Tsp proteases.

The tricorn protease has been purified from the cytoplasm of Thermoplasma acidophilum

(Tamura et a|,1996). The enzyme complex exhibits predominantly trypsin-like and some

chymotrypsin protease activity. Prevotella strain RS2 periptasm, cytoplasm and membrane
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B.

Fi1.2.11 Alignment of p-propeller repeat sequences

A. Multiple sequence alignment of p-propeller repeat sequences. Sequence alignment made

using UWGCG algorithm PILEUP then edited manually. Alignment based on the figure by

Ponting and Pallen (1999). Thermoplasma acidophilum tricorn protease p-propeller repeat

sequences correspond to sequences directly involved in formation of 'blade' structure by

crystallographic analyses (Brandstetter ef al,20O1\, and differ to those predicted by Ponting

and Pallen, (1999). Residues excised from alignments are represented in parentheses.

Hyphens represent insertion/deletion positions. Sixty percent consensus sequence of the of p-

propeller repeat sequences is shown beneath the alignment: aromatic residues [a] (F, H, W
and Y) are shown in light blue, hydrophobic residues thl (A, C. F. G. H. l. K, L, M, R, T, V, W
and Y) and aliphatic residues (1, L and V) are shown in green, polar residues [p] (C, D, E, H, K,

N, Q, R, S and T) are shown in pink, turn-like residues ttl (A' C' D, E, G' H, K, Q, R, S and T)

are shown in blue, small [s] (A, C, D, G, N, P, S, T and V) and tiny [u] (A, G and S) residues

are shown in red. t - Gn protein and TolB structural repeats are circularly permuted by one p-

strand with respect to the sequence repeats; thus, the seventh (Ga protein) and sixth (TolB)

repeats contain a strand that is contributed by a non-contiguous region (residues 46-52 and

166-195 respectively) of the polypeptide sequence (see B.). Abbreviations: GPRO/BOVIN/1-
7+2-1 - Gr protein, 8os taurus (P04901 , Sugimoto ef a/, 1985); TOLB/ECOLI/1-6+2-1 -
transfocation protein, Escheichia co/i (P19935, Levengood and Webster, 1989);

TRf/THEAC 11-13 - tricorn protease, Thermoplasma acidophilum ( AC4l;621, Tamura et a/,

1996); MDSD/PRSZ11-|3 - MdsD, Prevotella strain RS2 (AAF72523, Wright ef a/, 2000b)-

Secondary structures beneath the alignment show extended structures (p-strands, E) and o-
helices (H). Secondary structure from GPRO/BOVIN-SEC - Gn protein pydimer (crystal

structure, Sondek ef a/, 1996), TOLB/ECOLI-SEC - TolB (crystal structure, Abergel ef a/,

lggg) and TRI/THEAC_SEC - Tricom protease (crystal structure, Brandstetter et a|,2001).
B. Seven repeat p-propeller (from Fulop et a/, 1998). Note central channel opening within the

structure.
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A.
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Fig.2.12 Alignment of PDZ domain sequences

A. Multiple sequence alignment ol PDZdomain sequences. Sequence alignment made using

UWGCG algorithm plLE-UP. Alignment based on figure by Ponting and Pallen (1999).

Residues eicised from alignments are represented in parentheses. Hyphens represent

insertion/deletion positionJ. eignty percent consensus sequence of the of PDZ domain

sequences is shown beneath tne aiignment: charged residues [c] (D: E' H' [-9nd R) are

shown in purple, hydrophobic residuls lhl (A, C. F. G. H. l. K, L, M, R, T, V, W and Y) and

aliphatic residues ttl (1,'t- and V) are shown'in green, polar residues [p] (C, D' E, H' K' N' Q' R'

s and T) are snown in pink, turn-like residues ttl (A, C, D, E, G, H, K, Q, R, S and T) are

shown in btue, smatl [si (A, C, D, G, N, P, S, T and V) and tiny tul Q G.and S) residues are

shown in red. nooreviitions: pRC_EcoLl - tail-specific protease, Escheichia cofi (P23865.

Hara et a/, 1991); TSP/BACSU - ta-Fspecific protease, Bacillus subfi/is (CAA66987, Marasco

ef a/, 1996); TSp/BARBA - tail-specific protease, Bartonetta bacittiformis (4,4861766, Mitchell

and Minnick, 1997); TSP/HELPY - tail-specific protease, Helicobacter pyloi S4DOAgg+'
Tornb et a:,1997); TSP2/SYNY3 - tail-specific protease, synechocysfis sp. (PCC6803)

(BAA174gg, Kaneko ef a/, 1996); TSP1/SYNY3 - tail-specific protease, Synechocysfis sp'

ipCCeAOSl eAu\21727, Shestakov et al,199a); TSP/BORBIJ - Bonelia burydorferi

innCOOZZb, Fraser et at,1997); TSP/SCEOB - tail-specific protease, Scenedesmus obliquus

innC+gzgg, Trost et at,1997);'TSP/CHLTR - tail-specific protease, Chlamydia trachomafis

inncoao+0, Stephens et al, igga); TRI/SULSO - putative protein, Su/folobus so/fafancus

iCnnossoz, S"nr"n et a/, i99o); tnmneAC - tricorn protease, Thermoplasma acidophilum

innCaaOZt, Tamura et ai, t996i; l PDR - PDZ domain, (1PDR, Ponting and Phillips, 1995);

rvroso - MdsD, prevotella strain RSz (AAF72523, Wright ef a/, 2000b). secondary struclures

beneath the alignment show extended structures p-strands (E) and o-helices (H). Structure

from lpDR-2-structure - PDZ domain (crystal structure, Cabral et al' 1996) and

TRlff HEAC-SEC - PDldomain (crystal structure, Brandstette r et al, 2001 )'

B. Schematic of structural requirements for PDZ domain recognition of protein internal and

carboxylterminal peptides (from Hillier et a|,1999)'
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fractions from cells grown on galactose basal medium or PGMI basal medium and recombinant

MdsD were assayed for similar activity using the modeltrypsin substrate, N-benzoyl-Phe-Val-

Arg-p-nitroaniline. No activity was found for any of the fractions or for recombinant MdsD.

Dissolved trypsin was used as a control.

2.3.3 The Open Reading Frame zbpA

The partial open reading frame zbpA, reading on the opposite DNA strand as mdsA, mdsC and

mdsD (Fig. 2.5c) was 271 nucleotides in length (Appendix 4.1, nucleotides 9438 - 9708). The

partial ORF encoded a carboxyl terminal truncated polypeptide of 90 amino acids (Appendix

4.2). The partial peptide was compared with protein sequences recorded in the Swiss Prot

protein databank. Similarity was found with nodulation N proteins from Rhizobium

Ieguminosarum (38% identity) (Surin and Downie, 1988) and Sinorhizobium melitoti(32o/o

identity) (Baev et a|,1991). Multiple amino acid sequence alignment of the three sequences,

based on direct progressive pairwise residue identities, is shown in Fig. 2.14a. The peptide

sequence was next compared to the Prosite database (Scanprosite algorithm at

http://www.expasy.ch/tools). Similarity was found to zinc carboxypeptidase (zinc-binding motif 2)

signatures (Prosite PS00133) (Fig. 2.14b). The histidine residue (His1) important for

coordinating the active centre zinc ion is conserved in ZbpA (zinc binding protein) (Christainson

and Lipscomb, 1989) (Fig. 2.14a).

2.4 Expression of mdsA, B, C and D in E. coli using a pET expression system

The over expression of open reading frames mdsA, B, C and D in E. coliwas performed using

the translation vector pET-17b (Table A.1.7), The ORFs were expressed to obtain recombinant

protein for biochemical analyses and in the case of mdsA attempt to express active sulfatase.

The pET expression recombinants constructed during this work are summarised in Fig. 2.15.

No suitable restriction sites flanking the ORFs were available for direct in-frame insertion into

pET-17b. The ORFs were therefore isolated by PCR using oligonucleotide primers containing

engineered restriction sites. mdsA, B, C and D were amplified by primer sets CP2(r)/CP3(0;

DW4(r)/DW5(f); DW6(f)/DW/(r); and DW6(f)iDW9(r) respectively (Table A.1.10). Forward

primers CP3(f), DW6(0 and DW8(f) and reverse primer DW4(r) contained an engineered Nde/

site (CATATG) with the in-site ATG being placed in-frame with the corresponding mds ORF.

The opposing primers CP2(r), DVW(r), DW9(0 and DWS(f) included restriction sites compatible

with downstream sites found in the pET-17b multiple cloning region (Fig. 2.15a).
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A. pET-17b Multiple Cloning and Expression Region

m' n,^6^F^, rbs NdeI Nhel

Fyy:::y:::::i:i::i:3:::T:::::::i:Y:i]liTli:i:]i:i:i::i:i:i:-@-i::i::::]Ti348-24g
ATTATGCTGAGTGATATCCCTCTGGTGTTGCCAAAGGGAGATCTTTATTAAAACAAATTGAAATTCTTCCTCTATAGTATACCGATCGTACTCACCACCTMASMTGG-

T7.Tag

cAcc"AArccc'"""*"Jil3ii:"[i::":::id#l*!&*"""""o""*;:;::'J;il;"'*o3iill""JEili"'*l3ll
---------+----__---*------------------+__.---.--+-----_---+---------+248.L49
GTCGTTTACCCAGCCCTAAGTTCGAACCATGGCTCGAGCCTAGSTGATCATTGCCGGCGCTCACACGACCTTAAGACGTCTATAGGTAGTGTGACCGCCG

Q Q}lG R D S S L VP S S D PLVTAA S VLEF C R Y P S HWR P

xhol End End End 17 E"*1!?!!I=-tti
CGCTCGAGCAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCgGCAAIAACTAGCATAACCCCTTGGGGCCTCTAAA

---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+ 148- 49

GCGAGCTCGTCTACGCCGACGATTGTTTCGGGCTTTCCTTCGACTCAACCGACGACGGTGGCGACTCGTTATTGATCGTATTGGGGAACCCCGGAGATTT
LEQIRLLTKPERKLSWLLPPLSNN *

B.

,Sty l(5s)

i ,Bp1r02 tE2)

Xho {r.rl
rdl64n. Brill$ao)'EcoRvlra6f

. Eoon lr?.1
E.Alrl.l
.8D.l(r$)

'. Brr*l llzctl..BriIE'IO
'i*:9.q.

Aatll€a33l ,

SEpf(31151 \, _+-
/\t /''

.!

- KDn l(|2r)
.- Hlnd lltzll)
- Nho l(261)
-. Nda l(18)
- )o.l(3081

8g ll(s4)

Afirtt ttrarrt I 
---

*=:--. ltlsc l(369)--r Dsa l(3s0}

.-,/BFrrlo [544f

\--'8sg 1678)

'Eco47 lll(6-t2)

\B$tF k6e)
\

I

I
I BelG lF..l

/tPwllllo(x)t

,/ gen$(rorst

.+* Tt|l11 (1r$)4, .86aA (irm)r..AE(ll8l
\Bslll07 (114)

../ ' SaP l(1302)

\ eepr-Utr t1{ra1
'All lll(r4l8l

DET-{7b- (3:lt)GbP)

HdE ll(oo.)
*,,"s

C. gET-17blmdsAExpression Construct

rbs Nder- cP3 (fl xhor*
AAGGAGATATSE caL-,;r_-ffiffiilFT . AAGCTCGACG.ACTATT,AAACCAATAAA'TATCATC1'GAGACCCGCa'TCGAGCAGATCCGGCTGC
___+_______-_+ --,--:---------+---;i''i-4r3"
TTCCTCTATAGTAT4i-Tt,r,'{;TL-rir. t(,cA7?(;'ruvr... i"f{'cAcill'GcTc;\'TAATTTG(;TTATTTA'IAG'I],\CACTCTCII GTCTAGGCCGACG

M , !. '' ,t r n \ ' 
- CP2(r) 25-!1

D. pET-17b/mdsB Expression Construct

rhc NdeTr DW4(r) HindIII* KpnI SacI BangI SpeI
-----.g- "-
AAGGAcATATcAT4fGecct;Tarce..c'cA,qir.ca.''rlCGGGAGCt-CTGcG..TGAtt:JTT.;GC';cAG
---+---------+_ - - --+---------+---------+---
TTCCTCTATAGTATACTGGIGTAGTGGGTI'GACT . . , TGCCCTCGGCAC":CGA|TAGGAACCGCCTC:TTCG}ECCATGGCTCGAGCCTAGGTCATCAITT

l,t T A S l' N S I t: A '' F ' DWs(f)
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E. pET-17blmdsO Expression Construct

rbs NdeI
AAGGAGATATCA-.i. ,

TTCCTCTATAGTAT_

Ban*lf* SpeI

DW? (r)

F. gEf -17blmdsD Expression Construct

rbs lu'del.______qwg_tEl- EcoRr* EcoRV BSEXI NotI XhoI
aaCenCatefqA:j::j+r\l,,l,i ::-il':-f ,'.. : ......i,--.-;a-qi.:.!-li-lLr'Lr*II:AATTCACTGCAGATATCCATCACACTGGCGGCCGCTCGAGCAGAT*______:-*_--
f ILLILIAIAI,IAI'1

ai

' .-'-r-'. 1' l.,r-;GTGACGTCTATAGGTAGTGTGACCGCCGGCGAGCTCGTCTA

': Ii'.': NSLQ I S I TLAAARAD
DW9 (r)

End End End T7 t.erminaEor
CCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAAIAACTAGCATAACCCCTTGGGGCCTCTAAA

- - - - -*- - -:-- - -r:::--:- -+ - - - - - - - - - + - - - - -- ---+
GGCCGACGATTGTTTCGGGCTTTCCTTCGACTCAACCGACGACGGTGGCGACTCGTTATTGATCGTATTGGGGAACCCCGGAGATTT
GAANKART(EAELAAATAE

Fig. 2.15 pET-17b Expression Constructs

A. pET-17b multiple cloning and expression region. T7 promotor, ribosome binding site (rbs), T7.Tag
antibody 11 amino acid recognition sequence (T7.Tag), T7 terminator and restriction sites in polyclonal

region are indicated. Nucleotide numbers in margin correspond to positions in pET-17b sequence
(http://www. novagen. com/).
B. Diagram representing pET-17b plasmid. Refer to http:/Arww.novagen.com/ for details.
C. - F. pET-17b expression constructs containing mdsA, mdsB, mdsC and mdsD respectively.
Sequence in black corresponds to pET-17b, sequence in red corresponds to insert DNA and deduced

amino acids. Restriction endonuclease sites used for directional cloning are indicated by an asterisk.
Forward (fy and reverse (r) primer sequences used to amplify DNA segments for insertion into pET-17b

are indicated by lines. Note that primer sequences are truncated as amplified product was treated with

restriction enzymes prior to cloning. Nucleotides deleted in order to allow placement of construct on

page are represented by ... Numbers in margin correspond to insert nucleotide positions (uppefl
(Appendix 4.1) and insert amino acid positions (lower). C. pET-17blmdsA expression construct.
Construct was made by C. Partridge. mdsA was amplified purposely without putative signal sequence
before insertion into pET-17b. F. pEf -17blmdsD expression construct. Primers DW8(f) and D\A/9(r)

were synthesised prior to identification of a C-terminalframe shift after repeat sequencing. As a
consequence the pET-17blmdsD expressed a C-terminal fusion protein. Fused amino acids from
pET-17b origin are shown in black. Numbers in margin correspond to insert DNA and arninc acid
position not pET-17b sequence.



77

Cloning of mdsA into pET-17b was performed by C. Partridge in this laboratory. mdsA was

amplified lacking the putative signal peptide in order to facilitate correct folding of sulfatase in E.

coli. The presumptive processed protein amino terminal glutamine residue was replaced by a

methionine to enable expression (Fig. 2.15c). In contrast mdsD was cloned into pET-17b with

an intact putative signal peptide. Targeting of MdsD to the periplasm or outer membrane of E.

coli was monitored. The translated MdsD protein contained a 34 amino acid C-terminal pET-17b

fusion (Fig. 2.15f). Historically, primer DWg(r) was designed prior to the identification of a DNA

frame shift at the 3' end of mdsD. As a consequence, the amended mdsD stop codon

corresponded to the engineered EcoRlsite in primer DWg(r) and was thus disrupted.

ORFs were amplified by PCR as described in section A.2.9.5 (reaction mixtures and profiles are

summarised in Fig. 2.16legend). Reactions used genomic Prevotella strain RS2 DNA as

template. This was important for amplifying mdsC and mdsD as no clone derived by genomic

walking (section 2.2) encompassed the full length ORFs of mdsC and mdsD. The PCR products

amplified are presented in Fi1.2.16. All PCRs amplified a product of the expected molecular

weight (1.5, 1 .3, 1.2, and 3.2 kb for mdsA, B, C and D respectively). The PCR products from

individual PCR reactions were purified from agarose gels, digested with restriction enzymes

corresponding to respective primer engineered sites and cloned into pET-17b accordingly (Fig.

2.1Sc-f). pET-17b constructs were initially transformed into competent E. coliDH5c cells which

have improved transformation efficiencies but lack the T7 RNA polymerase gene necessary for

pET-17b recombinant protein expression. Following confirmation of the presence of the pET-

17b construct (restriction digestion or PCR analysis (not shown)), the recombinant pET-17b

plasmids were next transferred to E. coli BL21(DE3)pLysS cells for protein production. E. coli

BL21(DE3)pLysS cells possess the gene encoding the T7 RNA polymerase (controlled by lac

promotor within the DE3 lysogen), possess the pLysS plasmid expressing the T7 lysozyme

(partially inhibits the T7 RNA polymerase which helps stabilise cells during protein production),

and lack the endogenous proteases /on and ompT which can potentially degrade expressed

proteins during purification.

2.4.1 Protein Expression Analysis

Protein expression of pET-17b constructs was performed according to the method described in

section 4.2.13.1. The relative level of protein production over time and intracellular location of

expressed protein within E. coli BL21(DE3)pLysS cells were determined by SDS-PAGE analysis

(section A.2.12.3).
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Fig. 2.16 PCR amplification products for insertion into pET-17b

All PCR reactions contained 10 mM Tris.HCl, pH 8.8, 10 mM KCl, O.O02o/o (vtv)Tween ZP, O.Z

mM dNTP, 1 pL of Prevotella strain RS2 genomic DNA preparation (section A.2.7.5.3) and 0.5

units/pL f.fl DNA polymerase. Reactions lanes 2,4,5,7, 8, 10, 11 and 13 contained 2.0 mM

MgCl2, reactions lanes 3, 6, 9 and 12 contained 2.5 mM MgCl2. Reactions lanes 4,7,10 and 13

were controls lacking DNA template. Lanes I and {4 contain 1 kb DNA ladder. 1.0% agarose
gels in 0.5x TBE electrophoresis buffer.

A. Amplification of mdsA using primers CP2(0 and CP3(D (10 pmol/reaction). Reaction profile:
(94"C, 4 min), (94'C, 40 sec; 50"C, 1 min; 72'C,2 min) x30, (72'C, 2 min)'
B. Amplification of mdsB using primers DW4(r) and DW5(0 (15 pmol/reaction). Reaction profile:
(94"C, 4 min), (94'C,40 sec; 50"C, 1 min; 72"C,2 min) x3O, (72"C, 2 min).
C. Amplification of mdsC using primers DW6(0 and D\A/7(r) (15 pmol/reaction). Reaction profile:
(94"C, 4 min), (94'C,40 sec; 45"C, 1 min; 72"C,2 min) x30, (72'C, 2 min).
D. Amplification of mdsD using primers DW8(0 and DW9(r) (15 pmol/reaction). Reaction profle:
(94'C, 4 min), (94'C, 40 sec;45"C, 1 min; 72'C,3 min) x30, (72'C, 3 min). PCR products of
expected size are indicated by filled triangles.
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Recombinant protein over expression was observed for all the pET-17b constructs with the

expressed protein forming the predominant band on SDS-polyacrylamide gels (Fi1.2.17). pET-

17b mdsA, B and C constructs expressed proteins with expected molecular weights of 58, 48

and 42 kDa respectively (Fig. 2.17a, b and c). The pET-17b mdsD construct however produced

a protein of approximately 124 kDa (Fig. 2.17d) indicating the putative signal peptide for MdsD

was not recognised or cleaved post-translationally within E. coli BL21(DE3)pLysS cells.

Although in hindsight this was correct, explanation for the unexpected high molecular weight of

recombinant MdsD was the inadvertent fusion of a 34 amino acid pET-17b sequence

(approximately 3.4 kDa) at the carboxyl terminus of MdsD (see previously for discussion).

As predicted the amount of recombinant protein for allfour induction experiments increased over

the time course (Fig. 2.17). However the recombinant proteins (MdsA, MdsB and MdsD; lanes 7,

12 and 30 Fig. 2.17a, b and d respectively) were not soluble (MdsC was sparingly soluble, lane

21 Fig. 2.17c) and co-purified with the cellular debris fraction following cell lysis and

centrifugation (section 4.2.13.1). This result suggested the recombinant proteins were not

properly processed within the cell but instead formed protein aggregates called inclusion bodies.

Analysis of cells by phase-contrast microscopy over the induction time course (not shown)

identified a corresponding increase in cellular light diffraction (cells became bipolar in

appearance) indicating an increase in amorphous protein aggregation. Attempts were made to

express soluble recombinant protein by lowering IPTG concentration to 0.1 mM, growth

temperature to 30'C and induction duration to t h. Unfortunately, expressed proteins continued

to partition into inclusion bodies and fractionate with the cellular debris fraction (Fig. 2.18) A

model for the formation of inclusion bodies is presented in the review by Mitraki and King,

(1ee2).

An alternate approach to attain soluble active sulfatase was undertaken by C. Partridge.

Purified recombinant MdsA from inclusion bodies was solubilised in urea and then allowed to

refold by gently dialysing away the denaturant (Minoru et al, 1993). Regrettably, after many

attempts a precipitate would form (insoluble MdsA) and no sulfatase activity would be detected.

Similar approaches to refold recombinant MdsB, C and D proteins were therefore not

undertaken by the author.

2.5 Raising Antibodies against MdsA, B, C and D

Antibodies are important tools in the characterisation of proteins and form the basis of many

biochemicaltechniques including Western blofting, immunolocalisation and immunoprecipitation.
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Fig.2.17 Expression of pET-17b constructs

Protein expression of pET-17b constructs were performed according to_the method described in
section A.2.13.1. Induction parameters were: 37"C, 0.4 mM IPTG and 2 h duration. induction
products are indicated by filled triangles. Lanes 1,14,15 and 23 contain molecular weight
markers.
A. Expression of pET-17btmdsA. Lane 2 preinduced whole cells, lanes 3 - 5 whole celis post-

induciion 30, 90 and 120 min respectively, lane 6 cell lysate supernatant and lane 7 cell lysate
pellet. (1oo/o acrllamide gel). (Work performed by C. Partridge).
b. Expression of pET-l7btmdsB. Lane 8 preinduced whole cells, lanes I - 1l whole cells post-
induciion 30, 90 and 120 min respectively, lane 12 cell lysate pellet and lane 13 cell lysate
supernatant. (100/o acrylamide gel).
C.'Expression of pET-l7blmdsC. Lane 16 preinduced whole cells, lanes 17 -20 whole cells post-

induciion 30, 60, 90 and 120 min respectively, lane 21 cell lysate supematant and lane 22 enll
lysate pellet. (10% acrylamide gel).
D. Expression of pET-17OtmdsD. Lane 24 preinduced whole cells, lanes 25 -28 whole cells post-

induction 30, 60, bO anO 120 min respectively, lane 29 cell lysate supematant and lane 30 cell
lysate pellet. (0.8% acrylamide gel).
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Fig. 2.18 Expression of pET-17b constructs with ammended induction parameters

Protein expression of pET-17b constructs were performed according to the method described in
section A.2.13.1. Induction parameters were:30"C, 0.1 mM IPTG, t h duration. Lanes 1,3,5
and 7 correspond to cell lysate pellets, lanes 2,4,6 and 8 to cell lysate supernatant
concentrates. A, Bn C and D correspond to MdsA, MdsB, MdsC and MdsD inductions
respectively. Induction products are indicated by filled triangle.
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As a first step to determining the function of MdsA, B, C and D proteins in Prevotella strain RS2

an attempt was made to raise polyclonal rabbit antibodies to these proteins.

Recombinant pET-17b MdsA and MdsB inclusion bodies (section 2.4.1\ were selected for initial

immunisation experiments. lmmune responses in rabbits using insoluble protein aggregates

from E. coli cells have been reported (Maurer & Callahan, 1980). MdsA and MdsB inclusion

bodies were partially purified by urea extraction (section A.2.13.1.1) and injected into New

Zealand white rabbits as described in section A.2.14 (two rabbits per immunogen). Antibody

production was monitored by ELISA using immobilised recombinant MdsA or MdsB proteins as

antigen (section 4.2.15). Titre values exceeding 1/6400 and 111600 for MdsA and MdsB

immunisation experiments were determined for bled out antisera (section A.2.15). Specificity of

purified antisera was examined using Western blot analysis (section A.2.16.3) (not shown). No

antibodies exhibiting specificity toward recombinant or endogenous MdsA and MdsB proteins

were found. An alternate approach using glutathione S-transferase fusion chimeras as

immunogens was then performed (section 2.5.1).

2.5.1 Expression of MdsA, B, C and D Glutathione S-transferase fusion chimeras

The glutathione S-transferase (GST) gene fusion system is an integrated system for the

expression, purification and detection of fusion proteins produced in E. coli. GST-fusion

chimeras have been used widely as immunogens for antibody production in rabbits (Toye et a/,

1990, Gerald et al, 1994). Segments of mdsA, B, C and D genes were selected and cloned in-

frame into the GST-fusion vector pGEX-2T (Table A.'1.7) (Fi1.2.19). Selection of segments was

based on predicted solubility and immunogenicity of the regions from protein sequence data

(Appendix 4"2). Hydrophilic (soluble) regions exhibiting elevated Jameson and Wolf antigenic

(immunogenic) scores (Jameson and Wolf, 1988) were selected. The pGEX-2T expression

recombinants constructed during this work are summarised in Fi1.2.19. Historically pGEX-

2TlmdsB construct #2 and #3 and pGEX-2TlmdsC construct#2 were made because the initial

pGEX-2TlmdsB and mdsC constructs produced an insoluble expression product (section

2.5.1.1).

ORF segments were isolated by PCR using oligonucleotide primers indicated in Table A.1.10.

Primers DW10(0, DW1 1 (r), DW1 3(0, DW15(f), DW18(r) and DW19(D contained an engineered

BamHIsite (GGATCC) with the in-site codons GGA and TCC being placed in-frame with the

mds ORF segment. Opposing primers contained an engineered EcoR/ site to allow directional

insertion of the segment into pGEX-2T vector. ORF segments were amplified as described in

section 4.2.9.5 (reaction mixtures and profiles are summarised in Fi1.2.20legend). Reactions
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A. pGEX-2T multiple cloning and expression region

rbstaq' p.'omoEot 
GAccGsATAAcAATnrcAcscA@A4aclGfATTc-ArrcrccccrA[AcrAGgrrA. . -|IIEACAA:eTA,ATCATCCGCICGTA.IAATC"GJGGAATTGTGAGCGSATAACAATIrItrCACAI

----+:!--+r--------+---- ----:+------+--+---------+---.-- -:--+---------+---------+-----. ' ' L6)- zt t

AACT.GTTAATTAGEAGCCGAGCATATTACACACCITAACACTCGCCTATTGTTAAEGTGT€TCCTTTSPCAIAAGIIIACAGGGG}'TATGATCCAAT. ' '

BanHf Smaf EcoRit End End End

!{S.PILGY
Glutatlrlone s-trans f eras€

terminator sequenc€
. . . CTGSTITCCGCG.II@g9ggCGGG TTSAtrCC.TEACSSAATCACGABC . , . ACGiIAAGGGCCTCGIESEACGCCTATT"fTTATAGGTTAAFGTCA

+---------+---r-----+---------+-- ...-+---------*---------+---------+---------+-- 918-1?00

. . .GACCAAGGCGCACCtrAGGGGCCCTTAAGTAGCACT€ACTGACIIGCTAG, . . TGCTTTECCCGAGCACIT'AITGCCGAf''''''''AAAAAT'ilrcCAATTACAG]T

I]JvPRG.S.PGIH'R
A rhrornbin sice

B. pGEX-ZT/mdM (Gtenninal) chimera oonstruct

eantHI* DW10 J
cTcGITccGcG@...AAGGTcGecG.{gTATTAAAccAATAAATATC.!.TGTGAGAGGcGceTBG??GGcGcTc}c

GACCAA@CGEACCTAGGAGTAAGGAGCT€GAGAAG. , . TTCCAGCTGCTCATAATTEGGTTATTTATAGJACACTCTTCGCGGAACAACCGCGASTG

{439-4i9:

4i-r -517

4798-4895

ITVPReSSFLDLF KVDE

ti:::Tt:i:::::Y:T::lf:il:i:-'Tli:i::3:::i:i:3::::::T::TT:::l:iT:iT-ii::T:YT:Ti
ATGGATTAcTGGATATTrA1TGGATTGTAATAcAGATGTAAGTTcAATcTeqTGTrGGAAAGcGTcAAGGAGt'AAc['cccTTTccAcg@

FcoRtr* Elnd End Ertd
'3CCGC TTGG GAATTCATC TGACTGACTGACGAlIC

.-CGCGAACC CTTA}-EIrIGCACTGACTGACTGCTAS
rR!,5 (r)

C. pGEX-2T/rndsB (G-terminal) clilimera construct #1

B@
c1rGGTTccGcG,rgilecrceccrclraGAccA-|.AcGGGAGc.CTGcGeac'AT.-|T'Tl=Gctre6}AAAc\TccTTC-JAcGlAAAGj|GGTTGGT
---------+-
,GACcAAGcCCCACCTAGscsAcCcCAC?ecC?CcrA. . IGcCcTcGGGACGCGACTAGGAACCGCGTCTnTEGT'AGGAS.GCIGCTTTTCTCCAACCA

LVPRGS.q',!'|ir. 1.AL

EcoRI* End Elld gral

::i::i::::i::Y:T:TiiY::::::::::TlTlT::P----i::={gFsA----:T::
:GT:CT'JC'JATGGTTEGAGTCCTTTTTTGCC.A'TAGCGGATATTATTGCCTT AGCACTGACTGACTGCfAG

DI''I'0.2 (f )

D. pGEX-2T/rndsB (internal region) chimera construct #2

EcoRI* Errd End Bid

e&ccA.AgcCgEAccTAeGccAccccAcTAccTccTA. . . TcAcAc-cGeTGTcfTAAGTtGCAeIQAcTGAeTGmee

4896 -490r

l?J-41 t

A:r- !di

l4?6- 9!F

29: -t4:LVPRGSAGV!IEi'i SLgTEFTVTD*
Dw17 (f)

E. pGEX-2T/mdsB (G-teminal) chimera conslruct #3

E@
CTGGTTCCSCGUCCEECCETC*C.ICCCCCMTGGC . . . ACGGGEGCCCTCCGCTGATCCTTGGEECAGAAAACATOCT CCACGAAAAGAGGTTGGT

---------+- 8\1 - 6i2

GACCAJNGGCGCACCTAGGTAGGTGTGCCGGTTACCG. . . IGCCCTCGGGACGCGACTAGGAACCGCGTCTTT?GTACGAAGGTGCTTTTC'I'CCAACC'{

LVPRGSIiI'IAN,:tG4L156-419

EeoRrr Eud End Ead
;cAGGAL-GC?ACCAACCTCAGGAAAAAACGGTT?CECCTATAATAACGIAATITCTATCGTggCIq1GTGACGaTC

- - - - . -----+---------+-
tcTtcretclrccTaccAc?ccT{TTTTGccAAAGceca?ATTATTGccTtAAGteGcAClxGAcltGAgI-EerAG

DW12 ( fl
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F. pGEX-2T/mdsC (C-terminal) chimera construct #1

BafftI* DVf13 (f )_
cTecTTecGcGTg@AAcr?cATcccAcAGGAc. . . ATccccAcccrcATcrAAcAcTccccccrrrrrcccccrAL-tccrcasrrcrccrccrA
---------+- :598-)95-
GACCAACGCGCACeTAG,3TTGAAGTACCGTCTCCTG. . .TAGGCGTGCGAGTAGATTC?CACCCGGGA&AAAGGCGGAI'GGGGAGGGAAGACGACGA'j
IJ V P R G S I'i F M A E L1 r R l' L r -

'*:i:T:r::::i::l:::"T::::::T::i::i:i:iT:^'il:l:l:Ti:l:il:ll::l:::il:"'}i:-l:1T::ii'i:T-'l ,,oo-0u",
ATT,:TCTTCCCCCACTJACCIGECAAAGCAAAG(-:TTGAGTGTGTAGATATTAGATAC'1^TTTCTGTAGAAGAAC6GTAGCTJTCI.CCAACGGTAGTCAAGC

:{]ITGCL-ATGGCACAACAAGCCCCACT{;TGGATGCGCCA?AGCGCCAfCTCACCCGACGGTAGI:CAGATTGCCTTTGCCTATAAGGGL-GACATTTGGAC
__ q056_iil5.

.cc("GGTAIIiG?(.:l'TGTaeGGGGTTjAcAccTACGI:GG'rA'TCGcGG'T'Aii(]TGT-;GC'}GCCAT,]CGTCTAACIjGA}!A(-(]gATA!-. EC.GCT'GTAA}.TJCTC

EcoRl* End End Elrd
..GTGcc.GTAGL-.GGAGGAcAG}cCAAt-'cAAi'TCACIA( ]CA.TT{I:'GCCTAC'GACAGqTATT.,.-GTGTI:EA4 T'CAPCCI'GACgCITGACGATC

--+-----*---+---- - -- - -+--
;.r-.(i:G,llt'CC:cCafcfTr]T,--fG€TT':GTTGAGTG:TGI;GTAA.-:GC.'i-a-TG9:EIQA.ATAJGGCACACCTT'AAGTAGCACTGACTGACSGCfAGr
G. pGD(-2T I mdsC (C-terminal) chimera construct #2

s@
CTGGTTCCGCGI@EqTTCCCCGACTACCTGAAT. , , ATCCGCACCCTCATCTAAGAGTGGGCCCTTTTTCCGCCTACCCCTCCCTTCTCCTGCTA

GACCAAGGCGCECCT.AGGAAGCGCCTGATSG}CTTA. . . TAGGCGTGCGACTAGATTCTCACCCGGGAAAAAGGCI]GATGGGGACGGAACACCACGAT
LVPRGST'ADYLNIATL

ii:i:iYT]TTTTT:::::::T:::i:i:iT]i:iT::i]iTii]:TTT::i]:::i::::1:T:Ti:::::
ATTCTCTTCCCCCACCACECGCCAAAGCEAAGGTTGAGTGTGTAGATATTACATAC'!'TTTCTGTAGAAGAACGGTAGCG"CGCCAACGGs'AGTCAAGC

GCGCCCATGGCACA.ACAAGECCCACTGTGGATGCGCCATAGCGCCATCTCACCCGACGGTAGCCAG}\TTGCCTTTG'CTA,T.LqGGGCGACATTTGGA(

':!_-iB:1

;0i -404

5l?0-5951

l15-152

t95tr- 6051

i05! -t I 11

]G.C3GTA':CGTC::TGTTCGGGGT.ACAC.?AI]GCGGTATCGCTJGTAGAi;ICCCCTGA:A,T:TJCTC.. AA]I;GAIL!^C-;G}.=J.4..I'I. -.GCNGT.,q.AACfTI:

EcoRr* nnd &rd $n,L

':''_"-:::i-n::::iTi:":::iTT:-:*'1.::1'1"::":li"'i:i::li:::::::lT=ffi:::=:-!sr-:P-:i:: .Li.-azzi
;i.AI]L-:GGC4.!../di..T.fTGTCTGi;:TTATTGAGTGCTCGSTAJ1Gd.:GCATGCTGrCAATAGCGGCACC!";AAGT TGECTGAC..I-IJCTA6

Dhlr-4 (r)

Fl. pGEX-2T/mdsD (internal region) chimera construct

BamHI* DW15 (f) EcoRI* EIrd End End
C'IGCITTSCGCGTG,EATCCAACGACACCAACGGCAAG. . . CAGCTCGATTTCCATJAATTCiITCGTGACgCTGACGATC

---------+- ---+- -- --- - - -+- - - -r---
GACCAACSCGCACETAGSTTCCI'GTGGTTCCCGTTC . . . i?CGAGC!'AGAGCTC?TAAGTAGCACTGIACTGAC(;CTAG
LVpRc SN D T t, -j ( C L !, ! Ell S S *

DwI6(rl

Fig. 2.19 pGEX-2T Expression Constructs

A. pGEX-2T multiple cloning and expression region. fag promotor, ribosome binding site (rbs),
glutathione S-transferase, thrombin cleavage site, transcriptionalterminator and restriction sites in
pollrclonalregion are indicated. Nucleotide nurnbers in margin conespond to positions in pGEX-27
sequence ('GST-Gene fusion system' by Pharmacia Biotech).
B. - H. pGEX-2T expression constructs containing segments of mdsA, mdsB, mdsC and mdsD.
Sequence in black conesponds to pGEX-2T, seq,uence in red coresponds to insert Dl,lA and
deduced amino acids. Restriction endonuclease sites used for directional cloning are indicated:by
an asterisk Fonrvard (0 and reverse (r) primer sequences used to ampliff DM segments for
insertion into pGEX-ZT are indicated by lines. Note that primer sequenoes are truncated as
amplified product was treated with restriction enzymes prior to cloning. Nucleotides deleted in order
to allow plaoement of construct on page are represented by ... Numbers in margin conespond to
insert nucleotide posilions (upper) and insert amino acid positions (lower) (Appendix 4.2).
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amplifying mdsA and mdsB segments used pGEM-7(2A-52) DNA (section 1.6.3) as template

while reactions amplifying mdsC and mdsD segments used genomic Prevotella strain RS2 DNA.

PCR products amplified are presented in Fi1.2.20. All PCRs produced a product of the

expected molecular weight (mdsA,484 bp; mdsffi1, 488 bp; mdsB#2,174 bp', mdsffi3,266 bp;

mdsffi1 , 642 bp; mdsd2,468 bp; mdsD,32B bp). The PCR products from individual PCR

reactions were purified from agarose gels, digested with BamHland EcoR/ restriction enzymes

and cloned into pGEX-2T accordingly (Fig. 2.1gb-h). pGEX-2Tlmds constructs were then

transformed into competent E. coliDHScr cells for protein production. Selected colonies were

analysed by restriction digestion to confirm correct recombinant construction (not shown).

2.5.1.1 Protein expression analysis

Protein expression of pGEX-2T constructs was performed according to the method described in

section A.2.13.2. Protein production and solubility of expressed proteins within E. coliDHScr

cells were analysed by SDS-PAGE (section A.2.12.3).

GST-fusion protein over expression was observed for allthe pGEX-2Tlmds constructs following

induction with IPTG (Fi1.2.21). Over expression of GST by pGEX-2T without insert (negative

control) was also observed. All GST-fusion proteins migrated with expected molecular weights

on SDS-polyacrylamide gels (Fi1.2.21). However, differences in GST fusion protein solubilities

were exhibited. GST-MdsA (Fig.2.21a) and GST-MdsD (Fi1.2.21d) fusion proteins were

soluble, and co-purified with the cell free extract fraction following cell lysis and centrifugation

(section A.2.13.2). GST-MdsB#2 was sparingly soluble and co-purified with both the cell free

extract and pellet fractions (Fig.2.21b, lanes 12-15). The remaining fusion proteins, GST-

MdsB#1, GST-MdsB#3, GST-MdsC#1 and GST-MdsC#2 (Fig.2.21 b and c) were not soluble.

GST-MdsA, GST-MdsB#2 and GST-MdsD fusion proteins were therefore selected as

immunogens for rabbit immunisation experiments (section 2.5.2).

2.5.2 Antibody production using fusion proteins GST-MdsA, GST-MdsB#2 and GST-MdsD

GST-MdsA, GST-MdsB#2 and GST-MdsD fusion proteins produced in section 2.5.1.1 were

purified by affinity chromatography using glutathione Sepharose@ beads as described in section

A.2.1 9.5.1 . Aliquots of purified GST-fusion protein were electrophoresed on a SDS-

polyacrylamide gel to determine size and purity of eluted proteins (not shown). All purified GST-

fusion proteins were of the expected molecular weight and of sufficient purity (single band) to

proceed with rabbit immunisations.
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Fig.2.2O PCR amplification products for insertion into pGEX-27

All PCRs contained 10 mM Tris.HCl, pH 8.8, 50 mM KCl, 0.001% gelatin, 0.2 mM dNTPs, 1pL of
Prevotelta strain RS2 genomic DNA preparation (section A.2.7.5.3), 12 pmol/reaction primer set, 0.5
units/reaction Ampli lag DNA polymerase. Reactions lanes 2, 5, 8, 11, 14, 17, 20 contained 2 mM
MgCf2 while remaining reactions (lanes 3, 4, 6, 7, 9, 10, 12, 13,15, 16, 18, 19, 21 and 22) contained

2.5 mM MgCl2. Control reactions lacking template correspond to lanes 4,7,10,13, 16, t9 and 22.

Lanes 1 and 23 contain 100 bp DNA ladder. 1.5o/o agarose gels.

A(i). Ampfification ol a mdsA C-terminal segment using primers DW10(f) and TR15(r).
A(ii), A(iii) and A(iv). Amplification of mdsB Cterminal and internal segments using primer sets
DWI 1 (0/DW1 2(f), DW1 1 (0/DW17(f) and DW18(r)/DW12(0 respectively.
B(v) and B(vi). Amplification of mdsC C-terminal segments using primer sets DW13(0/DLr/14(r) and
DWle(fyDW14(r).
B(vii). Amplification of a mdsD internal segment using primers DW15(f) and DW16(r). Al1 re_actions

were cycted using the profile: (94'C, 4 min) (94'C, 40 sec; 55'C, 40 sec; 72'C,40 sec) x3O (72"C,2
min).
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Fi1.2.21 Expression of pGEX-2T constructs

Protein expression of all pGEX-2T constructs were performed according to the method
described in section A.2.13.2. Induction products are indicated by filled triangles. Proteins were
separated by 1'lo/o acrylamide gels.
Lanes 1 , 11, 20, 29 and 34 coresspond to molecular weight ma:rker.
Lanes 2,6,12,16,21,25 and 3l whole cells preinduction.
Lanes 3, 7 , 13, 17 , 22,26 and 30 whole cells post induc'tion (3 h induction).
Lanes 5, 8, .|4, 18, 23, 27 and 32 cell lysate supematant.
Lanes 4, 9, 15, 19,21,28 and 33 cell lysate pellet.
Lane {0 control (whole cells post-induction from cells containing pGEX-2T with no insert).

A. Expression of pGil-ZTlmdsA construct.
B. Expression of pGEX-2TlmdsB constructs (constructs #1, #2 and #3lanes 6 - 9, 12 - 15 and
l6 - 19 respectively).
G. Expression of pGEX-2T/mdsC constructs (constructs #1 and #2lanes 21 - 21 and 25 - 28
respectively).
D. Expression of pGEX-ZllmdsD construcfs.

2 3 4
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Intact GST-fusion proteins were injected into New Zealand white rabbits to illicit an immune

response against MdsA, MdsB and MdsD proteins. GST was not removed by thrombin

cleavage prior to immunisation as it increases epitopes on the antigens enhancing immunogenic

response (Lowenadler et a|,1986). Primary immunisation and subsequent booster injections

were performed according to the method described in section 4.2.14. Antibody production was

monitored by ELISA using immobilised pET-17b expressed recombinant MdsA, MdsB and MdsD

proteins as antigen (section A.2.15). Approximate titre values of >11256,000, 1/3,500 and

1/170,000 for MdsA, MdsB and MdsD respectively were determined for bled out antisera. Titre

curves are presented in Fi1.2.22. Preliminary specificity analysis of purified anitsera was

examined by Western blotting. Specific antibodies toward MdsA and MdsD were confirmed (Fig.

2.23). Both antisera exhibited reactivity against target antigen, GST protein, respective fusion

protein and Prevotel/a strain RS2 lysate. Reactivity was evident from observed band sizes on

membranes (Fig. 2.23). No antibodies toward MdsB were found (data not shown). MdsB

antisera only exhibited reactivity against GST and GST-fusion protein samples. Western blot

analyses using preimmune antisera were not performed.

Antibodies toward GST were removed from reactive MdsA and MdsD antisera by treatment with

GST-Sepharose@ beads as described in section A.2.19.5.2. This treatment decreased

background levels of anti-GST antibodies improving specificity of subsequent immunological

analyses (section 2.6).

2.6 Western Blot Analysis of MdsA and MdsD proteins in Prevotella strain RS2

Anti-MdsA and anti-MdsD polyclonal antibodies generated in section 2.5.2were used for

Western blot analysis. Based on relative enzyme activities, MdsA was previously localised to

the periplasm and found to attain elevated specific activities when grown in presence of pig

gastric mucin (up to six fold increase). No similar information was available for MdsD. Western

blot investigations were therefore undertaken to corroborate and examine the inducibility and

apparent cell location of MdsA and MdsD proteins respectively in Prevotel/a strain RS2.

Prevotella strain RS2 cells were grown in basal medium containing either 0.2o/o galactose or

O.O7o/o galactose plus 0.25% trypsinised pig gastric mucin (section A.2.3.2). At the beginning of

stationary growth phase, the cells were harvested (section 4.2.17) and the cell culture

supernatant, periplasm, cytoplasm and membrane debris fractions collected (section 4.2.17.3).

Adequate fractionation of cells was confirmed by enzyme marker activities (Table 2.4). No

enzyme markers were available for cell culture supernatant or membrane debris fractions.

MdsA (glucose-6-sulfate and N-acetylglucosamine-6-sulfate desulfation) activities (Table 2.4)
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Fig. 2.22 Titration curves monitoring antibody production

Titration curves compiled from ELISA data (section A.2.15). Preimmunised and
immunised serum curves from a single individual rabbit are shown on the same
graph. Dashed arrows indicate antisera titres. Designated antisera titres are serum
dilutions that give 0.1 absorbance units of alkaline phosphatase above background
(preimmunised serum values). A. MdsA antisera production. No titre value was
designated as antibody production exceeded dilution range for above criterion. B.
MdsB antisera production. C. MdsD antisera production.
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Fi1.2.23 Preliminary Western blot analysis of MdsA and MdsD constructs

Western blots performed according to the method described in section A.2.16.3. Figures
are compilations of several blots.
A. Western blot using Anti-MdsA serum. 10o/" acrylamide gel.
fane 1 - inactive recombinant MdsA protein (0.5 pg protein) made from pET-17blmdsA
construct,
lane 2 - GST/MdsA fusion protein (2 pg protein) made from pGEX-ZT/mdsA (C-terminal)
construct,
lane 3 - GST protein (0.1 ttg protein),
lane 4 - whole Prevotellastrain RS2 cells grown on mucin supplemented medium.
B. Western blot using Anti-MdsD serum. 10% acrylamide gel.
lane 5 - whole Prevotellastrain RS2 cells grown on mucin supplemented medium,
lane 6 - GST/MdsD fusion protein (1 pg protein) made from pGEX-2TlmdsD (internal)
construct,
lane 7 - GST protein (0.05 pg protein),
lane 8 - recombinant MdsD protein (0.2 pg protein) made from pET-17b/mdsD construct.

!*-I



9l

corroborated previous observations of predicted cell location (periplasm) and relative expression

(mucin induction). Western blot analyses of collected fractions using anti-MdsA and anti-MdsD

polyclonal antibodies (section 2.5.2) was performed according to the method described in

section A.2.16.3. Western blots for MdsA and MdsD proteins are shown in Fig. 2.24.

Table 2.4 Marker enzyme activities of Prevotella strain RS2 cellfractions

a. nmol pNP produced/min/mg protein (sections A.2.20.1.2 and A.2.20.1.6):
b. pmol NADH oxidised/minimg protein (section A.2.20.1.7);
c. nmol glucose producedimin/mg protein (section A.2.20.1.1).
ND - no data available. Numbers are meantstandard deviation from three measurements. Enzyme
activities p-D-glucose-6-sulfatase (MdsA), N-acetyl-B-D-glucosamine-6-sulfatase (MdsA),
phosphatase and N-acetyl-B-D-glucosaminidase are markers for periplasm and malate
dehydrogenase for cytoplasm (indicated by asterisk).

The MdsA Western blot (Fig. 2.24a) exhibited hybridisation signals in both periplasm fractions

(lanes 3 and 4, Fig. 2.24a) with molecular weights (58 kDa) identical to partially purified sulfatase

and pET-17b MdsA generated controls (lanes 9 and 10, Fig. 2.24a). No hybridisation signals of

equilivant size were found for the cell culture supernatant, cytoplasm and membrane debris

fractions. The exclusivity and relative intensities of MdsA signals in galactose and mucin

periplasm fractions correlated with observed sulfatase activities in Table 2.4. The signalfrom

periplasm of cells grown in mucin was 3.1 fold more intense than the signal from periplasm of

cells grown on galactose, (as judged by NIH image computer analysis from scanned blots)

Growth
substrate

Cellular
fraction

Phosphatase' N-acetyl-B-D-
glucos-
aminidase"

Malate dehy-
drogenaseo

Glucose-6-
sulfatase"

N-acetyl-p-D-
glucosamine-
6-sulfatase"

Galactose
(0.20 \

Cellculture
supernatant

ND ND ND 0 ND

Periplasm 12.5r5.0. 38.7+4.5* 2.5r0.9 1.4r0.9" 18.7t0.7*

Spheroplast
lvsate suot.

0 5.610.5* 0 0

Spheroplast
lvsate oellet

n 3.7t1.4 1.310.4 0.4t0.2 0.2r0.1

Mucin
(0.25Yo)

Cellculture
supernatant

ND ND ND 0 ND

Periplasm 102.5143.8* 212.7!37.4" 2.4t1.1 23.4t7.2" 92.3*13.3*

Spheroplast
lvsate suot.

4.2t3.9 16.4n6.9 6.2r0.9* 4.1r1,0 0.9r0.4

Spheroplast
lvsate pellet

2.4*,1.5 51.6116.9 1.9r0.9 5.7r3.6 2.5*0,5
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Fi1.2.24 Western blot analysis of Prevofel/a strain RS2 fractions

A, Western analysis of Prevotella strain RS2 cellfractions probed with antibody against mucin-
desulfating sulfatase (MdsA). 10o/o acrylamide gel.
lane 1 - cell cultutre supernatant from cells grown on galactose supplemented medium (8pg

protein),
iane 2 - cell culture supernatant from cells grown on mucin supplemented medium (8pg protein),

tane 3 - periplasm from cells grown on galactose supplemented medium (10pg protein),

lane 4 - periplasm from cells grown on mucin supplemented medium (10ttg protein),

lane 5 - spheroplast lysate superatant from cells grown on galactose supplemented medium (8

pg protein),
lane 6 - spheroplast lysate supernatant from cells grown on mucin supplemented medium (8pg

protein),
iane 7 - spheroplast lysate pellet from cells grown on galactose supplemented medium (8pg

protein),
iane 8 - spheroplast lysate pellet from cells grown on mucin supplemented medium (8pg

protein),
iane 9 - partially purified (60 fold from periplasm) mucin desulfating sulfatase (0.2ttg protein),

lane 10 - positive control containing inactive recombinant mucin-desulfating sulfatase protein
(0.05 pg protein) made using pET17-blmdsA E. coliexpression construct.

B. Westem analysis o! Prevotella strain RS2 cellfractions probed with antibody against MdsD.
0.8olo acrtlamide gel.
lane 11 - cell culture supernatant from cells grown on galactose supplemented medium (4.3 ttg
protein),
iane 12 - cell cultutre supernatant from cells grown on mucin supplemented medium (4.3p9

protein),
iane 13 - periplasm from cells grown on galactose supplemented medium (4.3ttg protein),

lane 14 - periplasm from cells grown on mucin supplemented medium (4.3pg protein),

lane l5 - spheroplast lysate superatant from cells grown on galactose supplemented medium
(4.3 trg protein),
tane 16 - spheroplast lysate supernatant from cells grown on mucin supplemented medium (4.3

pg protein),
tane 17 - spheroplast lysate pellet from cells grown on galactose supplemented medium (4.3pg

protein),
iane lli - spheroplast lysate pellet from cells grown on mucin supplemented medium (4.3ttg
protein),
iane 19 - positive control containing recombinant MdsD protein (0.02p9 protein) made using

pET17-blmdsD E coli expression construct,
iane 20 - positive control containing GST/MdsD fusion protein (0.02pg protein) made using

pGEX-ZTlmdsD E. coli expression construct.
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The MdsD Western blot (Fig. 2.24b) exhibited a hybridisation signal in membrane fraction of

mucin grown cells only (lane 18, Fig. 2.24b) with a molecular weight (121 kDa) similar to pET-

17b MdsD control (lane 19, Fig. 2.24b). No hybridisation signals of equivalent size were found

for the cell culture supernatant, periplasm, cytoplasm and the membrane debris fraction from

galactose grown cells. These results imply MdsD is co-expressed with sulfatase and performs a

function necessary for mucin degradation. The location of the MdsD signals suggests it is

associated with the bacterial inner and/or outer membrane(s). The weak 45 kDa signal observed

in mucin spheroplast lysate pellet (lane 18, Fig 2.24b) may correspond to a MdsD degradation

product or represent non-specific binding of polyclonal antisera.

2.7 RNA Hybridisation Analysis

Polycistronic mRNA molecules encompassing genes for bacterial metabolic pathways have

been reported. The arrangement and proximity of mdsA, mdsC and mdsD ORFs (section 2.3)

and the observation that MdsA and MdsD proteins are co-expressed when Prevotella strain RS2

is grown in the presence of pig gastric mucin (section 2.6), suggested all three ORFs were

located on a polycistronic mRNA molecule. Northern blot analysis was therefore undertaken to

quantify and measure the size of the mRNA molecule(s) encoding these ORFs from

preparations of cellular RNA. Such analysis could demonstrate for the first time that an operon

of genes is required for the metabolic breakdown or desulfation of mucin glycoprotein in

Prevotella strain RS2.

2.7 .1 Preparation of total cellular RNA from Prevotella strain RS2

lnitial attempts to isolate intact total RNA from Prevotella strain RS2 using the Kormanec and

Farkasovsky method (Kormanec and Farkasovsky, 1994) were unsuccessful (not shown).

Extended exposure of RNA to endogenous and oxygen-activated ribonucleases (A.M. Roberton,

personal communication) could account for the degraded RNA isolated using this method. An

alternative rapid procedure (section A.2.8) was therefore performed. This procedure utilises

Trizol reagent (Life Technologies) which lyses cells and stabilises RNA simultaneously. Cells

were grown to late logarithmic phase before RNA was isolated. The Trizol isolation procedure

for intact Prevotella strain RS2 total RNA was optimised from many experiments. Variations in

cell isolation (centrifuge duration, temperature), culture exposure to oxygen, cell lysis (glass

beads, homogenizer or rapid mixing with pipette)were tested. The optimised procedure is given

in section A.2.8. The integrity of purified RNA was determined by formaldehyde agarose gel

electrophoresis (not shown). Smeared 165 and 23S rRNA bands indicated some RNA

degradation.
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2.7.2 Northern Blot Analysis

Total RNA, isolated lrom Prevofel/a strain RS2 cells grown in basal medium plus 0.2% galactose

or 0.25o/o PGMt, was separated by formaldehyde agarose gel electrophoresis (section A.2.12.2).

The RNA was transferred to Hybond N' membranes by capillary transfer and hybridised using

radioactivety ["p] labelled mdsA (637 bp TR4(0/TR7(r) amplification product, nucleotides 4020-

4634, Appendix 4.1) or mdsD (539 bp Sphl/BamHl restriction fragment, nucleotides 8360-8898,

Appendix 4.1) double stranded DNA probes (section A.2.16.2). When necessary the

membranes were reprobed using radioactively labelled lambda DNA fragments (Crouse and

Amorese, 1986). The lambda DNA hybridises RNA molecular weight standard facilitating

molecular weight estimations of mds hybridisation signals. Autoradiographs are shown in Fig.

2.25.

fhe mdsA Northern blot (Fig. 2.25a) exhibited dispersed hybridisation signals for both galactose

and mucin-grown RNA samples (lanes 1 and 2, Fig.2.25a). Similar dispersed signals were

found for repeat experiments using alternate total RNA preparations (not shown). In all cases

the 165 and 23S rRNA bands from duplicate samples on the same gel appeared undegraded

and of the correct molecular weight after staining with ethidium bromide (lanes 5 and 6, Fig.

2.25c), suggesting the RNA was mostly intact and had separated appropriately on the gel. The

heterogeneous size of the signal therefore may reflect the labile nature of the mRNA transcript in

Prevotella strain RS2, inadequate denaturation of RNA and/or incomplete synthesis of the

transcript. The exact size of the mRNA transcripts therefore cannot be measured accurately.

However the size range for the signals were between 6 to 10 kb which is large enough to

encode the sulfatase (mdsA) and adjacent mdsC and mdsD ORFs. The hybridisation intensity

of the mRNA signal was greater for the mucin-grown cells than galactose-grown cells (6.3 fold

difference as judged by NIH image computer analysis of the scanned blot). This is consistent

with enzyme activity data (Table 2.4) and Western blot observations (section 2.6) found

previously.

The mdsD Northern blot (Fig. 2.25b) exhibited similar results to those observed for mdsA

hybridised RNA. The hybridisation signals were dispersed ranging between 6 to 10 kb in length

and were more intense for mucin compared to galactose-grown cells (9.0 fold difference by NIH

image analysis). These results suggest ORFs mdsA, mdsC and mdsD could be transcribed on

the same mRNA transcript attaining elevated levels when cells are grown in the presence of

mucin.



kb

-9.49
-7.46

- 4.40

-2.37

-1.35

{ 23S rRNA

( rss rRNA

Fig.2.25 Northern blot analysis ol Prevofel/a strain RSz total RNA

All RNA samples including standards were electrophoresed in 1.07" agarose gels containing'i.Ziiormitdenydelsecti6n 
A.2.16.2). RNA standard values are shown. Lanes 1,3 and 5

contain total RNh (S't Ai i.r ""r" cells grown on 0.2"/o galactose as energy source. Lanes 2,

4 and 6 contain totarhl.rl (5 pg) from sarile cells grown oh 0.07"/o galactose plus 0.25% pig

gastric mucin as energy source.
A. prevotel/a strain nde totat RNA probed with s2P-hbeued random hexamer primed 637 bp

mdsA DNA fragment.
B. prevotellastrain RS2 total RNA probed with 32P-labelled random hexamer primed 539 bp

mdsD DNA fragment.
C;. prevotel/a s-train RS2 total RNA stained with ethidium bromide. 165 and 23S rRNA bands

are indicated. No degradation of RNA samples was obvious'
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2.8 Discussion

This chapter describes the isolation and characterisation of ORFs mdsC and mdsD and the

partial ORF zbpA from Prevotel/a strain RS2. This 4650 bp of DNA, downstream of mdsA, was

sequenced by contiguous inverse PCR genomic DNA walks. Intact and selected internal

fragments of mdsA, mdsB, mdsC and mdsD were expressed in E. eoliexpression systems. Two

soluble GST-fusion chimeras were used to raise anti-MdsA and anti-MdsD polyclonal antibodies.

Western blot and Northern blot analyses were undertaken. This discussion will analyse and

review the results and present evidence suggesting the existence of an operon of genes

possibly involved in mucin-desulfation in Prevotella strain RS2.

Codon usage patterns, identification of putative flanking regulatory elements (Shine-Dalgarno

and transcriptional termination sequences) and homology of deduced polypeptide sequences to

sequences recorded in the SwissProt protein databank suggest ORFs mdsC, mdsD and zbpA

are correctly identified as genes. Codon usages exhibited by Prevotel/a strain RS2 show a bias

in the third position for G or C and differ from those determined for other Prevotella species. The

reason for codon bias is not known but in microorganisms it is thought to facilitate translation

during fast growth, by reducing the diversity of IRNA isoacceptor populations (Andersson and

Kurland, 1991). lt is also possible that this region of genomic DNA has been acquired from

another organism during evolution. This is based on observations on other sequenced bacterial

genomes.

Comparison of the putative ribosome-binding sequences for each of the ORFs reveals a high

degree of similarity. Interestingly, two types of Shine-Dalgarno sequence homologies have been

observed, indicating possible differences in translation rates. lt has been postulated that the

degree of complementarity between the Shine-Dalgarno and 165 rRNA sequences and the

extent to which the mRNA domain is free of intramolecular constraints (secondary folding)

determine the rate of translation initiation (Gold ef al 1981). A link between gene expression and

predicted ORF function might be inferred by the sequence homologies (ie. mdsB, aptA

constitutive expression', mdsA, mdsC, mdsD induced expression). Primary regulation of gene

expression is still expected to occur at the transcriptional level. Comparison of the Shine-

Dalgarno sequences with the Prevotella strain RS2 putative 165 RNA complementary sequence

is presented in Appendix 9.

The deduced polypeptide sequences encoded by mdsC, mdsD and zbpA are homologous to

protein sequences recorded in the data banks. Although exact functions for these proteins can
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only be determined by appropriate biochemical analyses, inferred functions can be proposed

from sequence homology information.

The deduced protein from mdsC shows marked homology to four putative proteins, with no

known function, from Bacteroides thetaiotaomicron VP15482, Synechocytsis sp. strain

PCC6803, Nosfoc sp. strain PCC712O and Clostridium perfringens. Further analysis of the

MdsC sequence identified an internal region exhibiting homology to the catalytic domains of

aminoglycoside phosphotransferases and protein kinases. lnvariant amino acids, important for

catalysis within this region (Hon ef al, 1997 , Owen et al, 1995), were notably conserved in MdsC.

By analogy, MdsC may perform a similar phosphorylation function, though with another

specificity as no sequence homology was found outside this catalytic region. Although not

shown by direct evidence, MdsC is predicted to participate in mucin metabolism as mdsC is

situated between mdsA and mdsD which are both transcribed and translated at elevated levels

when Prevofel/a strain RS2 is grown in the presence of mucin (Northern and Western blot

analyses). The role that MdsC or phosphorylation would have in mucin desulfation or

metabolism is not known. Phosphorylase B kinases, although not linked to mucin metabolism,

function to activate specific phosphorylase enzymes which catalyse the breakdown of

polysaccharides by phosphorolysis, generating sugar phosphates for energy (Matthews and van

Holde, 1990). Further investigations will be needed to elucidate the function of MdsC in

Prevotella strain RS2 and its putative role in mucin metabolism. MdsC is probably cytoplasmic,

since no signal sequence was found. Aminoglycoside phosphotransferase and phosphorylase B

kinase proteins are located in the cytoplasm in other organisms.

The deduced protein encoded by mdsD exhibits homology to 15 proteins of similar size, in

particular, to a tricorn protease from Thermoplasma acidophilum and putative proteins from

Bacteroides thetaiotaomicron VPI-5482 and Vibrio cholerae (Pallen et al, 2001). The tricorn

protease functions as the core enzyme of a modular proteolytic system compartmentalising the

breakdown of oligopeptides within the cytoplasm of the Archeabacterium, in a similar manner to

proteosomes (Tamura et a|,1996). The tricorn hexameric toroid isoform (720 kDa) and larger

icosohedral caspid (14.6 MDa) form complexes with smaller proteins to perform multicatalytic

peptidase activities (Tamura et al, 1998; Walz et a\,1997). An analogous proteolytic function,

isoforms and protein interactions cannot, without any certainty, be assigned to MdsD based only

on sequence homology. However, further analysis of the MdsD sequence has identified three

internal domains exhibiting marked homology to the [3-propeller repeat sequences, the PDZ

sequence, and the protease catalytic region that are found in the tricorn protease (Ponting and

Pallen, 1999; Brandstetter et al, 2001) and a number of family of proteins discussed below.
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These motifs are the only indicators we have at present with which to propose possible functions

to MdsD, and must be regarded as speculative.

Motifs of B-propeller structures are conserved in most of the putative thirteen MdsD repeat

sequences. Each repeat is predicted to form a 'blade' structure consisting of four anti-parallelB-

sheets, which then combine to form the B-propeller fold (Fig. 2.1 1 b) (Abergel et al, 1 999; Fulop

et al, 1998; lto et al, 1991). The Thermoplasma acidophilum tricorn protease contains thirteen

repeat sequences which form two p-propeller configurations of six and seven 'blades'. The

MdsD B-propeller region would similarly be expected to form two l3-propellers, as structures with

more than eight blades have never been reported. B-Propeller proteins exhibit a high degree of

functional diversity despite possessing a common sequence motif and structure (Smith et a/,

1999). The p-propeller fold is not predicted to have a catalytic function, but instead provides a

rigid platform coordinating the sequential and/or simultaneous interaction with proteins or ligands

(Smith ef a/, 1999). Consistent with this, the six-blade B-propeller of the hexameric tricorn

protease is predicted to coordinate the assembly of the larger icosohedral caspid isoform, and

enable other proteins and interacting factors to combine for sequential degradation of

oligopeptides (Brandstetter ef a|,2001 ibid,2002; Tamura et al, 1998) and not to participate in

enzyme catalysis. lt has been suggested that tricorn p-propellers, by analogy to prolyl

oligopeptidases, are important in coordinating substrate access to (via the 7 blade-p-propeller

central channel) and product exit from (via the 6 blade-B-propeller central channel) the enzyme

active centre (le. are involved in substrate selection and exclusion) (Kim et al,2Q02: Brandstetter

et al,2001). Amino acids important for substrate specificity in the tricorn protease were not

conserved in MdsD. A similar selective channeling function, but with another specificity (e.9.

coordination of mucin peptides), for the MdsD p-propeller(s) is predicted.

TolB protein, to which six of the MdsD repeats were most similar, is another example of a B-

propeller containing protein with a coordination function. lt interacts with integral cytoplasmic

membrane proteins (TolA, TolQ, TolR) and outer membrane (PAL) proteins forming the

periplasmic multiprotein complex Tol-PAL (peptidoglycan-associated lipoprotein) (Abergelef a/,

1999). The Tol-PAL complex maintains the integrity of the bacterial envelope in Gram negative

bacteria. MdsD is also targeted to the periplasm and associates with one or both cellular

membranes and may also perform a similar function.

A putative PDZ-like domain is found within MdsD. This highly conserved motif has been show in

other examples to (i) function as a ligand for protein recognition (oligomerisation), and (ii)

stabilise the protein module core. PDZ domains mediate protein-protein interactions important
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for substrate recognition, multimeric protein complex formation, and/or intracellular signal

transduction (Ponting, 1997; Saras and Heldin, 1996). They interact with other PDZ domains or

with the carboxyl terminal peptide or B-finger regions from other proteins (Hillier et a|,1999). A

similar function for the putative MdsD PDZ-like domain seems likely. The PDZ-like domain in

the tricorn protease mediates binding to non-polar carboxyl terminal peptides (similar to the PDZ

domains for tail specific proteases (Tsp)) (Ponting and Pallen, 1999; Brandstetter et al,20O1).

The Tsp family exhibits extended homology to the carboxylterminal regions of MdsD, tricorn and

tricorn-like proteins. The similarity includes the proposed D1/Tsp protease catalytic domain.

The tricorn protease catalytic sequence exhibits notable homology to a putative region in MdsD

which suggests this also may be involved in catalysis. Highly conserved peptide sequences

include the active site serine, a histidine and oxyanion hole formed by aspartic acid and glycine

residues. They are closely conserved in MdsD. This MdsD putative catalytic region also exhibits

homology to the catalytic domains of D1 and Tsp proteases. By analogy, MdsD may perform a

similar proteolytic function, though with another specificity, as amino acids identified as

recognising the tricorn and Dl protease substrates were not conserved. This preservation of the

conserved catalytic amino acids suggests that MdsD has a mechanism of action similar to that of

the tricorn and serine proteases, which involves hydrolysis of the peptide bond.

ln summary, MdsD is predicted to be a core protein in a periplasmic and/or membrane

associated multiprotein complex. Likely sources of interaction include integral inner and outer

membrane proteins, periplasmic proteins, and/or ligands. Independant analyses predict MdsD

will be involved in mucin breakdown. Possible functions for MdsD may encompass binding of

mucin substrate or product, mucin transport, and a core protein in a multi-enzyme complex

required for mucin metabolism. A proteolytic function similar to the tricorn and periplasmic Tsp

proteins, cannot be dismissed based on sequence homology and conservation of putative motif

regions. This is despite the lack of activity exhibited by fractions of Prevotella strain RS2 and

recombinant MdsD toward a supposed model substrate (ie. a modeltrypsin substrate).

Presumptive proteolysis of mucin would follow deglycosylation of mucin carbohydrate side

chains which in turn is rate limited by its desulfation (MdsA).

This work has identified for the first time a putative operon of mucin-degrading genes in

Prevotella strain RS2. Several lines of evidence support the existence of the mdsA, mdsC and

mdsD operon of genes. The ORFs are adjacent and on the same DNA strand, all have probable

consensus Shine-Dalgarno sequences and homologous promotor elements only occur upstream

of mdsA. Northern blot analysis shows the presumptive mRNA transcript tor mdsA is large
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enough to contain mdsC and mdsD downstream. The mRNA hybridisation signals for mdsA and

mdsD were of the same molecular weight range and both were expressed inducibly when cells

were grown in the presence of mucin. Co-induction of mdsA and mdsD was also shown by

Western blot analysis, and confirmed previous observations that the MdsA enzyme activity is

induced. Adjacent flanking genes, mdsB and zbpA, are on the opposite DNA strand indicating no

other ORFs comprise the proposed operon.

The distance between the coding sequences, compared to most bacterial operons, is relatively

large. However, such distances have precedent. Also, the intergenic region between mdsO and

mdsD exhibits putative homology to Rho independent transcriptional termination sequences.

However it is unclear whether this region has such a function, but the possibility exists that Rho-

dependant or other transcription termination mechanisms could terminate mRNA synthesis after

mdsC and/or mdsA (Henkin, 1996). lt has been reported that many prokaryotes do not rely on

hairpin formation in transcription termination (Washio et al, 1998). Nevertheless, based on the

balance of evidence, ORFs mdsA, mdsC and mdsD are predicted to be co-transcribed

(contiguous) on the same mRNA, are expressed inducibly in the presence of mucin, and

transcription terminates after mdsD. This would represent the first operon of genes associated

with mucin-desulfation and/or its degradation. Also, it is only the second operon of genes to the

best of my knowledge to be described in the genus Prevotella. An illustration of the proposed

operon is shown in Fig. 2.26. mdsB is thought to encode a protein catalysing post-translational

modification of a group at the active centre of the sulfatase (MdsA). Regulation of the proposed

operon and adjacent mdsB has not been investigated. However, it is expected either a positive

or negative regulatory transcriptional control system would occur based on the observed

induction by mucin (or derivative). To fully understand its regulation, the putative operator

region(s), regulatory protein(s) (repressor, activator or oAMP receptor protein) and inducer

molecule(s) will need to be identified. However this is beyond the aims of this thesis.

The work in this chapter has been published in two papers (Wright et al,20O0a; ibid, 2000b).

The work described in Wright et al (2OQ0a) also describes expression of recombinant MdsA

using a Bacteroides expression system, and provides an explanation of why active MdsA is not

expressed in E. coli recombinant expression systems. These aspects of the research, carried

out mainly by Dr Shanthi Parkar in this laboratory, are completely consistent with the data and

conclusions in this chapter.
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Fi1.2.26 The proposed operon of mucin-degrading genes.

Scheme showing small operon of genes (open arrows) mdsA, mdsC and mdsD co-transcribed
during growth of Prevotella strain RS2 on mucin medium. mdsA - mucin-desulfating sulfatase,
mdsB is transcribed in the opposite direction and is thought to encode an enzyme which post-
translationally modifies MdsA (indicated by dashed anow). mdsC and mdsD have unknown
functions. xx - putative promotor elements, f) - transcription termination sequence. AA - amino
acids. bp - base pairs

Minimum estimated mRNA transcript of 6300 bases
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CHAPTER 3: IDENTIFICATION, PARTIAL PURIFICATION AND CHARACTERISATION OF A
6-SU LFO-N-ACETYL-F-D-G LUCOSAM I N I DASE FROM P REVOTELLA STRAI N RS2.

3.1 Introduction

Sulfated sugar residues of mucin molecules are thought to rate-limit mucin-degradation by bacterial

glycosidases, proteases and neuraminidases (Mikani-Takagaki and Hotta,1979; Roberton and

Wright 1997; Nieuw-Amerongen et a/., 1998). Sulfatase activities with specificities against known

sulfated sugar residues of mucin have been identified in the mucin-degrading bacterium Prevotella

strain RS2, Bacferoides fragilis ATCC 25285, Bacteroides thetaiotaomicron NCTC 10582,

Burkholderia cepacia and Pseudo monas aeruginosa (Wilkinson and Roberton, 1 988; Wright et a/.,

2000b Tsai ef al,,1991, Jansen et a|.,1999). Similar activities have also been identified in human

fecal extracts (Tsai et al., 1992; Gorfield et al., 1987). Such activities have been proposed to remove

the protective sulfate groups from mucins thereby exposing the underlying sugar residues and

protein backbone to degradative enzyme activities, and are discussed in sections 1.3.4.2.1 and

1.5.2.

The N-acetyl-B-D-glucosamine-6-sulfatase identified in Prevotella strain RS2 by using the model

substrate D-glucose-6-sulfate has been purified in this laboratory (Wilkinson and Roberton, 1988).

This periplasmic enzyme was shown to desulfate 3ss-labelled mucin (Roberton et al., 1993). The

protein has been characterised to the molecular level and was found to be homologous to sulfatases

identified in other bacteria and higher organisms (Wright et al., 2000a). A novel assay system using

substrate p-nitrophenyl-N-acetyl-p-D-glucosamine-6-sulfate (pNP-GlcNAc-6-SO+) plus auxiliary

enzyme N-acetyl-p-D-glucosaminidase has been developed for the N-acetyl-B-D-glucosamine-6-

sulfatase in this laboratory (section A.2.20.1.2) (Clinch et a\.,2002).

An attempt was made to purify for the first time the N-acetyl-p-D-glucosamine-6-sulfatase from

Prevotella strain RS2 using the pNP-GlcNAc-6-SOq assay system (section A.2.20.1.2). During this

work a novel enzyme was identified serendipitously in Prevatella strain RS2 periplasm. Unlike the

N-acetyl-13-D-glucosamine-6-sulfatase, this enzyme did not desulfate substrate pNP-GlcNAc-6-SOr,

instead it removed the sulfated sugar N-acetyl-D-glucosamine-6-sulfate (GlcNAc-6-SOa) from the

pNP. This enzyme was therefore thought to act as a glycosidase, perhaps cleaving at GlcNAc-6-

SO+ residues present in oligo- or polysaccharide chains. lt is speculated that the enzyme might

remove sulfated oligosaccharides from sulfomucins, lessening the protective function of mucins. The

proposed mechanism of action is shown in Fig. 3.1. The enzyme has tentatively been called a '6-

sulfo-N-acetyl-p-D-glucosaminidase' (6-5NG) (or 6-sulfo-2-acetamido-2-deoxy-p-D-

glucopyranosidase or sulfoglycosidase). Currently only one other enzyme (human N-acetyl-B-D-
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HSO3 Gal B1-3
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Fig. 3.1 Proposed mechanism of oligosaccharide chain cleavage by 6-sulfo-N-acetyl-B-D-
glucosaminidase (6-5NG).

a. Mucin oligosaccharide chain containing a terminal N-acetyl-p-D'glucosamine-6-sulfate
(Lo-Guidice et a/, 1994). Cleavage sites for 6-SNG (1) and the mucin-desulfating sulfatase
( N-acetyl-p-D-glucosa mine-6-sulfatase) (2) are shown.
b. Cleavage products after 6-SNG (1) activity.
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hexosaminidase A) is known to remove intact N-acetyl-B-D-glucosamine-6-sulfate residues from

glycoside substrates (Kresse et a|.,1981). The human N-acetyl-p-D-hexosaminidase A has been

extensively researched, as point mutations in this protein cause the well known inheritable

autosomal recessive disorder, called Tay-Sachs disease. However, unlike the 6-5NG from

Prevotella strain RS2 (see results in this chapter), this human enzyme can remove non-sulfated N-

acetyl-D-glucosa mine from substrate pN P-GlcNAc.

ln this chapter, biochemical and chromatographic evidence will be presented to prove the existence

of the 6-SNG in Prevotella strain RS2. Biochemical analyses determining enzyme stability,

specificity, inhibition and pH profile are described. Other analyses will establish enzyme induction

following growth on mucin and enzyme location in the cell. A description of 6-SNG partial

purification to several bands on SDS-PAGE using a range of complementary chromatography

techniques (gelfiltration, ion exchange, hydroxyapatite) will be presented. Based on the data

available, a protein band was selected following SDS-PAGE and peptide fragments generated by

trypsin digestion sequenced. PCR primers were designed and a DNA amplification product

analysed.

Results

3.2 Initial characterisation of 6-sulfo-N-acetyl-13-D-glucosaminidase (6-5NG) activity

Table 3.1 presents evidence for the existence of a novel 6-SNG in Prevotella strain RSZ periplasm.

The activity data shows that a N-acetyl-p-D-glucosaminidase free fraction, purified lrom Prevotella

strain RS2 periplasm using the pNP-GlcNAc-6-SO+ assay system (section A.2.1.2O.1.3), can liberate

pNP from pNP-GlcNAc-6-SOr without auxiliary N-acetyl-B-D-glucosaminidase activity. To better

describe the properties of this newly identified enzyme, the following work was performed.

Table 3.1 Activities present in a presumptive N-acetyl-p-D-glucosamine-6-sulfatase fraction
purified from Prevotel/a strain RS2 using the pNPGlcNAc-6-SO+ assay system.

Enzyme Activity'
Substrate pNP-GlcNAc-6-SOq pNP-GlcNAc-6-SOa oNP-GlcNAc
Auxiliary enzyme +

Rate of pNP releaseo 23.4 26.0 0
a. The N-acetyl-|3-D-glucosamine-6-sulfatase purification fraction was assayed using the described reaction
profile. Reactions were performed according to sections 4.2.20.1.2, 4.2.20.1.3 and 4.2.20.1.6. Auxiliary
enzyme is N-acetyl-p-D-glucosaminidase. Abbreviations: pNP-GlcNAc-6-SOa - p-nitrophenyl-N-acetyl-fl-D-
glucosamine-6-sulfate; pNP-GlcNAc - p-nitrophenyl-N-acetyl-B-D-glucosamine.
b. Activities are nmol pNP released per minute per mL of sulfatase preparation.
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3.2.1 Stability of 6-sulfo-N-acetyl-p-D-g lucosaminidase (6-5NG) activity

Stability of enzyme activity is impoftant during purification and for subsequent studies of function.

The stability of 6-SNG activity using standard conditions of temperature (4'C) and buffer composition

(protease inhibitor, neutral pH) was determined.

Prevotella strain RS2 was grown in 0.25o/o PGMI basal medium to stationary phase (section 4.2.3.2).

Periplasmwaspreparedasdescribedinsection A.2.17.3, exceptthathalf wasdissolvedin0.lM

Tris.HCl, pH 7 .4, and the other in 0.1M Tris.HCl, pH 7 .4, 10 mM $-mercaptoethanol. Protease

inhibitor (diisopropylfluorophosphate, DFP) was added to both preparations. Each preparation was

aliquoted (100 pL) and stored at 4'C. Aliquots were assayed after 0,7 , 14 and 21 days for 6-SNG

(substrate pNP-GlcNAc-6-SOn) (section A.2.20.1 .3), N-acetyl-13-D-glucosamine-6-sulfatase

(substrate Glc-6-SOa) (section 4.2.20.1.1) and phosphatase (substrate pNP-POr) (section

A.2.20.1.6) activities (Fig. 3.2). No significant loss of 6-SNG activity was found in the presence of p-

mercaptoethanol. Activity appeared to increase up to day 14. Wlthout B-mercaptoethanol 87o/o of

activity remained after 7 days, but this reduced to 29 and 17o/o after 14 and 21 days respectively.

Unpurified 6-SNG in the presence of p-mercaptoethanol retained no more than 50% of activity after

6 weeks (results not shown).

N-acetyl-13-D-glucosamine-6-sulfatase activity decreased for aliquots with and without B-

mercaptoethanol. However, the rate of decrease in activity was lower by 20o/o in l3-mercaptoethanol

treated samples. The low initial N-acetyl-B-D-glucosamine-6-sulfatase activities observed for p-

mercaptoethanoltreated samples maybe explained by excess p-mercaptoethanol inhibiting the Glc-

6-504 assay. lodoacetamide in the assay is used to quench p-mercaptoethanol. Phosphatase

activity without p-mercaptoethanol reduced to 18.4o/o after 7 days. Reduction of phosphatase activity

for B-mercaptoethanol treated aliquots first occurred at 21 days.

3.2.2 Reaction rate of 6-sulfo-N-acetyl-p-D-glucosaminidase (6-5NG) activity

The linearity of the 6-SNG reaction under the assay conditions was determined. A 6-SNG active

DEAE-Sepharose@, pH7.4, fraction (lacking N-acetyl-p-D-glucosamine-6-sulfatase and N-acetyl-p-

D-glucosaminidase activities) was prepared as described in section 3.3. The extract was dissolved

in 50 mM Tris.HCl pH 7 .4, 10 mM l3-mercaptoethanol. Enzyme assays containing 0.075 prmol pNP-

GfcNAc-6-SOq substrate,50 mM Tris.HCl pH7.4, and 10 mM p-mercaptoethanol (total reaction

volume 0.075 mL) were performed as described in section 4.2.20.1.3. ldentical reactions were

stopped at 5 min intervals up to and including 60 min. A plot of activity versus time (not shown)
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showed 6-SNG activity was constant (1154.3 nmol/min/mg protein 6-SNG) up to 20 min. After this

time the enzyme rate decreased. Subsequent quantitative 6-5NG activity measurements have been

performed using the conditions during which 6-SNG activity was linear.

3.2.3 Induction and localisation of 6-sulfo-p-D-N-acetylglucosaminidase (6-5NG) activity in

Prevotella strain RS2.

Prevotella strain RS2 N-acetyl-p-D-glucosamine-6-sulfatase (substrate Glc-6-SOa) activity was

shown to increase following groMh on mucin medium (compared to monosaccharide energy source)

and to be localised to the periplasm (Roberton et a\.,1993; Appendix 5). Enzyme activities toward

substrates pNP-GlcNAc-6-SOr and Glc-6-SOa, rn€?sUr€d before and after treatment with sulfatase

inhibitor (PR2/53d) (section 3.5.1), suggest most activity against pNP-GlcNAc-6-SOa can be

attributed to the 6-SNG. Both the 6-5NG and the N-acetyl-p-D-glucosamine-6-sulfatase appear to

be localised predominantly in the Prevotella strain RS2 periplasm (Table 3.2). To confirm that the 6-

SNG activity is induced by mucin, and to negate the effect of N-acetyl-B-D-glucosamine-6-sulfatase

activity, activities toward substrates pNP-GlcNAc-6-SOa and Glc-6-SOq wer€ measured before and

after treatment with PR2/53d inhibitor for periplasm fractions prepared from cells grown on 0.2Yo

galactose basal medium and 0.25o/o mucin basal medium (section A.2.3.2). Activities are shown in

Table 3.3. 6-SNG activity was greater for extracts from cells grown in mucin medium compared to

galactose medium even when inhibitor was present.

Table 3.2 Activities of periplasm and cytoplasm extracts from Prevofel/a strain RS2 against selected
substrates.

Enzyme substrate Extract Activity in galactose
qrown cellst

n Activity in mucin
qrown cellsu

n

D-glucose-6-sulfate
(N-acetvl-B-D-qlucosamine-6-sulfatase)

0€IiPlasm" 5.8116.04 3 20.12t7.25" 8
cytoplasm 0.91r0.88 3 2.8712.47 I

pNP-GlcNAc-6-SOq
(6-su lfo-N-acetyl-p-D-glucosaminidase)

oeriolasm" 16.6013.61 3 115.76x68.22c 6
cytoplasm 0.07x0.12 3 2.62x2.36 6

pNP-phosphate
(phosphatase)

oeriolasm" 18.73t11.73 3 108.82t38.95c 4
cytoplasm 1.05t1.81 3 4.94x4.17 4

Oxaloacetate/NADH
(malate dehydrogenase)

periplasm 2.57J0.93 3 0.74t0.48 5
cytoplasmo 5.33+0.73 3 4.35x2.23 5

Data compiled from Table A.5.3.
a. nmol producUmin/mg protein, MeantSD from n measurements.
b. predicted cell location of enzyme, determined by the two-tailed paired-sample t test (P<0.005).
c. significant enzyme induction, determined by the one{ailed Mann-Whitney test for comparing medians of two
samples (P<0.05).
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Table 3.3 Effect of sulfatase inhibitor (PR2/53d) on periplasm N-acetyl-$-D-glucosamine-6-
sulfatase and 6-sulfo-N-acetyl-B-D-glucosaminidase (6-5NG) activities from Prevotella
strain RS2 cells grown on D-galactose and mucin supplemented basal medium.

Enzyme substrate Growth
substrate

Activity with
no inhibitof

Activity with
inhibitor PR2/53d4

pNP-GlcNAc-6-SOr
(6-5NG)

Galactose 5.35 5.12
Mucin 29.36 33.02

Glc-6-SO+
( N-acetyl-0-D-g lucosamine-6-su lfatase)

Galactose 0.75 0.26
Mucin 2.57 0.45

a. activities are nmol producVmin/mg protein. Measurements are from one experiment.

3.2.4 pH activity profile of 6-sulfo-N-acetyl-p-D-glucosaminidase (6-5NG) activity in Prevotella

strain RS2 periplasm

The pH activity profile of 6-SNG activity lrom Prevofel/a strain RS2 periplasm was determined.

Prevotella strain RS2 was grown on 0.25% mucin basal medium (section A.1 .4.1 .2) and periplasm

extract prepared (section 4.2.17 .3). The extract was dissolved in 10 mM Tris.HCl, pH 7 .4, 10 mM p-

mercaptoethanol. Aliquots were equilibrated (0"C, 30 min) in equal volumes of four buffer types

covering the pH range 4.0 - 9.0 (Fig. 3.3). The buffer types and corresponding pH values were 0.3

M acetate (pH a.0, 4.5 and 5.0), 0.3 M succinate (pH 5.0, 5.5, 6.0 and 6.5), 0.3 M imidazole (pH 6.5,

7.0 and 7.5), 0.3 M phosphate (pH 7.5 and 8.0) and 0.3 M Tris.HCl (pH 8.0, 8.5 and 9.0). The pNP-

GlcNAc-6-SOa assa! (section 4.2.20.1.3) was performed at the specified pH values for 20 min. The

pH profile is shown in Fig. 3.3. 6-5NG activity had an apparent pH optimum at 5.8 and activity

decreased to about 50% at pH 5.0 and 6.5. This pH optimum is different to that determined for the

N-acetyl-p-D-glucosamine-6-sulfatase (pH 7.5). Interestingly, an increase in activity occurred at pH

7.5 (imidazole buffer) which might be due to N-acetyl-B-D-glucosamine-G-sulfatase activity in the

periplasmic preparation. No significant inhibition in activity by buffers was evident (cf. Bacteroides

fragilis galactose-3-sulfatase and galactose-6-sulfatase inhibition by phosphate buffer; Appendix 5).

3.3 Development of strategies to purify the 6-sulfo-N-acetyl-p-D-glucosaminidase (6-5NG)

This section describes the development and partial purification of an active 6-3NG. Several different

purification techniques were investigated encompassing a range of separation strategies. A

purification scheme based on the merit of each purification technique is described. The purified

enzyme preparation was used in conjunction with other evidence to identify a SDS-PAGE protein
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band as the 6-SNG, to study 6-SNG substrate specificity, and to examine a possible mechanism of

enzyme catalysis by inhibition studies.

3.3.1 Purification development

Table 3.4 summarises the techniques used to purify the 6-5NG from Prevofel/a strain RS2 periplasm

during this research. Anion exchange chromatography was the best technique, attaining on average

a 12.9 fold increase in activity for DEAE-Sepharose@ CL-48 chromatography and 2.4foldfor

POROS@ HQ2O chromatography. Other methods, ammonium sulfate precipitation (1.3 fold),

Sephacryl 5300 size exclusion chromatography (low molecular weight 1.5 and high molecular weight

1.3 fold) and hydroxyapatiteisephadex@ G25 (1.7 fold) also increased the purity. These methods,

excluding POROS@ HQ20, retained greater than 46% of total 6-SNG activity. In comparison, less

than 11% was recovered following POROS@ HQ20, POROS@ HS2O and POROS@ HPZ purifications.

3.3.2 Partial purification of the 6-sulfo-N-acetyl-B-D-glucosaminidase (6-5NG)

Several attempts were made to purify to homogeneity the 6-SNG from Prevofel/a strain RS2

periplasm. The purification procedure below, developed in section 3.3.1, was used to prepare

amounts of 6-5NG activity sufficient for biochemical analysis, and to identify a SDS-PAGE band

corresponding to the enzyme (Table 3.5). During the purification procedure, background N-acetyl-p-

D-glucosamine-6-sulfatase and N-acetyl-p-D-glucosaminidase activities were also determined.

Purification steps were carried out at pH 7 .4 as enzyme had been shown to be stable at this pH

(section 3.2.1) (cf. activity optimum at pH 5.8).

Prevotella strain RS2 was grown in 0.25o/o (w/v) pig gastric mucin basal medium (500 mL) (section

A.1.4.1.2) to the beginning of stationary phase. Cells were harvested by centrifugation and a

periplasm extract prepared (section A.2.17.3). The 40 - 90% ammonium sulfate precipitated

periplasm fraction was collected (section A.2.18) and dissolved completely in 20 mM sodium

phosphate, pH 7 .4, 10 mM p-mercaptoenthanol buffer. Precipitated proteins were more readily

soluble in phosphate buffer than Tris.HCl buffer at this point. However, all subsequent purification

steps used Tris.HCl. Solubilised proteins were next separated by SephacryP SSOO Hn

chromatography (section A.2.19.1) using conditions listed in the Fig. 3.4 legend. The SephacryF

5300 HR chromatograph (Fig. 3.4) showed separation of 6-SNG activity into two regions (high

molecular weight fractions 18-24 and low molecular weight fractions 38-46, Fig. 3.a). Both co-eluted

with N-acetyl-B-D-glucosaminidase activity but not N-acetyl-B-D-glucosamine-6-sulfatase activity

(fraction 26-33, Fig.3.4). The low molecular weight fraction (38-46) contained approximately 64% of
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Table 3.4 Summary of purification development

Purification type Purification
technique'

Mean fold
purificationb

Mean percent of
total activity
remaining"

n Commentu

Salting-out Ammonium sulfate
orecioitation

1.310.5 91 .5r10.1 I activity in 40-90%
saturated fraction

Size exclusion Sephacryl- 5300 (LMW 1.510.3 34.618.0 6 eluted at mean
K"" of 0.38

(HMW) 1.310.2 23.9t2.4 3 eluted at mean
K"" of 0.11

Sepharose- CL-48 (LMW 0.89 1 1.9 1 eluted at K"u 0.78

(HMW ND ND 1 eluted at K,u 0.14

lon exchange DEAE-Sepharose*
cL-48 bH7.4\

12.9t7.1 59.8117.9 6 eluted with
-30.8 mM NaCl

POROS- HO2O
(pH 7.4)

2.411.2 10.618.7 4 eluted at 7.2 mS
(-58 mM NaCl)

POROS- HS2O
(pH 6.15)

ND ND 1 did not bind to cation
exchanqer

Hydroxyapatite Hydroxyap^atite/
Sephadex- G25
(HA/G25)

1.7x0.4 47.6x14.3 2
eluted with 46.2 mM
phosphate for 5 mL
HNG25 column

Hydrophobic
interaction

POROS- HP2 0.31 1.9 1 eluted at 53.6 mS
FO.44 M (NHa)zSOa)

a. Purification of 6-sulfo-N-acetyl-p-D-glucosaminidase activity by the techniques listed was
performed as described in sections A.2.18, A.2.19.1 , A.2.19.2, 4.2.19.4 and A.2.19.6. 50 mM
Tris.HCl, pH 7 .4,1 0 mM p-mercaptoethanol buffer was used for purifications Sephacryl@ S3OO,

Sepharose@ Ct-aB, DEAE Sepharose@ CL-48 and hydroxyapatite/Sephadex@ G25; 5 mM
Tris.HCl, pH7.4,10 mM B-mercaptoethanol buffer for POROS@ HQ20; 0.75 M (NH4)2SO4, 25
mM Tris.HCl, pH 7.4, 10 mM B-mercaptoethanol buffer for POROS@ HP2; and 5 mM MES, pH

6.15, 10 mM B-mercaptoethanol buffer for POROS@ HS2O.
b. Mean fold purification + standard deviation from n experiments. Fold purification determined

by comparing relative activities (nmol/min/mg protein) before and after stated purification step.
A number greater than 1 indicated an increase in relative activity. (LMW - low molecular
weight fraction; HMW - high molecular weight fraction)

c. Mean percent of total activity remaining t standard deviation from n experiments. Percent
total activity was determined by comparing total activity (nmol/min/total volume) before and
after stated purification step. A number greater than 50% indicated less than two fold
reduction in total activity.

d. Gu - partition coefficient determined for each gel filtration experiment.
ND - no data available.



I 13

Table 3.5 Purification summary of 6-sulfo-N-acetyl-B-D-glucosaminidase (6-SNG) (a and b) activity
from Prevofel/a strain RS2 periplasm

A. Purification summary of low molecular weight 6-SNG

B. Purification summary of high molecular weight 6-SNG

a. Purification fold estimated by comparing relative activities to that of periplasmic extract.
b. Recovery estimated by comparing total activities to that of periplasmic extract.

total Sephacryl@ 5300 6-5NG activity recovered. Purification of both fractions was continued.

However, purification of pooled SephacryF 5300 fractions 38-46 will be presented here.

Combined Sephacryl@ S3OO HR fractions 38-46 were concentrated by ultrafiltration (section

4.2.21.1) and the proteins separated by DEAE-Sepharose anion exchange chromatography, pH 7.4.

Unfortunately, 6-SNG activity did not bind to the DEAE-Sepharose, pH 7 .4, column at the first

Purification
method

Total activity
(nmolimin/
totalvolume)

Total protein
(mg protein)

Relative activity
(nmol/minimg
protein)

Purification
fold"

Recovery of
enzyme
activitv (%)b

Periplasmic
extract

3766.8 56.50 66.7 1 100

Ammonium
sulfate 40-90%
saturated fraction

3648.6 30.57 114.9 1.7 93.3

Sephacryl- 5300
HR pooled 38-46
fractions

1468.8 6.17 238.3 3.6 39.0

DEAE-Sepharose
fastflow pooled
25-35 fractions

1215.5 0.655 1857.1 27.8 32.3

Hydroxyapatite/
Sephadex@ G25
pooled 27-32
fractions

406.5 0.1 70 2398.2 36.0 10.8

POROS- HQ2O
pooled 20-22
fractions

34.7 0.032 1102.9 16,2* 0.9

Purification
method

Total activity
(nmol/min/
totalvolume)

Total protein
(mg protein)

Relative activity
(nmol/min/mg
orotein)

Purification
fold"

Recovery of
enzyme
activitv (%)o

Sephacryl'5300
HR pooled 18-24
fractions

809.2 9.98 81.1 1.2 21.5

DEAE-
Sepharose@
fastflow pooled
41-45 fractions

563.5 0.486 1 158.9 17.4 15.0
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38-46

2

1.67

1.33

'l

21 31 41

Fraction number

Fig. 3.4 Sephacryl 5300 HR chromatograph of Prevotella strain RS2 40 - 90 o/" ammonium sulfate
precipitated periplasm

Fractions were assayed for protein (absorbance 280 nm-r- ) and enzyme activity (6-sulfo-N-acetyf
p-D-gf ucosaminidase (6-5NG),-+-(section A.2.2O.1.3); N-acegl-p-D-glucosamine-6-sulfatase,-4-
(section A.2.20.1.1); and N-acetyl-p-D-glucosaminidase,+ (section A.2.20.1.6)). Activities are nmol
glucose or p-nitrophenol released per minute per total volume of fraction. 6-SNG active fractions (high
molecular weight 18-24 and low molecular weight 38-46) were pooled separately for DEAE-
Sepharose, pH7.4 chromatography. Chromatography parameters were: fraction size 5 mL; flow rate
2.1 mUcm2/h; running buffer 50 mM Tris.HCl, pH7.4,10 mM p-mercaptoethanol; loaded sample
volume 13 mL (-4.7% bed volume); initialvolume not collected 28 mL. Sephacryl 5300 HR column:
bed volume 277 cm3; internal diameter 2.1 cm; void volume 105 mL.
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attempt but eluted in the wash fraction (not shown). The unbound active fractions were dialysed (15

volumes of 50 mM Tris.HCl, pH 7 .4, 10 mM f)-mercaptoethanol) and re-separated. Each DEAE-

Sepharose@ experiment was performed as described in section A.2.19.2 using conditions listed in

the Fig. 3.5 legend. The DEAE-sepharose@, pH7.4, chromatograph for the pooled dialysed DEAE-

Sepharose@ fractions that did not bind in the first instance is presented in Fig. 3.5. The

chromatograph showed separation of 6-SNG activity (fractions 22-30, Fig. 3.5) from N-acetyl-B-D-

glucosaminidase activity. Note, although not shown here, crude periplasm 6-SNG could also be

separated from the N-acetyl-p-D-glucosamine-6-sulfatase using DEAE-Sepharose@ fast flow

chromatography. The N-acetyl-p-D-glucosamine-6-sulfatase required less salt for elution compared

to the 6-SNG (ct. -10.0 mM NaCl for the sulfatase and -30.8 mM NaCl for the 6-SNG).

Pooled DEAE-Sepharose@ fractions (22-30) were next separated by hydroxyapatite/Sephadex@ G25

chromatography. Purification by hydroxyapatite/Sephadex@ G25 was performed as described in

section A.2.19.4 using conditions listed in the Fig. 3.6 legend. The hydroxyapatite/Sephadex@ G25

chromatograph of the combined DEAE-Sepharose@ fractions 22-30 is presented in Fig. 3.6. Bound

6-SNG activity eluted as a single broad peak (fractions 27-32). Most proteins however, did not bind

to hydroxyapatite/Sephadex@ G25.

Hydroxyapatite/Sephadex@ G25 fractions 27-32 were combined, dialysed (100 volumes of 5 mM

Tris.HCl, pH7.4,10 mM p-mercaptoethanol buffer, section A.2.22) and concentrated (section

A.2.21.1). The extract was then separated by POROS@ HQ2O anion exchange Perfusion

chromatography as described in section A.2.19.6 using conditions and parameters listed in Fig. 3.7

legend. The POROS@ HQ2O chromatograph for the hydroxyapatite/Sephadex@ G25 27-32 extract is

shown in Fig. 3.7. Bound 6-SNG activity eluted as a single peak (fractions 20-22, Fig. 3.7). Active

fractions were pooled and concentrated (section A.2.21.'1). Enzyme activities, 6-5NG, N-acetyl-B-D-

glucosamine-6-sulfatase and N-acetyl-B-D-glucosaminidase, were determined (Table 3,6). The 6-

SNG fraction lacked both N-acetyl-p-D-glucosamine-6-sulfatase (section A.2.20.1.1) and N-acetyl-B-

D-glucosaminidase (section 4.2.20.1.6) activity. The complete purification procedure is summarised

in Table 3.5.

To determine purity of the POROS@ HQ2O preparation, an aliquot (31.5 pg protein) was dialysed

(600 volumes water), concentrated (section A.2.21.1)then separated by SDS-PAGE (section

4.2.12.3). Proteins were stained first with Coomassie blue (section 4.2.12.3.1) then with silver

nitrate (section 4.2.12.3.2) (Fig. 3.8). Three bands (84.7 ,67.0 and 45.4 kDa) were identified in the

POROS@ HQ20 fraction by Coomassie blue staining as possible candidates for the 6-sulfo-N-

acetylglucosaminidase (Fig. 3.8a). The 67.0 kDa band had the highest density as judged by the
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Fig. 3.5 DEAE-Sepharose fastflow chromatograph of fractionated pooled concentrated Sephacryl
5300 HR fraction 38-46 (see Fig 3.4).

Fractions were assayed for protein (absorbance 280 nm,+ ), NaCl concentration (mol/L,-+-
(determined using conductivity (mMHO) and calibration curve (not shown)) and enzyme activity (6-
sulfo-N-acetyl-p-D-glucosaminidase (6-SNG)-+ (section A.2.20.1.3); and N-acetylf-D-
glucosaminidase{- (section A.2.20.1.6)). Activities are nmol p-nitrophenol released per min per
total volume of fraction. The 6-SNG active fractions (22-30) pooled for hydroxyapatite/Sephadex G25
chromatography are shaded. Chromatography parameters were: fraction size 5 mL (fractions 1-9),
2.5 mL (fractions 10-50); flow rate 7.58 mUcnf/h; running buffer 50 mM Tris.HCl pH7.4,10 mM p-
mercaptoethanol; loaded sample volume 46 mL, initial wash volume 12 mL running buffer; salt
gradient, 0 -0.2 M NaCl in 90 mL running buffer; final wash volume 25 mL 1.0 M NaCl in running
buffer. DEAE-Sepharose fastflow column: bed volume 11.4 cnf; internal diameter 1.1 cm.
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Fig. 3.6 Hydroxyapatite/Sephadex G25 chromatograph of fractionated pooled DEAE
Sepharose , pH 7 .4 fractions 22-30 (see Fig. 3.5).

Fractions were assayed for protein (absorbance 280 rtfil,* ), phosphate concentration
(mol/L,# (determined using fraction conductivity (mMHO) and calibration curve (not
shown)) and 6-sulfo-N-acetyl'p-D-glucosaminidase (6-SNG) activity -# (section
4.2.20.1.3). Activity is nmol p-nitrophenol released per min per total volume of fraction. The
6-SNG active fractions (27-32), pooled for POROS@ HQ20 chromatography, are shaded.
Chromatography parameters were: fraction size 5 mL (fractions 1-17),2.5 mL (fractions 18-
53); flow rate 1 1 .95 mUcm2/h; running buffer 50 mM Tris.HCl pH 7 .4,10 mM p-
mercaptoethanol; loaded sample volume 25 mL; initialwash volume 60 mL running buffer;
salt gradient, 0 -0.3 M Na2HPOo in 90 mL running buffer; final wash volume 12.5 mL 0.4 M
Na2HPOo in running buffer. Hydroxyapatite/Sephadex G25 column: bed volume 2.5 cnf;
internal diameter 1.3 cm.
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Fig. 3.7 POROS@ HQ20 chromatograph of fractionated pooled concentrated
Hydroxyapatite/Sephadex G25 fractions 27-32 (see Fig. 3.6).

Protein (-+- , absorbance 280 nm) and conductivity Ff , mS) data obtained from BIOCAD
measurements. Fractions were assayed for 6-sulfo-N-acetylf-D-glucosaminidase (6-SNG)
activity ( +, section A.2.20.1.3). Activities are nmol p-nitrophenol released/min/totalvolume
of fraction. The 6-SNG active fractions (20-22) pooled for enzyme analysis are shaded.
Chromatography parameters for POROS@ HQ20 experipment were. fraction size 1.5 mL
(fractions were not collected between column volumes 5 and 11) ; flow rate 1807.2 mUcr#/h;
running buffer 5 mM Tris.HCl pH7.4,10 mM p-mercaptoethanol; injected sample volume 5.0
mL); initialwash volume '10 CV running buffer; salt gradient, 0 -0.3 M NaCl in 25 CV running
buffer; final wash volume 25 CV 1.5 M NaCl in running buffer. POROSP HQ20 column: bed

volume 1.662 cm3; internal diameter 0.46 cm.
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National Institutes of Health (NlH) image program (performed by a Macintosh computer). In addition,

two further bands (43.'1 and 38.6 kDa) were found following silver staining (Fig. 3.8c). lntensity of

silver stain is not proportional to the amounts of protein present.

Table 3.6 Summary of enzyme activities present in pooled fractions from purification experiment
described in section 3.3.2.

a. Total activity - nmol/min/ total volume of extract.
b. Relative activity - nmol/min/mg protein.
ND - no data available.

3.3.3 Evidence for the assignment of 6-5ulfo-N-acetyl-ft-D-glucosaminidase (6-5NG) to the

67.0 kDa SDS-PAGE protein band

Two main lines of evidence were used to assign tentatively the 67.0 kDa SDS-PAGE band to the 6-

SNG. Firstly, the 67.0 kDa band (band ii, Fig. 3.8) stained more intensely with Coomassie blue,

attaining a higher integrated density compared to bands i and iii. This assumes that after the

Purification step pNPGlcNAc-6-SOa
Total activity"
IRelative activity]o

Glc-6-SOa
Totalactivitya
[Relative activity]o

pNPGlcNAc
Total activitya

IRelative activity]o

Periplasmic extract 3766.8
t66.71

1413.2
117.91

10336.8
t182.91

Ammonium sulfate
40-90% saturated
fraction

3648.6
[114.e]

202.1

[5.66]

7763.4
1244.51

Low molecular weight 6-sulfo-N-acetyl-F-D-glucosaminidase purification summary
Sephacryl- 5300
HR pooled 38-46
fractions

1468.8
[238.3]

0

I0l
1741.1

1282,41

DEAE-Sepharose-
fastflow pooled 25-
35 fractions

1215.5

[1857.1]
0

t0I

n

t0l

Hydroxyapatite/
Sephadex@ G25
pooled fractions
27-32

406.5
123e8.21

0

t0l

0

t0l

POROS* HQ2O
pooled 20-22
fractions

34.7

[1 102.e]
ND

[ND]

ND

IND]

High molecular weight 6-sulfo-N-acetyl-13-D-glucosaminidase puriflcation summary
Sephacryl'5300
HR pooled 18-24
fractions

809.2
[81.1]

0

I0l
169s.8
[170.0]

DEAE-Sepharose*
fastflow pooled 41-
45 fractions

563.5
[1 158.e]

0

t0l

0

I0l
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Fig. 3.8 SDS-PAGE analysis of pooled dialysed concentrated POROS@ HQ20 fractions 20 - 22
(see Fig. 3.7)

A portion of POROS@ HQ20 pooled fractions 20 - 22 (1.5 mL; -31.4rg) was dialysed (600
volumes water) (section A.2.22), concentrated by lyophilization (section A.2.21.3) and dissolved
in -5pL water. SDS-PAGE was performed as described in section A.2.12.3. The 12o/o
acrylamide gelwas stained with Coomassie blue (Rosenfeld stain, section A.2.12.3.1J, then
silver stain (section A.2.12.3.2). (A) Three bands i., ii. and iii. (84.7, 67.5 and 45.1 kDa
respectively) were identified by Coomassie blue staining. (B) Integrated densities of stained
bands were compared using US National Intitutes of Health (NlH) image program. (C) Two
additional bands iv. and v. (43.1 and 38.6 kDa respectively)were identified following silver
staining. Note, band ii. (67.5 kDa) was excised from the gel prior to silver staining for sequence
analysis. Due to poor reproduction of the silver stain gel in figure, bands are indicated by arrows.
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purification process, the purified enzyme would be present in the highest amount. Secondly, the

67.0 kDa band is very similar to the approximate native molecular weight of the 6-SNG (67.9 kDa)

(Fig. 3.9 below) as determined by size exclusion chromatography analysis (see below for

experimental details). Note, that this weight is similar to the only other known enzyme (human N-

acetyl-p-D-hexosaminidase A; a-subunit 60.7 kDa) exhibiting 6-5NG activity. An attempt to

characterise the 67.0 kDa band at the molecular level is described later (section 3.4).

The approximate native molecular weight for the 6-SNG was determined using size exclusion

chromatography and comparison to protein standards. Separation by SephacryF S3O0 was

performed as described in section 4219.1 using conditions and parameters listed in Fig. 3.9.

Measurable protein standards used were glucose oxidase (186 kDa), N-acetyl-B-D-glucosamine-6-

sulfatase (111 kDa) and lactoferrin (80 kDa). The 6-SNG and the standards were combined before

application to Sephacryl@ S3OO. Determination of standards in fractions was performed as stated in

Fig. 3.9legend.

The calculated native molecular weight for the 6-SNG was estimated to be 67.9 kDa. The molecular

weight estimation was determined from an extrapolated line (Fig. 3.9a) from several experiments.

lnterestingly, during the 6-5NG molecular weight determination, it was found that ovalbumin (43

kDa) when present as standard, increased 6-SNG apparent native molecular weight from -67.9 kDa

to -89.9 kDa (Fig. 3.9b). This suggests that ovalbumin interacts with the 6-SNG. No increase was

found when bovine serum albumin was used in place of ovalbumin (Fig. 3.9a).

3.3.4 Enzyme kinetic analysis

The Michaelis-Menton constant (Kn.) and maximum reaction velocity (V,n"*) were determined for the

partially purified 6-sulfo-N-acetyl-p-D-glucosaminidase (6-5NG) using conditions described in section

A.2.2O.1.3 at pH 7.4. The K, and Vrr* values, calculated using the Cornish-Bowden plot were

0.2610.06 mM and 3.13t0.26 prmol/min/mg protein respectively. The K, and V,"* values for the 6-

SNG were not determined at pH 5.8.
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Fig. 3.9 Determination of native molecular weight for the 6-Sulfo-N-acetylf-D-
glucosaminidase (6SNG) using size exclusion chromatography and the effect of
ovalbumin

The 6-SNG and standards were chromatographed on Sephacryl 5300 HR. Protein standards
used were lactoferrin, glucose oxidase, N-acetyl-B-D-glucosamine-6-sulfatase and either (a.)
0.3 mg bovine serum albumin or (b.) 0.3 mg ovalbumin (43 kDa). Fractions were assayed for
protein (absorbance 280 nm, + ), lactoferrin (absorbance 465 nm, + after 0.3pmol
FeSOa was added to tube) and enzyme activity (6-SNG,4(section A.2.20.1.3); N-acetylfl-
D-glucosamine-6-sulfatase, * (section A.2.20.1.1 ); and glucose oxidase,+ (section
A.2.20.1.1)). Activities are nmol glucose or p-nitrophenol released per minute per total
volume of fraction. Amounts of molecular weight standards and sample loaded were: glucose
oxidase ('186 kDa, 264 units enzyme), N-acetyl-p-D-glucosamine-6-sulfatase (111 kDa, 18.3

nmol/min), lactoferrin (80 kDa, -5 mg) and 6-SNG (117.9 nmol/min). Elution volumes (Ve)
were determined. A plot of logls molecular weight standard versus VeA/o for estimation of
unknown molecular weight 6-SNG are shown. Faint line(s) at end(s) of curves are
extrapolations of curve. Chromatography parameters were: fraction size 0.97 mL; flow rate
9.9 mUcm2/h; running buffer 50 mM Tris.HCl, pH7.4,10 mM p-mercaptoethanol; loaded
sample volume 0.4 mL (-0.6% bed volume); initial volume not collected (a.l 2a mL and (b.)

25 mL. Sephacryl S3OO HR column: bed volume 70 cnF; internal diameter 1.0 cm; void
volume (Vo) 32 mL.
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3.3.5 Substrate specificity analysis of the 6-5ulfo-N-acetyl-p-D-glucosaminidase (6-5NG) and N-

acetyl-B-D-g lucosamine-6-su lfatase by paper chromatography.

3.3.5.1 Enzyme specificity toward sulfated monosaccharides and p-nitrophenyl substrates.

Enzyme speciflcity of partially purifled 6-5NG and N-acetyl-p-D-glucosamine-6-sulfatase POROS@

HO20 active fractions (section 3.3.2) were determined using ascending paper chromatography as

described in section A.2.20.2.8. Selected sulfated monosaccharides and p-nitrophenyl substrates

(Fig. 3.10 and 3.11) were treated with POROS@ HQ2O purified 6-SNG (low molecular weight 0.04

nmol/min/reaction; and high molecular weight 0.02 nmol/min/reaction) and N-acetyl-|3-D-

glucosamine-6-sulfatase (0.23 nmol/min/reaction) activities. Reactions were performed as

described in section A.2.20.2.8 and Fig. 3.10 and Fig. 3.11 legends. Samples and standard

glycosides were spotted onto Whatman paper and separated using a butanol:acetic acid:hydroxide

solvent mix (section A.2.20.2.8). p-Nitrophenyl compounds were visualised by short wave UV light

and recorded (section A.2.20.2.8). Reducing sugars and sugar sulfates were visualised using

alkaline silver nitrate (section A.2.20.2.8.1). The chromatography results for substrates treated with

6-SNG low and high molecular weight fractions are shown in Fig. 3.10. The chromatogram showed

the POROS@ HQ2O purified low molecular weight 6-5NG fraction did not desulfate D-galactose-6-

sulfate (lane 2, Fig. 3.10), D-glucose-6-sulfate (lane 5, Fig. 3.10), N-acetylglucosamine-6-sulfate

(lane 8, Fig. 3.10) or remove N-acetyl-D-glucosamine from pNP-GlcNAc (lane 12,Fi1.3.10).

However, this 6-SNG preparation was able to remove N-acetylglucosamine-6-sulfate from pNP-

GlcNAc-6-SOq (lanes 15 and 18, Fig. 3.10) compared to controls (lanes 9, 14 and 19, Fig.3.10).

ldentical results were obtained using the POROS@ HQ20 purified high molecular weight 6-5NG

fraction (lanes 13 and 16, Fig. 3.10). These results support the existence of at least one 6-SNG in

Prevotella strain RS2 periplasm.

The chromatography results for substrates treated with the N-acetyl-p-D-glucosamine-6-sulfatase

active fraction (section 3.3.2) are shown in Fig. 3.11. As expected the POROS@ HQ2O N-acetyl-p-D-

glucosamine-G-sulfatase purified fraction desulfated D-glucose-6-sulfate (lane 5, Fig. 3.1 1), N-acetyl-

D-glucosamine-6-sulfate (lane 8, Fig. 3.1 1) and pNP-GlcNAc-6-SO+ (lanes 1 1 and 1 3, Fig. 3.1 1).

Further, this N-acetyl-13-D-glucosamine-6-sulfatase preparation released pNP-GlcNAc from pNP-

GlcNAc-6-SO4 (lane 11, Fig. 3.11) and pNP plus GlcNAc when auxiliary N-acetyl-p-D-

glucosaminidase was present (lane 13, Fig. 3.11). No activity was found against pNP-GlcNAc (lane

16, Fig. 3.11) or D-galactose-6-sulfate (lane 2, Fig. 3.11). These results are consistent with

specificities identified by Roberton et al. (1993) about the N-acetyl-p-D-glucosamine-6-sulfatase from

Prevotella strain RS2 periplasm. Differences in observed specificities for the 6-SNG (Fig. 3.10) and
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Fig. 3.10 Paper chromatography analysis of action of POROP HQ20 6-sulfo-N-acetyl- p-D-
glucosaminidase (6-SNG) purified fractions on selected glycosidase substrates

Figure compiled from two separate chromatography experiments. Enzyme reactions were
performed as described in section A.2.20.2.8. Substituted p-Nitrophenyl compounds (purple)
and unsubstituted p-nitrophenol (yellow ) visualised by short wave UV light are shown
(irregular rings). N-acetyl-D-glucosamine was difficult to distinguish from background and is
indicated (black triangle). Background signals from the auxillary N-acetyp-D-glucosaminidase
crude preparation (lane 20) (black circles) and buffer consitituents (arrows in margin) are
indicated. Faint signals or those bleached by reaction constituents seen on chromatogram but
difficult to see on reproduction are indicated (open triangle).
Lane 1 - D-galactose (Gal) standard (0.12pmol);
Lane 2 - D-galactose-6-SO4 (0.12 pmol) treated with PORO9 HOZO 6-SNG active fraction

(from low molecular weight Sephacryl 5300 pooled fraction, LMW, section 3.3.2);
Lane 3 - D-galactose-6-SOo (Gal-6-SOa) standard (0.12 pmol);

Lane 4 - D-glucose (Glc) standard (0.12 pmol);

Lane 5 - D-glucose-6-So4 (0.12 umol) treated with POROg HOZO (LMW 6-SNG fraction;

Lane 6 - D-glucose-6-So4 (Glc-6-SO/ standard (0.12 pmol);

Lane 7 - N-acetyl-D-glucosamine (GlcNAc) standard (0.12pmol);

Lane 8 - N-acetyl-D-glucosamine-6-SQ (0.12 pmol) treated with POROg HOZO (LMW 6-SNG

fraction;
Lane 9 - N-acetyl-D-glucosamine-6-SQ (GlcNAc-6-SO4) standard (0.12 pmol);

l-ane 10 - PoRog HQ20 (LMW 6-SNG fraction;
Lane 1 1 - p-nitrophenyl-N-acetyl-p-D-glucosamine (pNPGlcNAc) standard (0. 1 Qtmol) ;

Lane 12 - p-nitrophenyl-N-acetyl-B-D-glucosamine (0.12pmol) treated with PORO9 HOZO

(LMW 6-SNG fraction;
Lane 13 - p-nitrophenyl-N-acetyl-p-D-glucosamine-6-SQ (0.t2 prmol) treated with PORO9

HQ20 6-SNG active fraction (from high molecular weight Sephacryl 5300 pooled fraction,
HMW);
Lane 14 - p-nitrophenyl-N-acetyl-p-D-glucosamine-O-SQ (pNPGlcNAc€-SQ) standard (0.12

pmol);

Lane 15 - p-nitrophenyl-N-acetyl-B-D-glucosamine-6-Sq (0.12 pmol) treated with PORO9
HQ20 (LMW 6-SNG fraction;
Lane 16 - p-nitrophenyl-N-acetyl-p-D-glucosamine-G-Sq (0 12 pmol) treated with PORO9
HQ20 (HMW 6-SNG fraction and auxiliary N-acetyp-D-glucosaminidase (6 units);
Lane 17 - p-nitrophenyl-N-acetyl-p-D-glucosamine-6-Sq (0.12 pmol) and auxiliary N-acetyl{t-

D-glucosaminidase (6 units) standard;
Lane 18 - p-nitrophenyl-N-acetyl-p-D-glucosamine-6-Sq (0.12 pmol)treated with PORO9
HQ20 (LMW 6-SNG fraction and auxiliary N-acetyp-D-glucosaminidase (6 units);
Lane 19 - p-nitrophenol (pNP) standard (0.12pmol);
Lane 20 - auxiliary N-acetyl-p-D-glucosaminidase (6 units) standard.
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Fig. 3.11 Paper chromatography analysis of action of POROP HQ20 N-acetyl-B-D-
glucosamine-G-sulfatasepurified fraction on selected glycosidase substrates

Enzyme reactions were performed as described in section A.2.20.2.8. Substituted p-
nitrophenyl compounds (purple) and unsubstituted p-nitrophenol (yellow) visualised by sho!
wave UV light are indicated (irregular ring, faint signal indicated by dashed ring). N-acetyl-D-
glucosamine was difficult to distinguish from background and is indicated (black triangle).
Background signals from the crude auxillary N-acetylS-Dglucosaminidase preparation (lane

20) (black circles) and buffer consitituents (arrows in margin) are indicated. A faint signal
seen on chromatogram but difficult to see on reproduction is indicated (open triangle).
Lane 1 - D-galactose (Gal) standard (0.12ltmol);

Lane 2 - D-galactose€-SOa (0.12 pmol) treated with PORO9 HOZO N-acetyl$-D-
glucosamine-6-sulfatase active fraction (section 3.3.2);
Lane 3 - D-galactose-6-SOa (Gal€-SO4) standard (0.12 pmol);

Lane 4 - D-glucose (Glc) standard (0.12 pmol);

Lane 5 - D-glucose-6-SO4 (0.12 pmol) treated with PORO9 HOZO sulfatase fraction;

Lane 6 - D-glucose-6-SO4 (Glc-6-SOa) standard (0.12 pmol);

Lane 7 - N-acetyl-D-glucosamine (GlcNAc) standard (0.12pmol);

Lane 8 - N-acetyl-D-glucosamine-6-SQ (0.12 pmol) treated with PORO9 HOZO sulfatase

fractron;
Lane 9 - N-acetyl-D-glucosamine-6-SQ (GlcNAc-6-SO/ standard (0.12 pmol);

Lane 10 - PORO9 HQ20 sulfatase fraction;
Lane 11 - p-nitrophenyl-N-acetyl-p-D-glucosamine-6-Sq (0.12 Umol) treated with PORO9

HQ20 sulfatase fraction;
Lane 12 - p-nitrophenyl-N-acetyl-B-D-glucosamine-6-SQ $NPG|cNAc-6-SQ) standard (0.12

pmol);

Lane l3 - p-nitrophenyl-N-acetyl-p-D-glucosamine€-SQ (O.te pmol) treated with PORO9

HQ20 sulfatase fraction and auxiliary N-acetylf-D-glucosaminidase (6 units);
Lane 14 - p-nitrophenyl-N-acetyl-p-D-glucosamine-6-Sq (0.12 1rmol) and auxiliary N-acetyl-

p-D-glucosaminidase (6 units) standard;
Lane 15 - p-nitrophenyl-N-acetyl-B-D-glucosamine (pNPGlcNAc) standard (0.1?rmol),

Lane 16 - p-nitrophenyl-N-acetyl-p-D-glucosamine (0.12pmol) treated with PORO9HOZO
sulfatase fraction:
Lane 17 - p-nitrophenol (pNP) standard (0.12pmol).
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N-acetyl-p-D-glucosamine-G-sulfatase (Fig. 3.1 1) purified fractions confirm existence of two separate

enzymes.

3.3.5.2 Enzyme specificity toward novel sulfated disaccharides and p-nitrophenyl substrates

Enzyme specificity toward novel sulfated disaccharide substrates for partially purified 6-sulfo-N-

acetyl-p-D- glucosaminidase (6-5NG) (section 3.3.2) and recombinant N-acetyl-p-D-glucosamine-6-

sulfatase was determined. Disaccharide substrates (0.12 prmol) GlcNAc-6-SO4(131-3)GalNAc,

GlcNAc(13 1-3)GalNAc-6-SO4 and Gal-6-SO4 (F 1-3)GalNAc (Fig. 3.12) kindly supplied by A. Corfietd

(University of Bristol), were treated with 6-SNG (POROS@ HQ2O fractions 20-22 (section 3.3.2); 17.6

nmol/min/reaction) and N-acetyl-B-D-glucosamine-6-sulfatase (purified recombinant sulfatase from

construct pVGA-3+mdsA (Wright et a\.,2000a); 24.5 nmol/min/reaction) as described in section

4.2.20.2.8 and Fig. 3.13 legend. Reactions and appropriate standards were then separated by

paper chromatography (section A.2.20.2.8) and the reducing sugars stained (section A.2.20.2.8.1).

The chromatogram is shown in Fig. 3.13. The 6-SNG did not exhibit activity toward GlcNAc(B 1-

3)GalNAc-6-SO+ and Gal-6-SOr (B 1-3)GalNAc (Fig. 3.13a). However, possible but not conclusive

activity was found toward GlcNAc-6-SOc(F1-3)GalNAc (lane 8, Fig. 3.13a). The N-acetyl-B-D-

glucosamine-6-sulfatase also lacked activity against GlcNAc(13 1-3)GalNAc-6-SO4 and Gal-6-50+ (F

1-3)GalNAc (not shown). Probable sulfatase activity was found toward GlcNAc-6-SOa(F1-3)GalNAc

(lane 14, Fig. 3.13b). Again this was not conclusive. Note, the GlcNAc(F1-3)GalNAc disaccharide

was not available for use as standard.

To further investigate 6-5NG specificity, activity against model pNP- substrates pNP-crGal, pNP-

pGal, pNP-GlcNAc, pNP-GlcNAc-6-SOq and Gal(81-4)GlcNAc-6-SOa-pNP (kindly supplied by R.

Furneaux, lRL, Lower Hutt) (Fig. 3.12) was studied. Enzyme reactions were performed as described

in sections A.2.20.1.3 and A.2.20.1.6 and Table 3.7 legend using a Hydroxyapatite/SephaOef CZS

purified 6-SNG fraction (section 3.3.2). Enzyme activities are listed in Table 3.7. The

Hydroxyapatite/Sephadex@ G25 purified fraction lacked cr-galactosidase, g-galactosidase and N-

acetyl-13-D-glucosaminidase activities as expected. Interestingly, no activity toward Gal(p1-

4)GlcNAc-6-SOa-pNP was found despite significant activity toward pNP-GlcNAc-6-SO+, suggesting

the 6-SNG is not an endo- acting enzyme (ie. does not cleave within oligosaccharide chains). When

auxiliary p-D-galactosidase (Grade Vl, E. coli) was added to the reaction (ie. to remove terminal [3-D-

galactose from Gal(p1-4)GlcNAc-6-SOa-pNP and enable the 6-5NG access to the sulfated

monosaccharide pNP- substrate) no activity was found. This implies the p-D-galactosidase was not

active against the disaccharide substrate (it could however remove p-D-galactose from pNP-p-gal,

not shown). However, Prevotella strain RS2 periplasm extract has been shown previously to release
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Fig.3.12 Structures of sulfated disaccharide sugars and N-acetyl-D-glucosamine-6-sulfate
p-nitrophenyl substrates used for specificity analysis

Abbreviations: GlcNAc-6-SO4-(p1-3)-GalNAc, N-acetyl-D-glucosamine-6-sulfate(11-3)N-
acetyl-D-galactosamine; GlcNAc-(|31-3)-GalNAc-6-SOa, N-acetyl-D-glucosamine(131-3)N-

acetyl-D-galactosamine-6-sulfate; Gal-6-5Oo-(81-3)-GalNAc, D-galactose-6-sulfate(p1-3)N-

acetyl-D-galactosamine; pNP-GlcNAc-6-SOo. p-nitrophenyl-N-acetyl-p-D-glucosamine-6-
sulfate; Gal-(p1-4)-GlcNAc-6-SOa-pNP, D-galactose-(p1-a)-N-acetyl-D-glucosamine-6-sulfate-
p-nitrophenyl.
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Fig. 3.13 Paper chromatography analysis of action of partially purified (A.) 6-sulfo-N-acetylf-
D-glucosaminidase (6-5NG) and (8.) N-acetylf-D-glucosamine-6-sulfatase on novel
disaccharide substrates

Figure compiled from two separate chromatography experiments. Substrates treated with the
6-SNG (POROS@ HQ20 fractions 20-22, section 3.3.2) and the N-acetyl-B-D-gucosamine-6-

sulfatase (expressed recombinant) are shown in A. and B. respectively. Enzyme reactions
were performed as described in section A.2.20.2.8. Faint N-acetyl-D-galactosamine 6.) and
N-acetyl-D-glucosamine-6-sulfate(F1-3)N-acetyl-D-galactosamine (8.) signals difficult to

distinguish are indicated (black triangle). Background signals from buffer consitituents or
enzyme are indicated (arrows in margin).
Lane 1 - partially purified 6-SNG (POROSP HQ20 6-SNG fractions 20-22);
Lane 2 - D-galactose (Gal) standard (0.12 pmol);
Lane 3 - D-galactose-6-sulfate (F1-3) N-acetyl-D-galactosamine (Gal6S-GalNAc) standard (12

pmol);
Lane 4 - D-galactose-6-sulfate (F1-3) N-acetyl-D-galactosamine (0.12 pmol) treated with

POROS@ HQ20 6-SNG fractions 20-22;
Lane 5 - D-galactose-6-SOa (Gal6S) standard (0.12 pmot);

Lane 6 - N-acetyl-D-galactosamine (GalNAc) standard (0.12 pmol);

Lane 7 - N-acetyl-D-glucosamine-6-sulfate (GlcNAc6S) standard (0. 1 2 pmol);

Lane 8 - N-acetyl-D-glucosamine-6-SOo (F1-3) N-acetyl-D-galactosamine (0.12 pmol) treated

with PoRos@ HQ20 6-SNG fractions 20-22:
Lane 9 - N-acetyl-D-glucosamine-6-SOa (P1-3) N-acetyl-D-galactosamine (GlcNAc6S-GalNAc)

standard (0.12 pmol);
Lane 10 - N-acetyl-D-glucosamine (91-3) N-acetyl-D-galactosamine-6-sulfate (GlcNAc-

GalNAc6S) standard (0.12 pmol);
Lane 11 - N-acetyl-D-glucosamine (p1-3) N-acetyl-D-galactosamine-6-sulfate (0.12 pmol)

treated with POROS@ HQ20 6-SNG fractions 2O-?2;
Lane 12 - N-acetyl-D-glucosamine (GlcNAc) standard (0.12 pmol);

Lane 13 - N-acetyl-D-glucosamine-6-SO. (F1-3) N-acetyl-D-galactosamine (GlcNAc6S-

GalNAc) standard (0.12 pmol);
Lane 14 - N-acetyl-D-glucosamine-6-SOo (p1-3) N-acetyl-D-galactosamine (0.12 pmol)treated

with recombinant N-acetyl-p-D-glucosamine-6-sulfatase;
Lane 15 - N-acetyl-D-glucosamine (GlcNAc) standard (0.12 pmol);

Lane 16 - N-acetyl-D-galactosamine (GalNAc) standard (0.12 pmol);

Lane 17 - N-acetyl-D-glucosamine-6-SOa (P1-3) N-acetyl-D-galactosamine (0.12 pmol)treated

with recombinant N-acetyl-B-D-glucosamine-6-sulfatase preincubated with sulfatase inhibitor

PR2/53d (1.5 nmol);
Lane 18 - N-acetyl-D-glucosamine-6-sulfate (GlcNAc6S) standard (0.12pmol);

Lane 19 - recombinant N-acetyl-F-D-glucosamine-6-sulfatase from expression construct
pVGA-3+mdsA (Wright et al, 2000a) (1.23 nmol glucose/min);
Lane 20 - inhibitor PR2/53d (1.5 nmol).
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pNP from Gal(p1-a)GlcNAc-6-SOo-pNP (P. Rhodes, personal communication) suggesting that either

another endo-6-SNG enzyme is found in Prevotella strain RS2 periplasm or a p-galactosidase

specific for the disaccharide substrate is present. The specificity of 6-SNG requires further work

when more of this substrate becomes available from lRL.

Table 3.7 pNP- substrate activities present in a Hydroxyapatite/Sephadef G25 purified 6-sulfo-N-
acetyl-p-D-glucosamin idase (6-SNG) fraction

Reaction mixture Activitv (n mol/min/m L)

No sulfatase
inhibitor

Sulfatase inhibitor
(PR2i53d)

pNP-c-gal 0.0 0.0
pNP-B-gal 00 00
oNP-GlcNAc 0.0 0.0
pNP-GlcNAc-6-SOq 16.3 15.4
pNP-GlcNAc-6-SOa + IRL/GEC1 60 1.5 ND
Gal(01 -4)GlcNAc-6-SOo-pNP 0.0 0.0
Gal(F 1 - )GlcNAc-6-SOa-FNP + | RL/GEC1 60 0.0 ND
Gal (F 1 -4)GlcNAc-6-SOa-FN P + $-galactosidase 0.0 ND

Reactions were performed according to sections A.2.20.1.3 and A.2.20.1.6. Where appropriate, N-
acetyl-B-D-glucosamine-6-sulfatase inhibitor (PR2/53d) was included at 1 mM; 6-5NG inhibitor
IRL/GEC160 (section 3.5.2) at0.2 mM, and auxiliary p-D-galactosidase activity at 1% (wiv).
Abbreviations: pNP-a-gal - p-nitrophenyl-c-galactose; pNP-p-gal- p-nitrophenyl-B-galactose;
pNPGlcNAc-6-SOn - p-nitrophenyl-N-acetylglucosamine-6-sulfate; pNPGlcNAc - p-nitrophenyl-N-
acetylglucosamine; Gal(p1- )GlcNAc-6-SOo-pNP - D-galactose-(fl 1-4)-N-acetyl-p-D-glucosamine-6-
sulfate-p-nitrophenyl; IRL/GEC160 - 6-acetamido-6-deoxycastanospermine (Note, inhibition studies
of 6-SNG by IRL/GEC160 is described in detail in section 3.5.2); ND - no data. Activities are nmol
pNP released per minute per mL of preparation.

3.4 Molecular analysis of the 67.0 kDa SDS-PAGE protein band

This section briefly describes work attempting to characterise the 67.0 kDa band predicted to

correspond to the 6-5NG (section 3.3.3).

The 6-SNG was re-purified (section 3.3.2) without the Hydroxyapatite/Sephadef G25 and POROS@

HQ20 procedures (which resulted in significant losses of enzyme activity) so that sufficient quantities

of 67.0 kDa protein could be obtained for sequencing. After SDS-PAGE the region corresponding to

the 67.0 kDa protein was excised from the gel. A small portion was electrophoresed to check for

correct molecular weight (not shown). ln-gel trypsin digestion of the 67.0 kDa SDS-PAGE protein

band was performed (section A.2.23) and peptide fragments extracted, followed by separation using

RP-HPLC (section A.2.19.8) (chromatography performed by C. Knight, Auckland Protein Sequencing
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Unit). Three peptide peaks were selected for initial amino acid sequencing (Table 3.8) (C. Knight,

Auckland Protein Sequencing Unit). Peptide sequences exhibited no significant similarity to

sequences recorded in the databases (http//www.ncbi.nlm.nih.gov/). PCR primer nucleotide

sequences were then designed in forward and reverse directions to the three peptide sequences

(Table 3.9).

Table 3.8 Peptide sequences of RP-HPLC peaks 36,42 and 52

Peak number Amino acid sequence
36a TASEIMQLVR

36b DFVYPYTANLYDE(R)
42 (L)CA(L/I)PFWSV
52a )ILVAVIDGGFMNVDK
52b (FXTXPA/)NP(E/M)LVQI I I E(L) I (P)EPY(L)

RP-HPLC peaks 36 and 52 were mixed (a and b). ldentification of a and b sequences during
sequencing was determined by comparing differences in signal intensities. Empty brackets indicated
amino acid was unable to be assigned. Single amino acid in brackets indicated probable
designation. Two amino acids indicated a choice. Peptide sequences were not homologous to the
trypsin (bovine pancreas) amino acid sequence.

The PCR was performed (section A.2.9.5) using combinations of primers, and one combination

amplified a 1.7 kb DNA band. This band was isolated and sequenced on both DNA strands. The

DNA and deduced protein sequences indicated that only one of the pair of primers had bound

correctly to template DNA from the Prevotel/a strain RS2 (not shown). Analysis of the translated

protein sequence for the region amplified by this primer revealed the sequence was most similar to

alkaline serine proteases, in particular subtilisins. The deduced peptide sequence contained two of

the three highly conserved domains important in subtilisin catalysis. Further analyses using the

determined peptide sequences and PCR was discontinued at this point.

3.5 lnhibition studies on 6-sulfo-N-acetyl-B-D-glucosaminidase (6-5NG) activity

This section details the first inhibition studies performed on a bacterial 6-SNG. ldentiflcation of

inhibitory compounds may provide insight into the possible mechanism of enzyme catalysis.

3.5.1 Effect of sulfatase inhibitor on 6-sulfo-N-acetyl-B-D-glucosaminidase (6-5NG) activity

In collaboration with Furneaux and coworkers (lRL, Lower Hutt), we have previously identified an

inhibitor of the Prevotella strain RS2 N-acetyl-ir-D-glucosamine-6-sulfatase (Rosendale, 1997). a-1-
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O-Methyl-N-acetyl-D-glucosamine-6-sulfamate (PR2/53d) was shown to permanently inhibit all

sulfatase activity (3.89nmolglucose/min/mg protein) at 12 pM after pre-incubation at 0"C for 3 h. The

effect of this inhibitor on 6-SNG activity in Prevotella strain RS2 periplasm and partially purified N-

acetyl-B-D-glucosamine-6-sulfatase and 6-5NG active fractions is investigated below.

Prevotella strain RS2 periplasm was prepared as described in section 4.2.17 .3 from cells grown in

025% PGMI, O.O7o/o galactose basal medium (section A.1 .4.1.2). Inhibition reactions lacking

substrates pNP-GlcNAc-6-SOq and Glc-6-SO+ w€re set up as described in sections A.2.20.1.3 and

4.2.20.1.1 respectively. Sulfatase inhibitor PR2/53d (25 pM) was added and the enzyme extract

plus inhibitor preincubated for 3 h at 0"C. The relevant substrate was then added to start the

reaction (the inhibitor concentration during the reaction was 12.5 pM). Reactions were continued as

described in sections 4.2.20.1.3 and A.2.20.1.'1. Periplasmic activities with and without inhibitor are

shown in Table 3.10. N-Acetyl-p-D-glucosamine-6-sulfatase activity was inhibited, giving 17.5o/o ot

the initial activity. No reduction in pNP removalfrom pNP-GlcNAc-6-SOn was found. These results

show 6-5NG and N-acetyl-p-D-glucosamine-6-sulfatase activities are independent and suggest that

the degree of periplasmic 6-5NG activity attributable to linked N-acetyl-p-D-glucosamine-6-sulfatase

plus N-acetyl-p-D-glucosaminidase activities is negligible. The result infers that the 6-5NG has a

higher affinity for the model pNP-GlcNAc-6-SOq substrate than does the N-acetyl-p-D-glucosamine-

6-sulfatase.

Table 3.10 Effect of sulfatase inhibitor PR2/53d on 6-sulfo-N-acetyl-13-D-glucosaminidase (6-
S NG) and N-acetyl-p-D-g lucosamine-6-sulfatase activities from periplasm

Activity without inhibitor
(nmolimin/mq protein)

Activity with inhibitor PR2/53d
(nmol/min/mq protein)

6-SNG ( pNP-
GlcNAc-6-S0a assav)

29.36 33.02

Sulfatase (Glc-6-SOa
assav)

2.57 0.45

To confirm specificity of inhibition, partially purified 6-5NG and N-acetyl-13-D-glucosamine-6-sulfatase

fractions were treated with different concentrations of sulfatase inhibitor. Fractions were purified as

described in section 3.3.2 without the POROS@ HQ20 chromatography step (not shown). 6-SNG

and N-acetyl-p-D-glucosamine-6-sulfatase activities were separated into two DEAE-Sepharose

fractions each lacking the other activity. Inhibition reactions were performed as described above

with preincubation inhibitor concentrations of 0, 1, 5 and 10 pM. The N-acetyl-p-D-glucosamine-6-

sulfatase fraction was assayed using the Glc-6-SOq and pNP-GlcNAc-6-SO+ plus N-acetyl-p-D-
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glucosaminidase assay systems (sections A.2.20.1.1 and A.2.20.1.2 respectively). The effect of

inhibitor concentration on enzyme activity is shown in Fig. 3.14. Partially purified 6-SNG activity was

not inhibited by PR2/53d. However, purified N-acetyl-p-D-glucosamine-6-sulfatase activity showed

dose-dependant inhibition for the two assay systems, and the extent of inhibition was similar for both

assay systems. Interestingly, N-acetyl-p-D-glucosamine-6-sulfatase activity (without inhibitor) was

substantially lower for the pNP-GlcNAc-6-SOq plus N-acetyl-p-D-glucosaminidase assay system

compared to Glc-6-SO+ (Fig. 3.14). This result suggests differences in substrate specificity, and

supports the previous inference that activity toward substrate pNP-GlcNAc-6-SOn present in crude

Prevotella strain RS2 enzyme extracts is almost exclusively attributable to the 6-SNG (see previous

paragraph).

3.5.2 Effect of p-D-hexosaminidase inhibitors on 6-sulfo-N-acetyl-B-D-glucosaminidase (6-5NG)

activity

A range of compounds (substrate and non-substrate analogues) were screened for inhibition of 6-

SNG activity, using pNP-GlcNAc-6-SOq as substrate (1 mM) and a partially purified 6-SNG fraction

(section 3.3.2). Reactions were set up initially lacking pNP-GlcNAc-6-SO+, as described in section

A.2.20.1.3. Inhibitors were added to the enzyme to achieve the final concentrations specified in

Table 3.11. The enzyme/inhibitor mixture was pre-incubated for 3 h at 0'C before substrate was

added to start the reaction. Reactions were continued as described in section A.?.20.1.3. Activities

shown in Table 3.11 are as percent of controls (ie. where putative inhibitory compound was not

added). A reduction in enzyme activity of 5% or more was interpreted as inhibition. Non-substrate

analogues, found to decrease activity to less than 50% of controls at low inhibitor concentrations,

wereZnClz(0.02 mmol/L; 68.9% inhibition), HgGlz (0.2 mmol/L; 100% inhibition), sodium arsenite

(50 mmot/L; 83.7oh inhibition), Thimerosalou 110 mmol/L; 100o/o inhibition) and iodoacetamide (10

mmol/L; 62.40/o inhibition). Those that inhibited only at high concentration were MnClz (50 mmol/L;

15.8o/o inhibition),2,3-butandione (50 mmol/L; 23.60/o inhibition) and DMSO (940 mmol/L;26.8o/o

inhibition). Glutathione did not reverse inhibition. The results suggest that a possible reactive thiol

group is required for 6-SNG catalysis. No inhibition by chelating agent EDTA suggests that the 6-

SNG probably does not require a divalent cation as cofactor. Note, sulfatases generally require

cofactor Ca2* or Mg2" for activity.
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Fig. 3.14 Effect of inhibitor (PR2/53d) concentration on 6-sulfo-N-acetylf-D-
glucosaminidase (6-5NG) and N-acetyl-p-D-glucosamine-6-sulfatase activity.

DEAE-sepharose, pH 7.4 purified 6-SNG and N-acetyl-13-D-glucosamine-6-sulfatase
activities were treated with PR2/53d concentrations indicated. Reactions were performed
as described in text. N-acetyl-p-D-glucosamine-6-sulfatase activity was determined using
the Glc4-SOa (+) and pNP-GlcNAc-6-SOo plus N-acetyl-p-D-glucosaminidase (r1- )
assays. 6-SNG activity (-+) was assayed using pNP-GlcNAc-6-SOo,

.g
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Table 3.11 Effect of selected compounds on 6-sulfo-N-acetyl-B-D-glucosaminidase activity

Compound Concentration
(mM)

Percent
activitv

Compound Concentration
(mM)

Percent
activitv

BaClz 50 100 Thimerosal

(+glutathione)

50 0
10 100 10 0

MnClz 50 84.2 I 100
10 100 10 0

ZnClz 50 0 lodoacetamide

(+qlutathione)

50 1.1
10 0 10 37.6
0.2 0 40 0

0.02 31.1 IRL/GEC160 5 0
0.002 61.0 1 9.8

HgClz

(+glutathione)

50 0 0.2 1 1.3
10 0 0.04 36.2
0.2 0 ADNJ 5 28.1

0.02 100 1 51.3
0.002 100 IRL/PTC121 5 88.9

0.2 0 1 100
AgNOs 50 100 IRL/JMC344 5 96.9

10 100 1 100
EDTA 50 98.6 IRL/PTC43O 5 98.6

10 100 1 100
Nas.citrate 50 100 castanosperm 5 100

10 100 1 100
Na.succinate 50 100 australine 5 100

10 100 1 100
Na.arsenite 50 16.3 DGJ 5 100

10 95.3 1 100
Na.acetate 50 100 DNJ 5 100

10 100 'l 100
2.3-butadione 50 76.4 DMDP 5 100

10 100 1 100
DMSO 940 73.2 IRLiJMC2SS 5 100
GlcNAc-6-SOa 50 0 1 100

10 20.1 D-glucosamine 50 100
2 100 10 100

0.4 100 D-glucose 50 100
Glc-6-SO. 50 95.1 10 100
GlcNAc 50 100 D-lactose 50 100

10 100 10 100
Activity values are expressed as percentages of controls in which no putative inhibitory compound was added
Concentrations of compounds are those during enzyme reaction, Where indicated, reduced glutathione was
added at 10 mM to the reaction. Abbreviations: EDTA, ethylenediaminetetra-acetic acid; DMSO, dimethyl
sulfoxide; GlcNAc-6-SOa, N-acetylglucosamine-6-sulfate; Glc-6-SO+, glucose-6-sulfate; GlcNAc, N-
acetylglucosamine; IRL/GEC160,6-acetamido-O-deoxycastanospermine;ADNJ,2-acetamido-1,2-
dideoxynojirimycin; lRUJMC344, 8-benzylamino-8-deoxyaustraline; castanosperm, castanospermine;
australine, australine hydrochloride; DGJ, deoxygalactonojirimycin; DNJ, deoxynojirimycin; DMDP, 2,5-
dideoxy-2,5,-imino-D-mannitol. Structures of compounds are presented in Fig. 3.15.
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Substrate analogues found to inhibit (reduction to less than 50% of activity) at low concentrations

were GlcNAc-6-SOr (10 mmol/L;79.9o/o inhibition), IRL/GEC160 (0.04 mmol/L; 63.8% inhibition) and

2-acetamido-1 ,2-deoxynojirimycin (5 mmol/L; 71 .9o/o inhibition) (Fig. 3.15). Those that inhibited only

at high concentrations were Glc-6-SOa (50 mmol/L, 4.5o/o inhibition) and IRL/PTC121 (5 mmol/L;

11 .1o/o inhibition) (Fig. 3.15). To investigate if GlcNAc-6-SOa inhibition was competitive, Michaelis-

Menton constants (K'n, V,"u") with and without inhibitor were determined. Reactions were performed

as described in section 3.3.4 and at concentrations listed in Fig. 3.16 legend. A Dixon plot is shown

in Fig. 3.16. An increase in K.with little change in V."* indicated inhibition was competitive. Note,

an attempt was made to determine if IRL/GEC160 inhibition was competitive. However, due to

limited quantities of IRL/GEC160 being available the Michaelis-Menton constants could not be

determined.

3.6 Discussion

This chapter describes the identification, preliminary characterisation and partial purification of a

novel 6-sulfo-N-acetyl-p-D-glucosaminidase (6-SNG) from Prevotelk strain RS2 periplasm.

Evidence has been provided to substantiate the existence of the 6-SNG. Preliminary studies

investigating enzyme stability, reaction rate, pH optimum, induction and localisation within the

Prevotella strain RS2 were carried out. A procedure for the partial purification of active 6-SNG has

been described. The available data tentatively suggests that the 6-SNG corresponded to a 67.0 kDa

SDS-PAGE protein band. Peptide sequences for fragments of this band were determined.

Specificity and inhibition studies for partially purified enzyme were undertaken. This discussion will

analyse and review the results and propose a role that the 6-SNG may perform in mucin desulfation

and its degradation.

Several lines of evidence can be used to prove the existence of a 6-SNG in Prevotella strain RS2

periplasm. Firstly, 6-5NG (substrate pNP-GlcNAc-6-SO+) activity was separated from N-acetyl-B-D-

glucosamine-6-sulfatase (substrate Glc-6-SOq) and N-acetyl-p-D-glucosaminidase (substrate pNP-

GlcNAc) activities by column chromatography (section 3.3.2) (Sephacryl@ S300 size exclusion

chromatography, Fig. 3.4; DEAE-Sepharose@ ion exchange chromatography, not shown). Similarly,

the native molecular weight of the 6-SNG was calculated to be 67.9 kDa (section 3.3.3, Fig. 3.9),

which differs to that previously identified for the N-acetyl-p-D-glucosamine-6-sulfatase (ie. 111 kDa)

(Roberton et a|.,1993). The 6-SNG specifically removed intact N-acetyl-p-D-glucosamine-O-SOq

from pNP-GlcNAc-6-SOa, did not desulfate pNP-GlcNAc-6-SOa or GlcNAc-6-SO4 (cf. N-acetyl-p-D-

glucosamine-6-sulfatase), and did not remove N-acetyl-B-D-glucosamine from pNP-GlcNAc (cf. N-

acetyl-p-D-glucosaminidase) (analyses by paper chromatography) (Fig. 3.10 and 3.11). The 6-SNG
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IRUGECl60 castanosperm

australine

IRUPTCl2l IRUPTC43O
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Fig. 3.15 Structures of glycosidase inhibitors

Abbreviations: lRUGEC160, 6-acetamido-6-deoxycastanospermine; ADNJ, 2-acetamido-1,2-
dideoxynojirimycin; lRUJMC344, 8-benzylamino-Sdeoxyaustraline; castanosperm,
castanospermine; australine, australine hydrochloride; DGJ, deoxygalactonojirimycin; DNJ,
deoxynojirimycin ; DMDP, 2,5-dideoxy-2,5,-imino-D-mannitol.

IRUJMC258*a
*"f{

LIRUJMC344
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Fig, 3.16 Enzyme kinetic analysis of N-acetylglucosamine-6-sulfate inhibition (Dixon plot)

Enzyme reactions were performed as described in section A.2.20.1.3. Reactions
contained pNP-GlcNAc-6-SOo concentrations from 0.15 to 1.25 mM and where
appropriate 7.5 mM N-acetyl-D-glucosamine-6-sulfate as inhibitor. Abbreviations: V -
reaction velocity (nmol/min); tS] - substrate concentration; K, - Michealis constant; Vmax
- maximum velocity.

No Inhibitor
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activity was not inhibited by a N-acetyl-B-D-glucosamine-6-sulfatase specific inhibitor (section 3.5.1).

Lastly, the pH optimum for the 6-SNG (pH 5.8) is different to that reported for the N-acetyl-B-D-

glucosamine-6-sulfatase (pH 7.4) (Roberton ef a/., 1993) but similar to the N-acetyl-p-D-

glucosaminidase (pH 6.0) (section A.5.3).

To date, only one other enzyme (human N-acetyl-B-D-hexosaminidase A) has been shown to

remove intact N-acetyl-B-D-glucosamine-6-sulfate from pNP-GlcNAc-6-SOa (Kresse et a|.,1981).

Unlike the present bacterial 6-5NG, the human enzyme can also remove N-acetyl-p-D-glucosamine

from pNP-GlcNAc. In fact, the latter has 20 times greater affinity towards the unsulfated substrate.

Also the 6-SNG from Prevofel/a strain RS2 (K,n 0.26 mM) appears to have approximately five times

greater affinity toward the sulfated substrate compared to that exhibited by the human enzyme (l(.

1.25 mM). N-acetyl-p-D-hexosaminidase A is an exoenzyme involved in the degradation of keratan

sulfate in the lysosome. Absence of N-acetyl-B-D-hexosaminidase A activity has been shown to

cause the human autosomal recessive, lysosomal storage disorder (Gr2 gangliosidoses), called Tay-

Sachs disease (Sadhoff et a\.,1988). The 6-SNG trom Prevofel/a strain RS2 may be useful as a tool

to investigate this disorder further. The identification of 6-SNG activity in both prokaryotic and

eukaryotic examples suggests such activities may likely be found in other organisms. Also, the

existence of closely related speciflcities (e.9. 6-sulfo-B-D-galactosidase, 6-sulfo-N-acetyl-a-D-

galactosamnidase, efc) may occur, but no studies have been done to the best of my knowledge.

The purification procedure developed in this work purified the 6-SNG to the point where Coomassie

blue staining of SDS-PAGE showed three bands only. The 67.0 kDa band was predicted to

correspond to the 6-SNG, but the current studies do not show for certain that this allocation is

correct. Deduced amino acid sequence data for DNA sequence amplified using PCR primers

designed from fragments of the 67.0 kDa band, showed distinctive homology to the family of serine

proteases. 6-SNG is unlikely to belong to this family. Failure to amplifo a sequence corresponding to

the 6-SNG is probably due to one of three possibilities. The 6-SNG is an enzyme with high turnover

number, and thus the protein available for sequencing after purification was minimal. Secondly, the

wrong initial band may have been selected and/or this band was mixed when isolated using fewer

purification procedures (ie. to obtain enough protein for microsequencing). Thirdly, the PCR primers

that were designed were too degenerate, resulting in incorrect hybridisation with genomic DNA. This

was shown partly by the seguence analysis of the 1.7 kb product, in which only one primer had

bound correctly. The initial focus of future studies for the 6-SNG should therefore be resolution of

the enzyme to a single homogeneous band. The purification procedure described here proved

adequate to obtain sufficient partially purified enzyme for biochemical characterisation and for

preliminary identification of the 6-SNG band. Future resolution techniques which may resolve the 6-
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SNG to homogeneity, include affinity chromatography, chromatofocussing, hydrophobic interaction

chromatography and native gel electrophoresis.

Affinity chromatography using specific inhibitors linked to Sepharose@ have been used successfully

for purification of the bovine N-acetyl-B-D-glucosaminidase (Legler et al., 1991). Inhibition studies in

the present work (section 3.5) have identified several substrate analogues that could potentially be

used as affinity ligands for the 6-SNG. Ovalbumin, shown here to interact with the 6-SNG, could also

be used as a moderately non-specific afflnity ligand. lnteraction of proteins with albumin have been

reported (Johansson et a\.,1997), although such interaction was shown to occur via a conserved

protein domain. A similar domain is not expected to be found in the non-cell-surface protein 6-SNG.

Another affinity matrix that could be considered is thiol-Sepharose@ (Overdijk et a\.,1981), as p-

mercaptoethanol was shown here to stabilise the 6-SNG. In this work, hydrophobic interaction by

POROS@HP2, bound and eluted 6-SNG activity. Although a significant loss in total6-SNG activity

was found, purity also increased. This technique could therefore be used as an end step when loss

in 6-SNG activity can be tolerated. Non-denaturing gel electrophoresis could be used to identify the

6-SNG band when an appropriate substrate is available.

Recent work in this laboratory by J. Rho (personal communication) has suggested that the 67.0 kDa

band may be a degradation product of a larger protein in the SephacryF 5300 high molecular weight

activity fraction (section 3.3.2). lt is not known if such cleavage is specific during normal processing

or occurs via bacterial non-specific proteases. Both fractions (high and low molecular weight)

exhibited similar specificities and characteristics during the purification described here. Interestingly,

human N-acetyl-B-D-hexosaminidase A requires proteolytic processing from a preproprotein (intact cr

and p subunits) into a mature active multi-subunit form (cr1 , cr 2, F 1, P 2, F 3) linked by disulfide

bonds. On the other hand, it can not be discounted that there are several isoenzymes catalysing 6-

SNG activity.

Activities during this work were measured primarily at pH 7.4, despite a pH optimum at 5.8. At pH

7.4 approximately 35% of optimum activity would had been measured. The reason for measuring

activity at neutral pH was to maintain enzyme stability for subsequent biochemical analysis.

Interestingly, the N-acetyl-B-D-glucosamine-6-sulfatase, which is also located in the periplasm has a

pH optimum at7.4. Lysosomal N-acetyl-p-D-hexosaminidase A is most active at pH 4.2.

lnhibition studies performed during this work have identified for the first time a number of compounds

able to inhibit or affect Prevotella strain RS2 6-SNG activity (section 3.5). Notable inhibition was

exhibited by severalthiol alkylating agents including HgClz, sodium arsenite, Thimersalrt and
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iodoacetamide. Similar inactivation by alkylation was found for human N-acetyl-p-D-hexosaminidase

A and B (Kapur and Guptar, 1986). However, unlike the bacterial 6-SNG, this inhibition could be

prevented when reduced glutathione was added, inferring a thiol group (e.9. cysteine residue) is

present at the active centre. Further differences between the enzymes include inability of acetate

and silver nitrate to inhibit the 6-SNG, and the comparatively low inhibitory effect 2,3-butandione has

on 6-SNG compared to N-acetyl-B-D-hexosaminidase A (Brown and Mahuran, 1991). 2,3-

Butandione is a dicarbonyl reagent that specifically interacts with arginine residues. Inhibition of the

6-SNG by 2,3-butandione, albeit moderately, suggests an arginine residue may be at or near the

active centre.

The observed differences in inhibition for the 6-SNG and those reported for N-acetyl-F-D-

hexosaminidase A and B (Kapur and Guptar, 1986; Brown and Mahuran, 1991 ;OverdUk et al., 1981)

may be explained by structural variation and consequent access of the compound to the inhibition

site. Similarities in inhibition for 6-SNG and N-acetyl-B-D-hexosaminidases were also found. All

were inhibited by Zn9lz but not BaClz, MnClz, glucose or glucosamine. Retrospectively, the results

suggest the 6-5NG probably shares a mechanism of catalysis similar to N-acetyl-B-D-

hexosaminidase A and B. Catalytic mechanisms for N-acetyl-B-D-hexosaminidases were proposed

(Drouillard et al.,1997; Laiand Withers, 1994). However, recent crystallographic analysis of

Streptomyces p/lcafus N-acetyl-B-D-hexosaminidase A coupled to N-acetyl-D-glucosamine thiazoline

(intermediate analogue) (Mark et al.,2OO1a), suggest a novel substrate assisted mechanism of

action. This involves the generation of an enzyme stabilised cyclic oxazolinium ion intermediate

substrate which is then hydrolysed by general base-catalysed attack of water at the anomeric centre.

Notably, as proposed above, an arginine residue is present at the active centre and is important for

stabilisation of the transition state. However, no thiol group (cysteine) was found to be directly

involved in the proposed catalytic mechanism. Further work is required to confirm the mechanism of

action for the 6-SNG.

A number of substrate analogues were found to inhibit the 6-SNG (section 3.5). Of those which

exhibited greatest inhibition, N-acetyl-D-glucosamine-6-sulfate, 2-acetamido-1 ,2-dideoxynojirimyocin

and lRUGEC160 (6-acetamido-6-deoxycastanospermine), all contain an acetamido group. The

importance of the acetamido group for inhibitor recognition can be shown by comparing inhibition by

castanospermine (no inhibition) with that of IRL/GEC160 (a derivative of castanospermine), and

inhibition by DNJ (deoxynojirimycin; no inhibition) with that of 2-acetamido-1,2-dideoxynojirimyocin

(ADNJ) (derivative of DNJ). The difference between the compounds is the simple replacement of a

hydroxyl group with an acetamido (Fig. 3.15). Castanospermine, DNJ and ADNJ have all been
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shown previously to inhibit N-acetyl-p-D-hexosaminidase activity (Saul ef a|.,1984', Fuhrmann et al.,

1985; Woynarowska ef al.,1992).

However, not all compounds with an acetamido group (e.9. N-acetyl-D-glucosamine) inhibit the 6-

SNG. Further, the addition of a sulfate group (ie. N-acetyl-D-glucosamine-6-sulfate) increased

inhibition. Also, a double ring structure, supposedly mimicking the proposed endogenous (and

artificial) substrate appeared to enhance inhibition (cf. ADNJ with |RUGEC160; Fig. 3.15). The

above observations will need to be considered if new specific substrate analogue inhibitors for the 6-

SNG are to be synthesised. Elucidation of the 6-SNG crystallographic structure with and without

inhibitor, similar to that reported for N-acetyl-B-D-hexosaminidase A (Mark et al., 2001a1, ibid 2001b),

will significantly aid inhibitor design. However, future work will be needed to prove that the above

inhibitors act competitively, as has already been shown for N-acetyl-D-glucosamine-6-sulfate.

Further, the observed difference in inhibition by N-acetyl-D-glucosamine as compared to N-acetyl-D-

glucosamine-G-sulfate correlates with apparent substrate specificity. That is, 6-SNG which lacks N-

acetyl-B-D-glucosaminidase activity was not inhibited by N-acetyl-D-glucosamine but was by N-

acetyl-D-glucosamine-6-sulfate. N-Acetyl-p-D-hexosaminidase A and B, which both have N-acetyl-

B-D-glucosaminidase activity, were previously shown to be inhibited by N-acetyl-D-glucosamine

(Kapur and Guptar, 1986). This indirectly confirms apparent 6-SNG specificity toward N-acetyl-D-

glucosamine-6-su lfate (see below).

Paper chromatography, in conjunction with pNP substrate hydrolysis and specificity, demonstrated

that 6-5NG could specifically remove intact terminal (non-reducing) N-acetyl-B-D-glucosamine-6-

sulfate residues from selected saccharide substrates (section 3.3.5). No activity was found towards

any sugar other than N-acetyl-B-D-glucosamine-6-sulfate. Also, the absence of activity against

Gal([]1-4)GlcNAc-6-SOo-pNP suggested the 6-SNG is not an endo-enzyme. However, as this pNP

dissaccharide substrate represents only one of several N-acetyl-p-D-glucosamine-G-sulfate linked

saccharide possibilities, the likelihood that the 6-5NG can cleave at yet unidentified N-acetyl-p-D-

g lucosamine-6-sulfate residues with in oligosaccharide chains remai ns.

At present indirect evidence suggests that the 6-SNG can act on mucin oligosaccharide chains. This

evidence is that 6-SNG activity was shown to increase when cells were grown on mucin medium,

compared to medium supplemented with a simple sugar. The possibility that the 6-SNG can act on

other glycoproteins or carbohydrates exists (e.9. keratin sulfate). Further work to confirm specificity

for mucin oligosaccharides is required (e.g. activity toward 3uS labeled mucin). lf and when it is

proven that 6-SNG can specifically desulfate mucin oligosaccharide chains, then this will represent a

novel mechanism of mucin desulfation. The 6-SNG would likely work in conjunction with the N-



t47

acetyl-B-D-glucosamine-G-sulfatase. The 6-SNG and N-acetyl-p-D-glucosamine-O-sulfatase are both

localised in the periplasm in Prevotella strain RS2. The 6€NG would provide accessible N-acetyl-D-

glucosamine-6-sulfate for the N-acetyl-p-D-glucosamine-6-sulfatase, which was shown to be more

active against unsubstituted than substituted N-acetyLB-D-glucosamine-G-sulfate (P Rhodes,

personal communication). The proposed role of the 6-SNG in mucin metabolism would therefore be

two-fold: removal of inhibitory N-acetyl-p-D-glucosamine-6-sulfate to allow access of oligosaccharide

chain for glycosidases, neuraminidases, etc, and to provide readily hydrolysable N-acetyl-D-

glucosamine-G-sulfate for the N-acetyl-p-D-glucosamine-6-sulfatase. The proposed roles for the 6-

SNG is illustrated in Fig. 3.17. The identification of di- and tri-saccharide sulfated chains following

separation (gelfiltration) of bacterial periplasm extract-treated 35S mucin previously, suggested the

existence of endo-mucinase activities (A. Roberton, personal communication). At present it is

unclear if the 6-SNG would cleave inside mucin oligosaccharide chains.

The work in this chapter is not published, at present.
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Fig. 3.17 Putative actions of the 6-sulfo-N-acetylf-D-glucosaminidase (6-SNG) on mucin
oligosaccharide chains

(A.) Cleavage of terminal N-acetyl-D-glucosamine€-sulfate on mucin oligosaccharide chain by
6-SNG (1) and subsequent action by mucin-desulfating sulfatase (N-acetylf-Dglucosamine-
6-sulfatase) (2) and N-acetyl-cr-D-galactosaminidase (3).
(B.) Cleavage of intemal N-acetyl-D-glucosamine-G-sulfate on mucin oligosaccharide chain by
6-SNG (1) (Oligosaccharide chains from Lo-Guidice ef al 199a)
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CHAPTER 4: CONCLUDING DISCUSSION

A protective layer of mucus lines the surface of the gastrointestinal tract. The removal of sulfate

from mucin oligosaccharide chains is thought to rate-limit its degradation. The preceding chapters

have outlined the amplification and sequencing of two putative genes mdsC and mdsD, downstream

of the mucin-desulfating sulfatase (mdsA), with sequence homology to the aminoglycosyl

phosphotransferase catalytic domain and a tricorn protease respectively. All three genes rndsA,

mdsC and mdsD are predicted to form an operon of genes putatively involved in mucin-degradation.

Using a modelsubstrate a new enzyme, 6-sulfo-N-acetyl-B-D-glucosaminidase (6-SNG), with the

potentialto remove protective sulfate from mucin oligosaccharides has been partially purified and

characterised from Prevotella strain RS2.

Overall, most of the short term aims of this thesis (section 1.6) have been accomplished. The results

have opened up new areas of research: knowledge about the genes putatively involved in mucin-

degradation and discovery of novel enzyme activities (6-5NG and a p-D-galactose-6-sulfatase)

which are likely to be associated with mucin degradation. There is substantial scope for further

analysis of the mdsC and mdsD genes and the 6-SNG protein. This chapter discusses the results of

this thesis in the context of their significance in our understanding of bacterial mucin degradation,

mucosal protection and gastrointestinal disease. lt also outlines suggestions for future

investigations.

4.1 Significance of the putative mucin-degrading operon in Prevotella strain RS2

The mdsA, mdsC and mdsD cluster of genes represents the first putative mucin-degrading operon to

be described. The determination of the entire operon sequence will permit future studies on its

regulation and the individual proteins (by site-directed mutagenesis). These and other possible

future investigations will be outlined in section 4.3.

The presence of a mucin-degrading operon in Prevotella strain RS2 is not unexpected as other

examples of operons involved in carbohydrate metabolism (e.9. lactose, starch) have been found in

other colon bacteria (Hooper et al,2Q02). The proposed mds operon, by analogy, would allow the

regulated expression of MdsA, MdsC and MdsD proteins when mucous glycoprotein becomes

available for growth. Such induced expression has been demonstrated for MdsA and MdsD

following growth of Prevotella strain RS2 on pig gastric mucin in this work (Chapter 2). lt is likely that

additional operons and the combined actions of their genetic products are required for the efficient

metabolism of mucous glycoproteinby Prevofel/a strain RS2. Candidate genes would encode mucin-

degrading glycosidases, sulfatases, proteases and sialate O-acetylesterases (section 1.5), mucin

binding and transporting proteins and the gene encoding the 6-SNG (Chapter 3). Other proteins with
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presently unknown functions are likely to be involved. The identification of MdsC and MdsD has for

the first time implicated a phosphorylase activity (MdsC) and a novel proteolytic system similar'to the

tricorn protease (MdsD) in mucin metabolism. Further work will be required to determine where

these fit in the mucin-degradation pathway. With the increasing availability of complete or partial

bacterial genome sequences, particularly those for known mucin-degrading organisms (e.9.

Bacteroides thetaiotaomicron, Bacteroides fragr'fs), the identification of other potential mucin-

degrading operons and their gene products (followed by expression and specificity studies) should

occur soon.

Expression of the putative mucin-degrading operon is likely to be regulated by the binding or

dissociation of a regulatory protein(s) to the promotor region, similar to that found for other operons.

Such regulatory proteins and their predicted co-interaction with mucin catabolites or other derivatives

have yet to be identified in Prevotella strain RS2. The possibility exists that one or several regulatory

proteins may control a number of operons or single genes that are involved in mucin-degradation.

ldentification of such regulatory proteins will be significant, as they will serve as alternate targets for

inhibition of mucin-degradation. Such regulatory inhibitors and rate-limiting mucin-desulfating

sulfatases (MdsA), sulfatase post-translational modification proteins (MdsB), sialate O-

acetylesterases and the newly identified 6-SNG inhibitors may have therapeutic implications to

gastrointestinal disease. For example, the inflammatory bowel disease ulcerative colitis (UC) is

characterised by a reduction in mucus gel thickness and disputably a corresponding increase in

bacterial glycosidase, sulfatase, sialate O-acetylesterase and protease activities (Corfleld ef a/,

2001). A decrease in the activity of these proteins might be expected to decrease the rate of mucin

degradation and UC symptoms exhibited by patients.

4. 2 Significance of the 6-5u lfo-N-acetyl-B-D-glucosami nidase (6-5N G)

The novel 6-SNG identified in Prevotella strain RS2 represents a new mechanism of mucin-

desulfation. This is significant as sulfate present in mucin oligosaccharide chains is thought to rate-

limit mucin degradation (section 1.3.4.2.1). In line with the research interests of this laboratory, the

discovery of 6-5NG should facilitate studies on the protective role that N-acetyl-p-D-glucosamine-6-

sulfate residues bestow on mucin oligosaccharides and the importance of mucin sulfate changes

accompanying the onset of certain gastrointestinal diseases.

The role that sulfate ester groups exert on the mucin molecule is not fully understood. The

properties of sulfomucin may be studied by pretreatment with mucin-desulfating sulfatases or 6-

SNG, and then testing the properties of the de-sulfated products for bacterial adherence, gel forming

ability and mucin susceptibility to proteases (Piotrowky ef a/, 1991 ; Veerman et al, 1997: Stanley ef

a/, 1986).
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Changes in mucin synthesis and secretion and/or alterations in mucin physiology (protein content,

extent and type of glycosylation) are associated with many gastrointestinal diseases (Corfield ef a/,

2001). The most significant changes, in relation to this research, are those in content of sulfate in

mucin that accompany such diseases as adenocarcinomas, ulcerative colitis (UC) and cystic fibrosis

(CF). Briefly, a decrease in the proportion of mucin sulfate content is observed with

adenocarcinomas and UC while the proportion of sulfate increases with CF (Corfield et al,2OO1;

Lamblin et a|,1991). As mucin sulfate plays an important role in the rate of mucin oligosaccharide

degradation, alterations in their sulfation by disease may have a profound effect on the protective

function and stability of these mucins. ln the case of adenocarcinomas and UC, the mucus barrier

would be more susceptible to bacterial mucinase activities and the significance of rate limiting 6-

SNG and sulfatase activities may become important. As mentioned previously, development of

inhibitors toward these enzyme activities may have therapeutic possibilities. Inhibitors toward 6-

SNG and MdsA have been identified in this laboratory (including the present work).

The significance of mucin sulfate content alterations is difficult to ascertain due to the limited

understanding of normal mucin structure, function and metabolism. However, the future use of the

6-SNG and sulfatases may prove advantageous in analysing both normal and abnormal mucin

sulfated oligosaccharide structures and contents. For example, it should become possible to

quantify sulfate in normal and diseased mucins, before and after incubation with 6-SNG and/or

sulfatases. This will provide information about the amount of sulfate groups attributed to N-

acetylglucosamine-6-sulfate, galactose-G-sulfate and/or galactose-3-sulfate and their changes in

disease. Such quantitative and qualitative investigations may also prove useful in disease diagnosis,

since mucin carbohydrate structural changes often precede diseases (e.9. cancer) and continue into

remission (e.9. ulcerative colitis). Before this stage is reached, it will be important to show that the 6-

SNG, $-D-galactose-6-sulfatase (also presentin Prevofel/a strain RS2), B-D-galactose-3-sulfatase

(present in Bacteroides fragilis) are active against native mucins (Wright ef a/, 2000b). lt has

previously been demonstrated that MdsA (N-acetyl-p-D-glucosamine-6-sulfatase) is active on

mucins (Roberton ef a/, 1993).

4.3 Future investigations and directions

The identiflcation of the putative mucin-degrading operon of genes and the 6-SNG protein has not

only contributed to the limited knowledge about mucin-degrading proteins but has also posed many

new questions. An outline of possible future investigations and directions for research is presented

below.
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Requlation and prevalence of mucin-degradinq operons

The identification of a putative mucin-degrading operon in Prevotella strain RS2 suggests that other

operons may be found incorporating a range of 'mucinase' enzymes. A search is required for similar

operons and component genes with their regulatory proteins and induction factors (e.9. mucin

catabolites) which activate or repress the regulatory protein. Other studies will need to be carried

out to investigate the molecular mechanism of operon expression (e.9. regulatory protein binding to

DNA promotor region) before an understanding of the molecular regulation process of mucin-

degradation can be found.

Elucidation of the 6-SNG oene and its expression

The 6-SNG has been partially purified in this work. lnitial focus of future studies should be the

unequivocal elucidation of the correct 6-SNG protein band on SDS-PAGE and/or determination of

amino acid sequences of peptide fragments, to enable PCR amplification of the 6-SNG gene.

ldentification of the 6-SNG gene sequence, its possible participation in an operon of genes, and

recombinant expression of active enzyme, will facilitate other areas of research described below

including x-ray crystallography studies.

Occurrence of 6-SNG and related enzymes in enteric anaerobes and pathoqens

The occurrence of 6-SNG or analogous activity with different specificity (e.9. 6-sulfo-galactosidase)

in other bacteria in the gastrointestinaltract has not been looked for using the available p-nitrophenyl

substrates. lt will be interesting to determine if there is any association between bacterial

opportunistic pathogenicity in the gastrointestinal tract, the ability to degrade mucin, and the

possession of mucin-specific 6-5NG and/or sulfatases. A combination of enzymological and

molecular biological investigations could be performed on a selection of enteric bacteria that include

known pathogens.

Recent complete and partialgenome sequences of the Prevotella-related bacteria, Bacteroides

thetaiotaomicron, Bacteroides fragilis and Porphyromonas gingivalis, has provided a source of

information for identiflcation of potential 6-SNG and sulfatase enzyme gene sequences that may

have a role in mucin degradation. The successful expression of mdsAfrom Prevofel/a strain RS2, in

B. thetaiotaomicron host cells, has been performed in this laboratory (Wright et al,2OO0a). The

expression of homologous sulfatase (e.9. to mdsA) and homologous 6-SNG genes sequences in

conjunction with enzyme assays (section A.2.20.1) would then confirm the possession of a sulfatase

or 6-SNG. Specificity toward mucin (using [3sS]-mucin) could then be measured.

Inhibition of the 6-SNG

The 6-SNG inhibitors identified during the course of this work have important applications in the

study of mucin degradation and potential use as therapeutic agents for some gastrointestinal
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diseases. Future work should include identification and design of other potential inhibitors (this

would be facilitated by determination of the 6-SNG crystal structure), testing specificity of 6-SNG

inhibition (competitive or non-competitive) by identified inhibitors, and studies to determine whether

such inhibitors inhibit the enzyme activity in pure or mixed cultures in vitro or in vivo.

Use of 6-SNG in Glvcobiolooy

When large amounts of 6-SNG become available, it will have important applications in glycobiology.

For example, the technology of oligosaccharide sequencing requires the sequential removal of

reducing end sugars by specific glycosidases (Prime ef a/, 1996). Sulfated sugar residues interrupt

sequencing unless the ester sulfate groups or sulfated sugar can be removed. The 6-SNG in

conjunction with sulfatases could be used for this purpose.

Purification of another mucin-specific sulfatase

During the work described in Appendix 5 and the work carried out by Rosendale (1997), another

sulfatase which specifically desulfated galactose-6-sulfate (a constituent of sulfated mucin

oligosaccharides), was identified in Bacferoides fragilis ATCC 25285. The partial purification and

characterisation of this enzyme is described in Appendix 8. Further work is required to complete its

purification. This enzyme will provide a complementary tool for investigating sulfated mucins and

other glycosylated molecules containing sulfated galactose.

Mucin bindinq and transport

The observations that the Prevotella strain RS2 sulfatase (MdsA), 6-SNG and MdsD are periplasmic

(Roberton et a|,1993) and the studies in a related bacterium Bacteroides thetaiotaomicron on

membrane-bound starch binding proteins (Anderson and Salyers, 1989a; ibid,1989b), suggest that

a mucin transport system must be present in Prevotella strain RS2. To investigate this, the first step

will be to identify membrane bound mucin-binding proteins. One would expect their induction when

cells are grown on mucin.

4.4 Concluding perspective

An understanding of mucin degradation by bacteria is an important factor in the intrinsic relationship

between the host and its endogenous flora. This research project represents an initial effort to

determine possible rate-limiting components of a mucin-degrading system in the bacterium

Prevotella strain RS2, which was originally isolated from the colonic mucosa, and used mucin as a

sole energy source.
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APPENDIX 1: MATERIALS

Percentages quoted throughout this work are weight per volume (w/v) unless otherwise stated.

A.1.1 Water

Water used for molecular biology work and microbial media was deionised, microfiltered through

millipore membrane and autoclaved (section A.2.1). Water used for RNA work (section 2.7) was

treated with 0.1o/o (vlv) DEPC for at least 12 hours at 37"C then autoclaved as described in section

4.2.1. Water for general experimental work was deionised and autoclaved if required.

A.1.2 Chemicals, radioisotopes and gases

The laboratory chemicals used in this research were of analytical grade unless otherwise stated.

These were purchased from the following companies: BBL Microbiology systems; BDH Chemicals

Ltd; Bio 101 Inc.; Bio-Rad; DIFCO Laboratories; FMC Corporation; lntermed Scientific Ltd; Life

Technologies lnc.; May and Baker Ltd; Promega Biotech; Riedel-de Haen; SERVA; and Sigma

Chemical Company.

p32P1-deoxyadenosine triphosphate (3000 Ci/mmol) and [cr32P]-deoxycytosine triphosphate (3000

Ci/mmol) were purchased from New England Nuclear (NEN) Research products and ICN

Pharmaceuticals lnc.

Hydrogen, nitrogen (oxygen-free grade) and carbon dioxide (food grade) gases used to maintain

anaerobic microbial growth conditions were obtained from BOC Gases, Auckland, New Zealand.

A.1.3 Buffers and solutions

The buffers and solutions used in this research (Table A.1.1) were prepared as described by

Sambrook et al (1989) or were obtained directly from the manufacturer. These were sterilised as

described in section A.2.1 when required and stored as recommended. The buffers and solutions

were dissolved in water unless otherwise stated and the pH of the buffers were adjusted as

required.
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Table A.1.1 Buffers and solutions

Buffer/Solution Component concentration

4oo/o Acrylam ide : bisacryla mide

Alkaline (Trevelyan) solution

Anthrone reagent

Arsenite solution

BCIP (stock)

Buffer saturated phenol

Garbazole solution

Carbonate buffer

CockTail T 'Scintran'

Coomassie blue stain

Denaturing solution

1 00x Denhardt's solution

Developing solution (silver stain)

Dialysis buffer 1

Dialysis buffer 2

Digestion buffer (trypsin digestion)

Equilibrated phenol

Ethidium bromide (stock)

Extraction buffer

(trypsin digestion)

Fixing solution (silver stain)

37.5o/o acrylamide, 1 % bisacrylamide

0.5 N sodium hydroxide in 100% (v/v) ethanol

2.6 mM anthrone, 13.1 N sulfuric acid

0.77 M sodium m-arsenite, 0.5 M sodium sulfate,

0.6 mM potassium iodide, 0.1 N sulfuric acid

50 mg/mL S-bromo-4-chloro-3-indolyl phosphate in N,N-

dimethylformamide

0.1 M Tris.HCl - saturated phenol, pH7.5 -7.8

6 mM carbazole in 100% (v/v) ethanol

15 mM sodium carbonate, 35 mM sodium hydrogen

carbonate, pH 9.6

66.6% (v/v) toluene, 0.5% 2,5-diphenlyoxazole,

0. 0 1 5% 1,4-di-2-(s-phenyloxazolyl)-benzene,

33.2% (v/v) Triton X-100rM

0.25o/o Coomassie Brilliant Blue R250, 10% (v/v) acetic acid,

50% (v/v) methanol

1.5 M sodium chloride, 0.5 N sodium hydroxide

2o/o bovine serum albumin, 2o/o Ficoll (400,000 Da),

2% polyvinylpyrrolidone

0.28 M sodium carbonate, 0.05% (v/v) formaldehyde

2 M urea, 50 mM Tris.HCl, pH7.4,10 mM 2-mercaptoethanol,

1 mM magnesium chloride, 50 mM sodium chloride

50 mM Tris.HCl, pH 7 .4, 10 mM 2-mercaptoethanol,

1 mM magnesium chloride, 50 mM sodium chloride

0.1 M Tris.HCl, pH 8.0, 10% (v/v) acetonitrile,

0.02o/o (v/v) Triton X-100rM (reduced, protein grade)

0.1 M Tris.HCl- saturated phenol, pH 7.5 - 7.8,

0. 5olo 8-hydroryquinoline

10 mg/mL ethidium bromide

0.1% (v/v) trifluoroacetic acid, 60% (v/v) acetonitrile,

0.02o/o (v/v) Triton X-100rM (reduced, protein grade)

30o/o (v/v) methanol, 10% (v/v) acetic acid
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GOR reagent | 0.03% (v/v) phenol, 70 mM disodium hydrogen phosphate,

I pH 7.4, 0.1% sodium azide, 0.03% 4-aminophenazone,

| 43 units/mL glucose oxidase, 3 units/mL peroxidase

IPTG (stock) | tOO mU isopropyl p-D-thiogalactopyranoside

I 
acetate, 10 mM EDTA, pH 7.0

NANA stop solution | 0.133 M glycine, pH 10.7, 60 mM sodium chloride,

10x loading buffer (* RNase A) | 0.25o/o bromophenol blue, 25% Ficoll (400,000 Da), 125 mM

EDTA, 0.25o/o xylene cyanol, (t 1 mg/mL Ribonuclease A)

Markwell phenol reagent I Folin-Ciocalteu phenol reagent (diluted 1:1 in water)

Markwell reagent A | 0,19 M sodium carbonate, 0.1 N sodium hydroxide,

7 mM sodium tartrate, 1% sodium lauryl sulfate

Markwell reagent B I 0.16 M cupric sulfate

Markwell reagent C | 100 parts Markrryell reagent A, 1 part Markwell reagent B

10x MOPS buffer | 0.1 M 3-[N-morpholino]propanesulfonic acid,0.74 M sodium

I N,N-dimethylformamide

Neutralising solution I t.S nll sodium chloride,0.5 M Tris.HCl, pH7.2,1 mM EDTA

83 mM sodium carbonate

NBT (stock) I 50 mglml nitroblue tetrazolium chloride in7lo/o (vlv)

Periodate solution | 0.2 M sodium m-periodate, 10 N o-phosphoric acid

Phage precipitating solution | ZAVo polyethylene glycol (8000 Da), 2.5 M sodium chloride

PBS | 150 mM sodium chloride, 16 mM disodium hydrogen

phosphate,4 mM sodium dihydrogen phosphate, pH 7.3

Phenol/chloroform | 25Yo (v/v) pheno|24o/o (v/v) chloroform

Phenol/chloroform/isoamyl alcohol | 25o/o (v/v) phenol,24% (v/v) chloroform, 1o/o (v/v) isoamyl

alcohol

0.1% Ponceau S, O.1o/o (vlv) acetic acid

3.4 mM potassium dichromate, 3.2 mM nitric acid

1.5 M Tris.HCl, pH 9.0, 0.4% sodium lauryl sulfate,

0.4% (v lv) N, N, N', N'-tetramethylethylene diam i ne

0.2% Coomassie Brilliant Blue R250, 0.5% (v/v) acetic

acid, 20% (v/v) methanol

0.4% bromophenol blue,25% Ficoll (400,000 Da),

0.4% xylene cyanol (in ribonuclease free water)

2 volumes butan-1-ol, 3 volumes acetic acid, 1 volume

1 N sodium hydroxide (or ammonia, Liau and Horowitz, 1982)

Ponceau S stain

Potassium dichromate solution

(silver stain)

4x Resolving buffer

Rosenfeld stain

10x RNA dye

Running solvent (paper

chromatography)
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2x SDS loading buffer

Silver nitrate (Trevelyan) solution

Solvent A (RP-HPLC)

Solvent B (RP-HPLC)

20x SSC

20x SSPE

1 .1x Stacking buffer

STE buffer

STEL

STET buffer

Storage buffer

SUB solution

50x TAE buffer

10x TBE buffer

TBS

TBS.BSA

TBS-BSA-T

TBS-T

TE buffer

Tetraborate solution

Thiobarbituric acid solution

Thiosulfate (Trevelyan) solution

0.1 M Tris.HCl, pH 6.8, 4 % sodium lauryl sulfate,

20o/o (vlv) glycerol, 0.2o/obromophenol blue

0.5% (v/v) saturated silver nitrate in acetone (precipitate

dissolved in minimum water)

0.1% (v/v) trifluoroacetic acid

O.Q825o/o (v/v) trifluoroacetic acid, 80% (v/v) acetonitrile

3 M sodium chloride, 0.34 M tri-sodium citrate, pH 7.0

3 M sodium chloride, 0.2 M sodium dihydrogen phosphate,

25 mM EDTA, pH7.4

0.14 M Tris.HCl, pH 6.8, 0.11o/o sodium lauryl sulfate,

0.1 1o/o (v/v) N, N, N', N'-tetramethylethylene dia m i ne

0.1 M sodium chloride, 10 mM Tris.HCl, pH 8.0, 1 mM EDTA

50 mM Tris.HCl, pH7.4,1 mM EDTA,0.2 mg/mL lysozyme,

1 mg/mL sodium deoxycholate

0.1 M sodium chloride, 10 mM Tris.HCl, pH 8.0, 1 mM EDTA,

5olo (v/v) Triton X-100rM

1% Bacto@-tryptone, 0.50/o Bacto@-yeast extract, 1%

sodium chloride, 36% (v/v) glycerol, 12o/o polyethylene

glycol (8000 Da),12 mM magnesium sulfate, pH 7.0

8 M urea,50 mM Tris.HCl, pH7.4,1 mM EDTA,

1 mM dithiothreitol

2 M Tris.acetate, 50 mM EDTA

0.45 M Tris.borate, 10 mM EDTA

25 mM Tris.HCl, pH 7 .4,2.7 mM potassium chloride,

0.14 M sodium chloride

25 mM Tris.HCl, pH7.4,2.7 mM potassium chloride,

0.14 M sodium chloride, 1% bovine serum albumin

25 mM Tris.HCl, pH7.4,2.7 mM potassium chloride,

0.14 M sodium chloride, 1% bovine serum albumin,

0.05% (v/v) Tween 20

25 mM Tris.HCl, pH 7.4,2.7 mM potassium chloride,

0.14 M sodium chloride, 0.05% (v/v) Tween 20

10 mM Tris.HCl, pH 8.0, 1 mM EDTA

24 mM sodium tetraborate in 980/o (v/v) sulfuric acid

42 mM 2-thiobarbituric acid, 0.5 M sodium sulfate

0.63 M sodium thiosulfate
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| 10 mM EDTA

TNE-T buffer | 10 mM Tris.HCl, pH 8.0, 10mM sodium chloride,

| 10 mM EDTA, 2.0% Triton X-100rM

Transfer buffer | 38.6 mM glycine,47.9 mM Tris base, pH 8.3, 0.0377o sodium

TNE buffer | 10 mM Tris.HCl, pH 8.0, 10mM sodium chloride,

lauryl sulfate, 20o/o (v/v) methanol

1x Tris.glycine buffer | 25 mM Tris, 0.25 M glycine, pH 8.3, 0.1% sodium lauryl

sulfate

Wash buffer (trypsin digestion) | 0.2 M Tris.HCl, pH 8.0, 50% (v/v) acetonitrile

Western buffer substrate I 0.1 M Tris.HCl, pH 9.5, 0.1 M sodium chloride,

in N, N-dimethylformamide

I S mU magnesium chloride, 0.165 mg/ml BCIP,

I o.ae mg/mL NBT

X-gal (stock) | SO mglmt- 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside

A.1.4 Growth media

4.1.4.1 Liquid growth media

4.1.4.1.1 Aerobic growth media

Table A.1.2 Aerobic growth broth media

Luria Broth (LB) | 1% Bacto'tryptone, 0.5% Bacto' yeast extract, 1% sodium chloride,

pH 7.0

Supplemented LB I t X eacto@ tryptone, 0,5% Bacto@ yeast extract, 1olo sodium chloride,

| 10 mM magnesium sulfate, 0.2% D-glucose, pH 7.0

2xYT medium I l.AU" Bacto@ tryptone, 1olo Bacto@ yeast extract, 0.5% sodium chloride,

pH7.4

SOC medium I Z% eacto@ tryptone, 0.5olo Bacto@ yeast extract, 10 mM sodium chloride,

2.5 mM potassium chloride, 10 mM magnesium chloride,

20 mM D-glucose, pH 7.0
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A.1.4.1.2 Anaerobic growth basal media

The composition of the basal medium is shown in Table A.1.3. The formulation is based on

medium 10 of Caldwell and Bryant (1966) and the'Anaerobe Laboratory Manual' by Holdeman and

Moore (1977).

a. Basal medium lacking sodium carbonate and cysteine was titered to pH 6.8. The contents were
brought to the boil in a flask with side-arm under nitrogen gas, and then stoppered. The stoppered
flask and contents were autoclaved at 103.4 kPa steam for 2O min. Sterile sodium carbonate and
cysteine were then added and the medium was equilibrated with carbon dioxide and re-stoppered.
b. Hemin and vitamin Kr solution was prepared by adding 1 mL of vitamin Kr stock solution (0.5%
vitamin Kr in 95% (v/v) ethanol) to 100 mL hemin solution (50 mg hemin dissolved in 1 mL 1 N
sodium hydroxide then diluted to 100 mL with distilled water).
c. Mineral 1 solution

0.60%

d. Mineral2 solution
0.600/o

0.60%
1.20o/o
0.25o/o

A.160/o

potassium dihydrogen phosphate
ammonium sulfate
sodium chloride
magnesium sulfate 7-hydrate
calcium chloride 2-

e, Volatile fatty acid mixture
54.8o/o (vlv)
19.3o/o (vlv)
12.9% (vtv)
3.2% (vlv)
3.2o/o (vlv)
3.2% (vlv)
3.2o/o (vlv)

acetic acid
propionic acid
N-butyric acid
N-valeric acid
isovaleric acid
isobutyric acid
DL-o-methlvbutvric acid

Table A.1.3 Basal Medium Compositiona

Component Final Concentration

Bacto- yeast extract

Bacto@ tryptone

Hemin and vitamin K,, solutionb

Mineral 1 solutionc

Mineral2 solutiond

Volatile fatty acid mixture"

Resazurinr

D(+)-galactoses

Trypsinised Pig Gastric mucinh

Sodium carbonatei

Cysteind

0.05%

0.2%

1o/o (vlv)

3.8olo (v/v)

3.8% (v/v)

0.31% (v/v)

0.0001o/o

0.05 - 0.2o/o

0.0 - 0.3%

0.4o/o

0.05o/o
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f. Resazurin was prepared as a 0.1% stock solution in water. The solution was filtered through
\A/hatman #1 paper before use to remove undissolved crystals.
g. D(+)-galactose was added to basal medium to final concentrations of between 0.05 - O.2o/o. The
exact concentration of O(+)-galactose used in the media will be stated appropriately in the text.
h. Trypsinised pig gastric mucin (PGM| was prepared as described in Appendix 3. An appropriate
amount of PGMI was added to give final concentrations of up to 0.3%. The exact concentration of
PGMI used in the media will be stated appropriately in the text.
i. Sodium bicarbonate buffer was prepared prior to addition to basal medium by bubbling carbon
dioxide gas through a sterile (autoclaved) 4% sodium carbonate solution for 10 min at room
temperature.
j. Cysteine was prepared as a 2.5% stock solution sterilised by filtration (seclion A.2.1). The
solution was equilibrated with nitrogen gas before addition to the media.

A1.4.2 Solid growth media

41.4.2.1 Aerobic growth media

Table A.1.4 Aerobic growth solid media

Luria Broth agar | 1% Bacto'tryptone, 0.5% Bacto' yeast extract, 1% sodium chloride,

pH 7.0, 1.5% Davis agar

lxYT agar I O.gtU. Bacto@ tryptone, 0.5% Bacto@ yeast extract, 0.25o/o sodium chloride,

pH 7.4,1.5olo Davis agar

Top l xYT agar | O.aolo Bacto@ tryptone, 0.5olo Bacto@ yeast extract, O.25o/o sodium chloride,

pH 7.4, 0.75o/o Davis agar

4.1.4.2.2 Anaerobic growth basal medium

Anaerobic basal medium (section A.1.4.1.2) containing 1.5% Davis agar and lacking sodium

carbonate and cysteine was boiled then sealed under nitrogen in a round bottom flask. The flask

was sterilised (103.4 kPa steam 20 min) and placed at 55"C to prevent the agar from solidifying.

Cysteine and sodium carbonate was then added (section A1.4.1.2) and the mixture either

dispensed as 3.5 mL agar slopes under carbon dioxide or transported to the Coy anaerobic

chamber to make plates.
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A,1.5 Selective media

A.1.5.1 Antibiotics

Antibiotics were added to liquid or solid growth media (section A.1.4) to select for a strain of

bacterium (section A.1.6) or to maintain a plasmid within a bacterium (section 4.1.7). Antibiotics

used in this research are listed in Table A.1.5. Final concentrations shown were used unless

otherwise stated. The ampicillin sodium salt (Amp) stock solution was prepared in water and filter

sterilised (section A.2.1) before use. Both the chloramphenicol (Cam) and tetracycline

hydrochloride (Tet) stock solutions were prepared in 50o/o (v/v) ethanol. Allthe antibiotic stock

solutions were stored as aliquots at -20'C. Autoclaved growth media (section A.1.4) was cooled to

approximately 55'C before antibiotics were added.

Table A. 1 .5 Antibiotics

Antibiotic Stock solution (solvent) Final concentration

Ampicillin (sodium salt)

Chloramphenicol

Tetracycline (hydrochloride)

50 mg/mL (water)

34 mg/mL (50% (v/v) ethanol)

15 mg/mL (50% (v/v) ethanol)

60 pg/mL

34 pg/mL

15 pg/mL

A.1 .5.2 cr,-Complementation

cr-Complementation (Ullman et al, 1967) of the B-galactosidase gene (lacZ) was used to select for

the presence of a bacterium containing recombinant plasmid (section A.1.7). Chromogenic

substrate X-gal and IPTG were added to solid growth medium plates at final concentrations of

approximately 35 pg/mL and 0.03 mM respectively (Sambrook ef al 1989). Bacteria containing a

non-recombinant plasmid were blue, while bacteria containing a recombinant plasmid were white.

A 1 00 mM stock solution of IPTG (filter sterilised, Table A.1 .1) and a 30 mg/mL stock solution of X-

gaf (fable A.1.1) were prepared and stored at-20"C. The theory of o-complementation is

discussed comprehensively by Sambrook et al(1989).

A.1 .6 Bacterial strains

The bacteria strains used in this work are listed in Table A.1.6.
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Table A.1.6 Bacterial strains

Bacterial Strain Genotype Reference

Bacteroides fragilis

ATCC 25285

B acteroide s th eta iotaom i c ro n

ATCC 29148

Escheichia coliBB4

Escheichia coli BL21 (DE3)

pLysS

Escheichia coli DHSa

Escheichia cofi DHScrF'

Esche ich i a coll I NVcrF'

Escherichia coli JM109

Kebsiella pneumoniae (sp.)

Prevotella strain RS2

supF58 supE44 hsdR51 4 gall(2 galT27

trp55 metBl tonAA/acU1 69 F'[proAB-

ladq lacZLMl5 Tn 10(tet')l

F' ompT hsdSe (rrme-) galdcm (DE3)

pLysS (cam')

supE44 A/acU169 (S80 /acZAM15)

hsdR17 recAl endAl gyrA69 thi-1 relAl

supE44 hsdR17 deoR recAl endAl

F'lacZLM1S /aclql

F' supE44 hscfRlT (r6-,m6*) recAl endAl

thi-1 gyrA96 relAl 980/acZAM15

L(l a cZY A- argF) U 1 69i!-

recAl supE44endAl hsdRl7 gyrA96

relAl A(lac-proAB) F' [fraD36 proAB'

laclq lacZLMlSl

Cato and Johnson

(1 e76)

Cato and Johnson

(1 e76)

Bullock et al (1987)

Hanahan (1983)

Hanahan (1983)

Yanisch-Perron et al

(1e85)

S. Turner thesis

(1 ee6)

Stanley ef a/ (1986)

A.1.7 Plasmids and bacteriophage vectors

Plasmids and bacteriophage vectors used in this work are listed in Table 4.1.7. Plasmids and

recombinant plasmids were stored both in TE buffer (Table A.1.1) at -20'C and within an E. coli

host bacterium suspended in storage buffer (Table A.1.1) or 15o/o (v/v) glycerol (section 4.2.4) at

-70'C. M1 3 bacteriophage recombinant vectors generated for sequencing (section A.2.1 1 .1) were

stored in the infectious phage form at 4"C in lxYT medium (section 4.1.4.1.1).
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Table A.1.7 Plasmids and Bacteriophage Vectors

Plasm id/Bacterio phage Construction Reference

pCR2.1

pET-17b

pGeM@-zzf1-;

pGEM@-7zf (-)2A-52

pGEM@-T Easy

pGEX-27

pVGA-3+mdsA

M13mp18

M13mp19

amp', kant, /acZ, 3890 bp

amp', T7 promotor, 3306 bp

amp', 1ac7,3003 bp

?mp', Prevotella strain RS2 5048 bp

genomic DNA (Xhol) insert, 8051 bp

srnp', IacZ,3018 bp

amp', tac promotor, GST gene, Thrombin

site,4900 bp

mdsA gene

lacT', lac|,7250 bp

lacZ' , lacl,7250 bp

Invitrogen catalogue

Novagen catalogue

Promega Biotech catalogue

D. P. Wright thesis (1995)

Promega Biotech catalogue

Pharmacia Biotech

catalogue

Wright et al,200Oa

Sambrook ef a/ (1989)

Sambrook ef a/ (1989)

A.1.8 Enzymes

Enzymes and their specific buffers (where appropriate) were purchased from the following

suppliers: Boehringer Mannheim; lntermed Scientific; Life Technologies Inc.; Perkin Elmer Cetus;

Promega Biotech; and Sigma ChemicalCo. The modifying enzymes and restriction endonucleases

used in this research are listed below.

Table A.1.8 Enzymes

Proteinase K (fungal) | Restriction endonucleases (Apal, BamHl, Bcll,

Ribonuclease A (bovine pancreas) | Bglll, EcoRl, EcoRV, Fspl, Hincll, Hindlll, Kpnl,

T4 DNA ligase (E. coli) | Msel, Ndel, Notl, Pstl, Pvull, Sau3Al, Smal, Sphl

Klenow fragment (E. colD I Sstl, Stul, Xbal, Xhol)

Glucose oxidase (Aspergillus niger) | Alkaline phosphatase (calf intestine)

Peroxidase (horse radish) | Ampli lag DNA polymerase

Lysozyme (grade lll) (chicken egg white) | Ultma DNA polymerase

T4 Polynucleotide kinase I lflthermostable DNA polymerase
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A.1.9 Nucleotides, oligonucleotides and nucleic acids

Oligonucleotide primers used in this research were synthesised either within the School of

Biological Sciences, The University of Auckland or by Life Technologies Inc. Primer sequences and

their descriptions are listed in Table A.1.10. The remaining nucleotides and nucleic acids used in

this research are listed below.

Table A.1.9 Nucleotides and nucleic acids

Boehringer Mannheim

Life Technologies Inc.

Pharmacia Biotech

Sigma Chemical Co.

transfer RNA (Bakers yeast)

deoxynucleotide triphosphates

deoxynucleotide triphosphates

salmond testis DNA (molecular biology grade)

Table A.1.1 0 Oligonucleotide primers

Primef Nucleotide sequence (5'- 3')o Description"

cP2(r)

cP3(0

DW1(0

DW2(f)

DW3(r)

DW4(0

DWs(0

DW6(0

D\A/-/(r)

DW8(D

DWg(r)

DW10(f)

DW11(r)

AGC GCC CTC GAG GCG CCT CTC ACA

TGA T

ATG CCG CTC ATA TGA CGC AGC GAC

CTA ACA TT

GAC CTC AAC GGA GTG CAG TG

CGA GGA CGA CTG CAG TAA CGG C

CCC ACT TGT TCC AAG GAT CC

GM ACC ACC ATA TGA CCG CAT CAC

CCA AC

GGA AGG AAG CTT TCT GCG CCA AGG

ATC AG

AAC CTA ACC ATA TGT CTA CAT TCA AC

GTT GGA TCC GAA ACC GCC CAC CAC

ATC TAT AAC ATA TGA AAA GAC ACT

TTC

TGT GAA TTC TTC TTC AGC ATT TCC TC

CGG GAT CCT CAT TCC TCG ACC TCT

TCG

GCG GAT GGG CTG GCG TGA TGG AGC

Exp. MdsA pET-17b 1479447671 Xhol

Exp. MdsA pET-17b 13261-32e21

DNA Seq. [8195-82141

Gen. Walk [8938-89s9] Pstl

Gen. Walk [8912-8893] BamHl

Exp. MdsB pET-17b [1e63-1e35] Ndel

Exp. MdsB pET-17b [668€e6] Hindlll

Exp. MdsC pET-17b [a817a842J Ndel

Exp. MdsC pET-17b [5993-5970] BamHl

Exp. MdsD pET-17b [6000-6026] Ndel

Exp. MdsD pET-1 7b 19236-921 1l EcoRV

Exp. MdsA pGEX-2T 14431 -44571 BamHl

Exp. MdsB pGEX-2T [1084-1058] BamHl
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ATA

DW12(0 | ATG AAT TcC GTT AAT TAT AGG CGA I Exp. MdsB pGEX-2T [se6€22] EcoRl

AAC C

DW13(01 cAG GAT ccA ACT TCA TGG CAG AGG I Exp. MdsC pGEX-2T [5588-5614] BamHl

ACG

DW14(r)l CGG AAT TCC ACA CGG GAT AAC TGT I Exp. MdsC pGEX-2T [6230-6204] EcoRl

CGT

DW15(0 | GTG GAT cCA ACG ACA CCA ACG GCA I Exp. MdsD pGEX-2T [7s03-752e] BamHl

AGT

DW16(01 cGA ATT CTC GAG ATC GAG CTG CAA I Exp. MdsD pGEX-2T [9834-7808] EcoRl

AGC

DW17(f)l CGG AAT TCT GTG GGC AGA CTG TCG I Exp. MdsB pGEX-2T [e10-e36] EcoRl

GCC

DW18(r)l ACG GAT CCA TCC ACA CGG GCA ATG I Exp. MdsB pGEX-2T [865-83e] BamHl

GCG

DW19(01 TGG GAT CCT TCG CCG ACT ACC TGA I Exp. MdsC pGEX-2T [5762-5788] BamHl

ATG

HDA1 (0 | ACT CCT ACG GGA GGC ACG AGT I DNA Seq. Eubact. [338-358]

HDA4(r) | GGA CTA CC(G,T) GGG TAT CTA ATC C I DNA Seq. Eubact., Gen. Walk [801-780]

PB36(D I AG(A,G) GTT TGA TC(A,C) TCG CTC AG I SSU rDNA [1-20]

PB37(r) | GGG TTG CGC TCG TTA TGG CAC I DNA Seq. Bacteroides sp. [1106-1086]

PB38(r) | G(A,C,T)T ACC TTG TTA CGA CTT I SSU rDNA 114s4-14671

PB39(0 I CTT G(C,T)A CAC ACC GCC CGT I Gen. Walk [1382-13ee]

PB40(r) | G(A,T)A TTA CCG CGG C(G,T)G CTG I DNA Seq. Eubact. [531-514]

PB41(0 | ACA CAC GTG TTA CAA TGG I DNA Seq. Bacferoides sp. [1218-123s]

PB42(f) J GGATTAGATACCC(G,TXG,T)GTAGTCC I DNA Seq. Eubact. [780-801]

SG1(0 | AC(G,T) GC(G,T) (A,TXC,GXG,T) GAG I Sense Tryp. Peak36a (Table 3.9)

AT(A,T)ATG CA

SG2(r) | C(G,TXG,T) AC(G,T) AGT TGC AT(G,T) | Anti-sense Tryp. Peak36a Oable 3.9)

AT(C,T) TC

SG3(0 | GAT TTT GT(G,T) TAT CC(G,T) TA(C,T) AC I Sense Tryp. Peak36b (Table 3.9)

SG4(r) | cTG TA(G,T) cGG TA(G,T) ACG AA(A,G) | Anti-sense Tryp. Peak36b (Table 3.9)

TC

SG5(0 | AAT AT(A,T) GAT GG(G,T) GG(G,T) | Sense Tryp. Peak52a (Table 3.9)

TT(C,T) ATG



SG6(r) | ACG TTC ATG AA(G,T) CC(G,T) CC(A,G) | Anti-sense Tryp. Peak52a (Table 3.9)

TC

TR4(0 I T(A,C,G,T)C A(A,G)A A(A,G)C A(A,G)G C I Anti-sense CB2 (Table 1.6) [402040411

(A,C,G,T)T GGG A(C,T)G C

TR7(0 | A(G,AXT,C) TC(G,A) TT(A,C,G,T) GG(G,A) | Sense CB11 (Table 1.6) [46564634]

TC(G,A) TT(T,C) TGC AT

TR8(0 | AGG GTT TTC CCA GTC ACG AC I DNA Seq. M13 forward

TR9(0 | GAT AAC AAT TTC ACA CAG GA I DNA Seq. M13 reverse

TR10(0 | CGC TTG GCAATG GCC TGA TCA ATG I Gen. Walk [48e84e24] Bcll

ACA

TR11(f) | GAC GTC GAT CTC GTG CAG CAT AA I Gen. Walk [4es6-501e] Pstl

TR12(r) | AAT ACT TTA GcC ACG TGG CG I DNA Seq. [802-783]

TR13(r) | CAT GTC GTA GAT CTC CTC GTA G I Gen. Walk [4636-a615] Bglll

TR18(0 | cGC TTG ccA TCA GTT CGG CG I DNA Seq. [603e-6058]

TR20(r) | CAA AGG CAA TCT GGG TAC CGT CGG I Gen. Walk [6131-610s] Kpnl

TR21(f) | ACG ACG GCG AGC TCT AGA CCC TGCG I Gen. Walk [6831-6855] Xbal
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a. Primer series CP, DW and TR (except TR8(f) and TR9(r)) relate to work and the nucleotide
sequence presented in Chapter 2 and Appendix 4 respectively. Primer series HDA and PB relate to
work and the nucleotide sequence presented in Appendix 9. Primer series SG relates to work and
nucleotide sequence presented in Chapter 3. Letter in brackets refers to direction of primer (f -
forward, r - reverse) with respect to referenced nucleotide sequences.
b. Nucleotides in brackets are degenerate with respect to that position. Nucleotides in bold are
engineered restriction site sequences recognised by the restriction endonuclease stated in
description.
c. Numbers in brackets refer to primer start and stop positions in the referenced nucleotide
sequence (refer to a.). Restriction endonucleases (bold) correspond to the engineered site
indicated in nucleotide sequence. Primers designated with Exp. were used to amplify genes GLS
(N-acetylglucosamine-6-sulfatase), REG (sulfatase regulatory protein), NOV1 (novel protein 1) or
NOV2 (novel protein 2) for cloning into protein expression plasmids pET-17b and pGEX-2T as
indicated. Primers designated with DNA Seq. were used in dye labelled dideory (dye terminator)
DNA sequencing (section A.2.1 1.3) of nucleotide sequences indicated in a. Primers PB36(f) and
PB38(r) designated with SSU rDNA amplify the small subunit rDNA (165 rRNA) gene sequence for
most species of eubacteria. Primers designated with Eubact. and Bacterordes sp. are specific for
sequences within the SSU rDNA gene for most species of eubacteria and Bacteroides respectively.
Primers designated with Gen. Walk were used in inverse polymerase chain reactions (section
A.2.9.6) required for genomic walking beyond a known nucleotide sequence. Primers designated
with Sense or Anti-sense were designed from the sense or anti-sense strand of the nucleotide
sequence corresponding to either trypsin (Tryp.) or cyanogen bromide (CB.) digested peptides
indicated. Primers TR8(f) and TR9(r) are identical to the M13 fonruard and reverse DNA sequencing
primers universally described.
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A.1.10 Chromatography media and membranes

Chromatography media required for the separation of biological macromolecules and peptides are

listed in Table A.1.11. The preparation of hydroxyapatite and GST-Sepharose@ CL-48 are

described in Appendix 7 andAppendix 6 respectively. Glutathione-Sepharose@ CL4B was a gift

from Assc. Prof. Christie. Sepharose@ and Sephacryl@ media were obtained as pre-swollen gels

under O.O1% Merthiolate@ or 20o/o (v/v) ethanol as preservative. Sephadef G25 (dry powder) and

Sartobindru microporous membrane absorber S15 (pore size 0.07 pm) were hydrated according to

the manufacturers instructions. POROS@ media were supplied under 0.1 M sodium sulfate, 30%

(v/v) methanol as preservative. Reversed phase Jupiterru C16 prepacked column (250 x 2 mm, 5

pm bead size, 0.3 nm pore size) was used within the Auckland Protein Sequencing Unit. All media

and membranes were stored according to the manufacturers recommendations (section A.2.19).

Table A.1.1 1 Chromatography Media and Membranes

Media/Membrane Description (Fractionation range, Mw) Reference

Sephacryl'5-300

(High resolution)

Sepharose@ cL-48

(Cross linked)

Sephadex@ G-25

(Fine powder)

DEAE-Sepharose@

(Fast flow)

POROS@ HQzO

CM-Sepharose@

(Fast flow)

POROS@ HS2O

SartobindrM 515

(membrane)

Phenyl Sepharose@ CL-48

POROS@ HP2

JupiterrM C16

Size exclusion

(globular proteins 1x10a - 1.5x106 Da)

Size exclusion

(globular proteins 6x104 - 2x107 Da)

Size exclusion

(globular proteins 1x103 - 5x103 Da)

Weakly basic anion exchanger

Strongly basic anion exchanger

Weakly acidic cation exchanger

Strongly acidic cation exchanger

Strongly acidic cation exchanger

Hydrophobic interaction

Hydrophobic interaction

Reversed phase, strong hydrophobic

Pharmacia Biotech

Catalogue

Pharmacia Biotech

Catalogue

Pharmacia Biotech

Catalogue

Pharmacia Biotech

Catalogue

PerSeptive Biosystems

Catalogue

Pharmacia Biotech

Catalogue

PerSeptive Biosystems

Catalogue

Sartorius catalogue

Pharmacia Biotech

Catalogue

PerSeptive Biosystems

Catalogue

Phenomenex@
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Hydroryapatite

GST-Sepharose@ 48

Glutathione-Sepharose@ 48

Calcium ion, phosphate ion interaction

Affinity toward anti-GST antibodies

Affinity toward C-terminus of Glutathione

S-transferase fusion proteins

Appendix 7

Appendix 6

Pharmacia Biotech

Catalogue

A.1.1 1 Molecular weight standards

Molecular weight standards used in this work to determine size of macromolecules by gel

electrophoresis (section 4.2.12) are listed in Table A.1 .12.

Table 4.1.12 Molecular weight standards

Molecular weight standard Molecular weight range

100 bp DNA ladder

250 bp DNA ladder

1 kb DNA ladder

),. Hindlll DNA ladder

Low DNA mass ladder

RNA ladder

16S/235 rRNA standard

Benchmarkru Prestained Protein ladder

Protein molecular weight standard

0.1 - 2.07 kb

0.25 - 2 kb

0.075 - 12.2kb

0.125 - 23.1 kb

0.1 -2kb
0.24 - 9.5 kb

1.7 and 3.5 kb

9 - 187 kDa

14.3 - 200 kDa

4.1.12 Other materials

Materials previously not mentioned were obtained from the following suppliers:

Table 4.1.13 Miscellaneous materials

Amersham I Nylon membrane filter Hybond-N' (0.45 pm)

Amicon@ | Centricon@ concentrators, Diaflo@ Ultrafilters

Bectin Dickenson I syringes (3 to 65 cc), precision glide needles

Diagen I OHGEN 20 and 100 tips, QIAGEN QlAprep Spin Miniprep kit,

QIAEX ll gelextraction kit

Millipore Corporation I O.ZZ pm filters

Sigma Chemical Co. 
I Goat anti-rabbit alkaline phosphatase conjugated antibody
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APPENDIX 2: METHODS

A.2.1 Sterilisation and decontamination of ribonuclease activities

Sterilisation of glassware, growth media, water and solutions for use in sections involving the

growth of bacteria or the manipulation of DNA were achieved by autoclaving them at 103.4 kPa

on liquid cycle for 20 min. Solutions and growth media requiring sterilisation other than by

autoclaving were filter sterilised through a 0.22 pm fllter. Glass pipettes stoppered with cotton

wool were sterilised by dry heat at 150'C for 2 h. Decontamination of glassware and other

surfaces of ribonucleases for work in section 2.7 is described comprehensively in Sambrook et at

(1989). Surfaces were treated with either 0.1olo DEPC for 2h at 37'C and then autoclaved or

were covered with RNase freerM (Continental Laboratory products) for 20 min then rinsed with

ribonuclease free water (section A.1.1). Electrophoresis tanks were treated with 3% hydrogen

peroxide for 10 min then thoroughly rinsed with ribonuclease free water. All solutions required in

section 2.7 were prepared using ribonuclease free water and chemicals. Whenever possible

chemical solutions were treated with 0.1% DEPC for 12 h at 37'C and then autoclaved.

A.2.2 Maintenance of anaerobic conditions

4.2.2.1 Anaerobic column

Anaerobic procedures performed during this research are described in 'The Anaerobe Laboratory

Manual' by Holdeman and Moore (1977). The routine maintenance of anaerobic conditions for
anaerobic bacterial growth was performed using nitrogen and carbon dioxide gases. These were

mixed at the desired concentrations by monitoring their flow through calibrated gas flow-meters.

Removal of trace amounts of oxygen was achieved by passing the gas through a column of
electrically-heated copper filings which forms black copper oxide (CuO). Orygen-free gas was

then introduced into the vessels containing medium or broth culture through a sterile Luerlock

syringe packed with cotton wool attached to a flamed sterilised, bent 18 gauge needle.

Regeneration (reduction) of CuO was achieved by passing 3% hydrogen gas through the copper

column.

4.2.2.2 Coy anaerobic chamber

The Coy Anaerobic chamber (Type B, Coy Laboratory Products Inc.) was used for routine plating

and streaking of obligate anaerobic bacteria. The chamber was operated according to the
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manufacturers instructions. The basic methods and operating procedures are described by Arank

et al (1969). An atmosphere of between 90 - 95% nitrogen (N2) and 5 - 10o/o hydrogen (H2) was

maintained in the chamber. The levels of oxygen (Or) (ppm) and He (o/o) were monitored using a

Coy oxygen and hydrogen gas analyser (model 10). Traces of oxygen and sulfide gases were

removed by circulating the chamber atmosphere through catalyst boxes containing palladium

coated alumina pellets and activated charcoal. The palladium catalyses the reaction of 02 (g) and

zHzG) to form 2H2O (g). The activated charcoal absorbs sulfide gases that bind to and inactivate

the palladium. Silica gel was present in the chamber to minimise humidity and thus maintain the

activity of the palladium pellets. Both the silica gel and the palladium pellets were regenerated by

heating at 160'C for 2h when required.

The sterility of the chamber atmosphere was maintained by continually filtering the air through a

bacteriological forced air filter from a germ free chamber apparatus. A hot wire incandescent heat

sterilizing device was used to sterilise inoculating loops and culture vessel surfaces, Anaerobic

agar plates were removed from the chamber inside polycarbonate or stainless steel Gas-pak

anaerobic jars containing palladium. The atmosphere inside the jars were replaced with the

desired Oz free (section A.2.2.1) gas mixture that in all cases contained 5o/o Hz. Gas-pak jars

were maintained under positive pressure (3a.5 kPa) to monitor possible leakages.

A.2.3 Growth of bacteria

A.2.3.1Aerobic growth

Liquid cultures of E. colistrains or K. aerogenes (sp.) (Table A.1.6) were grown with aeration at

37'C in a flask or test tube depending on the volume required. When necessary the extent of

growth was monitored by measuring its optical density at a wavelength of 600 nm using Hitachi

models U-1100 and U-2001 spectrophotometers.

4.2.3.2 Anaerobic growth

Liquid cultures of anaerobic bacteria were grown with gentle shaking at 37'C, The extent of
growth was monitored using a side-arm flask and a Klett Summerson photoelectric colorimeter.

Bacteria streaked or spread onto basal medium agar plates (section A.1.4.2.2) within the Coy

anaerobic chamber (section A.2.2.2) were placed in a Gas-pak jar and gassed with desired gas

mixture containing 5% hydrogen. The plates were kept under 34.5 kPa pressure and incubated at

37"C.



172

A.2.4 Storage and monitoring auxenic bacteria cultures

Long term storage of E. colistrains was carried out in either storage buffer (Table A.1.1) or 15o/o

glycerol at -70"C. Storage of anaerobic bacteria was performed in basal medium agar slants

(section 4.1.4.2.2) at -70'C. Bacterial cultures were monitored for contamination using the Gram

stain procedure and light microscopy. The Gram stain procedure is described comprehensively in

the literature.

A.2.5 Competent cells

Competent E. colistrains DHSa, INVaF' and JM109 with transformation efficiencies of greater

than 1x108 transformants/pg plasmid DNA were purchased directly from the manufacturer. \Men
cells of lower efficiency were appropriate (1x10s - 1x106 transformants/pg plasmid DNA), E. coti

strains DHScr,F', BL21(DE3)pLysS and BB4 were made competent by the methods described in

sections 4.2.5.1 and A.2.5.2.

4.2.5.1 Preparation of competent E. colicells by Nishimura method

Competent E. coliDHSaF' and BL21(DE3)pLysS cells were prepared routinely using the method

described by Nishimura et al(1990). The method involved growing the cells in supplemented LB

(section 4.1.4.1.1) to log phase (optical density of 0.3 - 0.5 at 600nm, section A.2.3.1), then

isolating them by centrifugation (1,500x9 for 10 min at 4"C). The cell pellet was then resuspended

in a small volume of ice cold supplemented LB to which 5 volumes of storage buffer (Table A.1.1)

was added. Competent cells were made fresh prior to transformation (section A.2.6.1) and in

doing so transformation efficiencies of 1x105 transformants/pg DNA were obtained.

4.2.5.2 Preparation of competent E. colicells by Cohen method

Competent E. coli BB4 cells were prepared using a modified version of the calcium chloride

method described by Cohen et al(1972). The method involved inoculating lxYT medium (section

4.1.4.1.1) with an overnight culture ol E. coliBB4 in lxYT+Tet (section A.1.5.1). This was grown

to logarithmic phase (optical density of 0.3 - 0.5 at 600 nm, section A.2.3.1) when the cells were

cooled to 0'C and isolated by centrifugation (1,500xg for 10 min at 4'C). The cetl pellet was

resuspended in 50 mM calcium chloride (CaClz) and left at 0'C for 20 min before being isolated by

centrifugation (200x9 for 5 min at 4'C). The cells were finally resuspended in an appropriate

volume of 50 mM CaClz and left at 0'C for at least 2 h before transfection (section A.2.6.2).
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Competent BB4 cells were made fresh prior to transfection in order to obtain transfection

efficiencies of 1x106 transfectants/pg DNA.

A.2.6 Transformation and transfection

Transformation of competent E. coli DHScr, lNVcrF' and JM109 cells was performed in strict

accordance with the manufacturers instructions. Transformation and transfection of other

competent E. colistrains are described in sections A.2.6.1 and A.2.6.2.

4.2.6.1 Transformation of competent DHScF' and BL21 (DE3)pLysS cells

Transformation of competent E. coli DHScrF' and BL21(DE3)plysS cells (section A.2.S.1) was

performed using a modified version of the method described by Nishimu ra et al(1990). The

method involved adding a DNA solution or standard (no more than 0.5 pg in a volume of 10 pr,L or

less) to 100 pL of competent cells. This mixture was then incubated at 0'C for 30 min before

being subjected to a heat treatment at 42"C for exactly 45 sec. E. coliDHS61F' and

BL21(DE3)pLysS cells were then cooled to 0"C for 2 min after which 0.5 mL of prewarmed (37"C)

LB was added. This mixture was then incubated for t h at 37"C before aliquots were plated by

spreading onto plates containing appropriate selective medium (section A.1.s).

4.2.6.2 Transfection of competent E coli BB4 cells

Transfection of competent E coliBB4 cells (section A.2.5.2) was performed using a modified

version of the method described by Cohen et al (1972). The method involved adding 0.3 mL of
competent E. coliBB4 cells to a DNA solution or standard of no more than 0.5 pg in a volume of

10 pL or less. This mixture was incubated at 0'C for 30 min then heat-treated at 42"C for exacily

75 sec before being incubated again at 0'C for 30 min. The mixture was then plated as described

in section A.2.11.1.

A.2.7 DNA isolation

4.2.7.1 Phenol/chloroformlisoamyl alcohol extraction and ethanol precipitation

Phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation were performed by the

method described in Sambrook et al(1989). A description of the method for removal of
contaminating proteins from aqueous solutions of DNA is presented below.
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An equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added to the solution of

DNA, then mixed by inverting several times. The solution was centrifuged (11,300x9, 5 min) and

the top aqueous phase containing DNA was collected while avoiding denatured proteins at the

interface. Extractions were repeated until a clear interface was obtained after which an extraction

with an equal volume of chloroform was performed in order to remove traces of phenol. The DNA

was then precipitated out of solution by adding salt (0.1 volumes 3 M sodium acetate pH 5.2 or

0.2 volumes 10 M ammonium acetate) followed by 2 volumes of 100% (v/v) ethanol. The mixture

was cooled at -70"C for 20 min then centrifuged at 11,300x9 for 30 min at 4"C. The DNA pellet

was gently washed with 70% (v/v) ethanol, dried in a desiccator at room temperature, and then

resuspended in water or TE buffer (Table A.1.1). \ffhen DNA amounts were less than 1pg,

approximately 1Opg of yeast IRNA was added prior to ethanol precipitation to aid with DNA

isolation.

4.2.7 .2 Plasmid miniprep preparation

4.2.7.2,1 Lysis by boiling (for restriction endonuclease analysis)

A modified version of the Holmes and Quigley (19e1) miniprep method was used forthe isolation

of small quantities (15-20 pg) of plasmid DNA suitable for restriction endonuclease analysis. The

method involved resuspending a pelleted 5 mL overnight culture of transformed bacterial eells in

220 y'L of STET buffer (Table A.1 .1 ) containing 0.5 mg/ml lysozyme. After 1 0 min at room

temperature the mixture was boiled for 2 min, then centrifuged (1 1,300x9, 10 min). The resulting

pellet was removed with a sterile toothpick and discarded, while an equal volume of isopropanol

was added to the supernatant to precipitate out the plasmid DNA. The plasmid DNA was then

isolated by centrifugation (11,300x9, 20 min), resuspended in TE buffer, and freed from protein

contaminants by phenol/chloroform/isoamyl alcoholextraction and ethanol precipitation (section

4.2.7.1).

4.2.7.2.2 Lysis by boiling (for PCR amplification and analysis)

A simple method was used to prepare plasmid DNA suitable for PCR analysis (section A.2.9.5).

This method was preferred when large numbers of recombinant colonies were to be screened.

The method involved inoculating 50 pL of sterile water with a single recombinant colony picked

from a plate. This was vortexed briefly before an aliquot was removed and restreaked for future
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use. The remainder was boiled for 5 min then centrifuged at 1 1 ,300x9 for 1 min. An aliquot of the

supernatant (usually 5 prl) was then used in the PCR (section 4.2.9.5).

A.2.7 .2.3 QIAGEN@ plasmid purification

The QIAGEN@ plasmid purification system was used to isolate quantities of plasmid DNA of

sufficient purity to allow automated fluorescent DNA sequencing. The amount of DNA required

determined the choice of QIAGEN@ tip used (etAGEN@ Tip-20, up to 20 pg DNA; QIAGEN@ Tip-

100, up to 100 pg DNA). The protocol and buffer constituents are described in detail in 'The

QHGEN@ Plasmid Handbook (1995)'. Briefly, cell lysates were made by alkaline lysis, then

neutralised. Under appropriate low salt and pH conditions, the mixtures were added to the

QIAGEN@ tips where the plasmid DNA bound specifically to the anion exchange resin. Proteins,

RNA and other impurities were removed from the column using a medium salt wash. The plasmid

DNA was eluted specifically with a high salt buffer, then concentrated and desalted by isopropanol

precipitation.

A.2.7.2.4 QlAprep@ spin miniprep kit

The QlAprep@ spin miniprep system was routinely used to isolate plasmid DNA of sufficient purity

to allow automated fluorescent DNA sequencing. The protocol and buffer constituents are

detailed in the 'QlAprep@ Miniprep Handbook 1998)'. Bacteria were lysed under alkaline

conditions and the resulting lysate was neutralised, then adjusted to high salt concentration. The

lysate was cleared by centrifugation (microcentrifuge) and then loaded onto QlAprep@ spin silica

gel resin columns. After severalwashes the bound DNA was specifically eluted with a low salt

buffer. Yields of up to 20 pg of plasmid DNA were obtained using this method. Yield however

depended on the volume of bacterial culture, the copy number of the plasmid and the bacterial

strain used. This method differs from the QIAGEN@ technique outlined in section A.2.7.2.3.

4.2.7.2.5 WizardrM miniprep DNA purification system

The \MzardrM miniprep DNA purification system (Promega Life Science) was used to isolate

plasmid DNA of sufficient purity to allow automated fluorescent DNA sequencing. The protocol

and buffer constituents are detailed in the technical bulletin that accompanies the kit. The

principle and method are similar to the QlAprep spin miniprep system detailed in section

4.2.7.2.4. However, the WizardrM DNA purification system differed in that the purification resin

was first mixed as a slurry with the cleared lysate before being applied to a spin minicolumn
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device via a syringe. Yields of up to 10 pg of plasmid DNA were obtained using this method.

Yields were dependent on the volume of bacterial culture, the plasmid copy number and the

bacterial strain used.

4.2.7,3 M13 bacteriophage single-stranded DNA (ssDNA)

lsolation of recombinant M13 bacteriophage single-stranded DNA for automated fluorescent DNA

sequencing was based on the protocol described by Sambrook et al(1989). Phage recombinant

plaques (coloured white on lxYT+Tet+X-gal+IPTG plates, section A.1.5) were picked and grown

for 4.5 h in 2 mL of 1 :100 diluted overnight E. coli BB4 culture in lxYT+Tet. 1 .5 mL of this was

centrifuged (1 1,300x9, 5 min) and the resulting supernatant recentrifuged in order to remove all

bacterial cells from solution. 1 mL of the bacterium-free supernatant was then added to 200 pL of
phage precipitating solution (Table A.1 .1) for 10 min and centrifuged (1 1 ,300xg, 1 0 min) to obtain

a phage pellet. The pellet was resuspended in 100 pL TE buffer to which 50 pL of equilibrated

phenol (Table A.1.1) was added and immediately vortexed for 15 sec. After 5 min 50 pL of

chloroform was added and the mixture centrifuged (11,300xg, 5 min) to obtain the upper aqueous

phase containing ssDNA. The DNA was isolated by ethanol precipitation as described in section

A.2.7.1except that 3 volumes of 95o/o (v/v) ethanolwas used to precipitate the DNA.

4.2.7.4 DNA extraction following agarose gel electrophoresis

4.2.7.4.1 Progenius DNA purification kit

The Progenius DNA Purification Kit (Progen lndustries Ltd) was initially used to isotate DNA

fragments larger than 0.5 kb from agarose gels (section A.2.12.1). The procedure is described in

detail in the technical bulletin that accompanied the kit. The method involved adding 2.b volumes

of 6 M sodium iodide to a gel slice containing DNA. Gel slices were melted at 55'C after which 5

pL of resuspended silica matrix was added and mixed. The DNA was then allowed to bind to the

matrix at room temperature for 5 min before it was isolated by centrifugation at 11,300xg for 30

sec. The supernatant was removed and the pellet was washed three times with supplied ethanol

wash solution. The DNA was then eluted from the matrix by resuspending it in an appropriate

volume of water or TE buffer and heating it to 55'C for 2 - 5 min before it was centrifuged

(11,300x9, 30 sec).
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A.2.7.4.2 QIAEX@II gel extraction kit

The QlAEXtll Gel Extraction Kit was preferentially used to extract and purify DNA fragments (40

bp - 50 kb in size) from agarose gels (section A.2.12.1). The procedure is described in detail in

the'QIAEX@Il Handbook (1997)'. The method involved simultaneously solubilising agarose gel

slices in 3 volumes of concentrated chaotropic salt buffer QXI and absorbing the DNA to OlAEXgl

silica particles at 50"C for 10 min. The DNA bound silica particles were isolated by centrifugation

(11,300x9, 30 sec) and then washed once with 0.5 mL of buffer QXl, then twice with ethanol

containing buffer PE. The QlAEXql particles were air dried (15 min) and the DNA eluted by

resuspension in 10 mM Tris.HCl, pH 8.0 buffer for 5 min. Recovery efficiencies of 70 - g0% were

achieved using this method. The purified DNA was suitable for most molecular biology

applications including automated fluorescent DNA sequencing.

4.2.7.5 Genomic DNA

4.2.7.5.1 Large scale preparation

High molecular weight Prevotella strain RS2 genomic DNA suitable for most molecular biology

applications was isolated using an amended protocol by Sambrook ef a/ (19S9). Prevotella strain

RS2 cells grown in 75 mL 0.2% D(+)-galactose basal medium (sections A.1.4.1 .2 and A.2.J.Z)
(optical density of 180 on a Klett Summerson Photoelectric colorimeter) were isolated by

centrifugation (1 1 ,950x9, 10 min, 4'C). Cells were washed in 10 mL of 10 mM Tris.HCl (pH 8.0),

re-isolated (centrifuged 11,950x9, 10 min,4"C) and resuspended in 10 mL of 10 mM EDTA (pH

8.0) to remove divalent cations (Mgt*, Ca2*) that stabilise the lipopolysaccharides of the outer

membrane making it permeable. After 20 min at room temperature, cells were disrupted by

addition of approximately 5 mg of lysozyme (5 min, RT), 0.25 mg of proteinase K (10 min, 0'C)
and 200 prl of 10% sodium lauryl sulfate. Crude genomic DNA was obtained by extracting twice

with an equal volume of phenol/chloroform (1 1 ,950xg, 1 0 min) (Table A.1 .1) before an equal

volume of cold 95% (v/v) ethanol was added (slowly) and precipitated DNA spooled out from the

interface, Crude genomic DNA was treated with Ribonuclease A (0.5 mg/mL, 37"C, 1.5 h) and

Proteinase K (125 pg/ml, 37"C, t h) before being extracted with phenol/chloroform/isoamyl

alcohol and pure DNA isolated by ethanol precipitation (section A.2.7.1). The concentration and
purity of the DNA was determined by spectrophotometric analysis. A ratio of 1.8 for optical

densities at 260nml280nm denoted pure DNA. A sample was also electrophoresed in an agarose
gel (section A.2.12.1) to detect DNA degradation (smearing).
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After this work was completed, we learned (A.A. Salyers, personal communication) that some

colon anaerobes contain a potent DNase which is activated under aerobic conditions. Better

quality DNA is prepared if cells are held under anaerobic conditions (anaerobic chamber) until the

step in which SDS denatures DNases.

4.2.7 .5.2 Medium scale preparation

DNAzol@ reagent (Life Technologies Inc.) was used to isolate intact high molecular weight

bacterial DNA suitable for most molecular biology applications. DNAzoF reagent is a guanidine-

detergent lysing solution that selectively precipitates DNA from a cell lysate. The method used is

described in detail in the product profile that accompanies the reagent.

Bacterial cultures (10 mL)were harvested by centrifugation (7,500 xg, 10 min,4"C) then lysed by

gentle aspiration (x6) with DNAzol@ reagent (1 mL per 3x107 cells). Genomic DNA was then

precipitated (3 min) with 100o/o (v/v) ethanol (0.5 mL per 1 mL DNAzo$ and centrifuged (12,000

xg, 10 min, 4"C). The DNA pellet was washed twice with g5o/o (v/v) ethanol and air dried for S to

15 min. DNA was finally suspended in water or I mM sodium hydroxide followed by pH

adjustment with suitable buffer. The purity and concentration of the isolated DNA was determined

as described in section A.2.7 .5.1. Yields of up to 5 pg DNA per 3x107 cells were obtained using

this method. The DNA was stored at -20'C until used.

4.2.7.5.3 Small scale preparation for PCR analysis

High molecular weight bacterial DNA suitable for PCR analysis was isolated using the protocol of

Woo ef al (1992). Bacteria grown overnight in 1 mL of growth media (section A.1.4.1) were

collected by centrifugation at 1 1,300x9 for 5 min. The cells were washed in 1 mL of TNE buffer

(TableA.1.1), reisolated (centrifuged 11,300xg,5 min) and suspended in 135pL of TNE buffer.

An equal volume of TNE-T buffer (Table A.1.1) and 30 prl of 5 mg/ml lysozyme were added and

the mixture incubated at 37"C for 30 min. Proteinase K (15 pL of 20 mg/mL) was then added and

the mixture incubated for 2 h at 65"C. The preparation was finally diluted five fold with water

before 1 pL was used for the PCR (section ,4.2.9.5). The preparation was stored at -20'C.

4.2.7 .6 Microspin rM columns for radiolabelled oligonucreotide probes

MicroSpinrM S-200HR and S-300HR columns (Pharmacia Biotech) were used for the rapid

purification of radiolabelled oligonucleotide probes (section A.2.9.4.2). The procedure is
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described in detail in the'MicroSpinnn Columns lnstruction Handbook (1994)'. The method

involved precentrifuging the columns at 735x9 for 1 min to remove packing TE buffer. The

radiolabelled probe sample (25 - 100 pL) (section A.2.9.4.2) was then added and the column

recentrifuged at 735x9 for 2 min. Unincorporated radiolabelled nucleotides remained in the

column resin while the radiolabelled oligonucleotide probe eluted into the support tube.

A.2.8 Total RNA isolation

TRlzol@ reagent (Life Technologies lnc.) was used for the rapid purification of total RNA from

bacteria cells. TRlzol@ reagent (mono-phasic solution of phenol and guanidine isothiocyanate)

isolated RNA of sufficient purity (lacking contaminating DNA and protein) for Northern blot

analysis (section A.2.16.2). A modified version of the recommended method was used to isolate

total RNA from Prevofel/a strain RS2.

Bacterial cultures attaining desired cell density (2x106 cells per mL) or grovrrth phase were

harvested by centrifugation (1,500x9, 4 min) in stoppered glass (12.5 mL) centrifuge tubes under

anaerobic conditions. Cells were lysed immediately by aspirating up and down (6 times) the cell

pellet with TRlzol@ reagent (1 mL per 1x107 bacterial cells) then vortexing (10 sec). After 5 min

standing, chloroform was added (0.2 mL per 1 mL TREoD and mixed, and the aqueous phase

containing RNA isolated by centrifugation (12,000 xg, 15 min, 4'C). RNA was then precipitated

(10 min) with isopropanol (0.5 mL per 1 mL TRlzol$ and centrifuged (12,000 xg, 10 min, 4'C).

The RNA pellet was washed with 70% (v/v) ethanol (centrifuged 7,500 xg, 5 min, 4"C) and air

dried for 10 min before suspension in DEPC treated water (section A.1.1) orformamide. lsolated

total RNA samples were stored at -70'C. The purity and concentration of RNA were determined

by spectrophotometric analysis. A ratio of between 1.6 - 1.8 for optical densities at 260 nm/280

nm denoted pure RNA. Yields of up to 15 pg RNA per 1x107 cells were obtained using this

method. During total RNA preparation, contaminating ribonuclease activities were minimised

where possible (section A.2.1).

A.2.9 Enzymic reactions

A.2.9.1 Restriction endonuclease digestions

Restriction endonuclease digestions were performed using buffer and temperature conditions

recommended by the supplier. Approximately 10 units of enzyme were used per pg of DNA

except when complete digestion was required (plasmid and bacteriophage DNA) when 15 units of
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enzyme were used per pg of DNA. Most incubations were performed for 1-3 h at the

recommended temperature. When two enzymes were required to digest the DNA, the enzyme

requiring the lowest ionic strength was used first. After complete digestion the ionic strength was

increased to the desired concentration and the second enzyme was added. In some instances,

where this was not possible, the second enzyme and appropriate buffer were added after the

DNA had been extracted with phenol/chloroform/isoamyl alcohol and precipitated with ethanol

(section 4.2.7,1). When inactivation of the endonucleases was required, so that later DNA

manipulations could be carried out successfully, the reaction mixture was

phenol/chloroform/isoamyl alcohol extracted and DNA precipitated as described in section

4.2.7.1.

4.2.9.2 Ligation reactions

Standard ligation reactions were carried out at 4 - 14'C over night in a volume not exceeding

10 pL. The reactions contained appropriately digested DNA, T4 DNA ligase (2 Weiss units),

supplier recommended buffer and 0.5 mM dATP. Ligation reaction conditions will be described in

the appropriate sections. Ligation reactions involving plasmid vectors (section A.1.7) had a 3:1

molar ratio of DNA fragments to vector while ligation reactions involving bacteriophage vectors

(section 4.1.7) had a 7:1 molar ratio of DNA fragments to vector. Prior to addition of ligase, ATp
and buffer, the DNA species were incubated at 45"C for 5 min before being cooled to 0'C, in order
to melt any cohesive terminithat may have re-annealed. Ligation mixtures were used either neat

or diluted (1:5 with water) to transform or transfect competent cells (section A.2.6).

A.2.9.3 T4 polynucleotide kinase (labelling)

The incorporation of radioactive inorganic phosphate from 1yt'PlORte to 5' hydroxyl termini of 1

kb DNA ladder for Southern hybridisation is described in Sambrook et at(1g8g). The reaction

performed consisted of 4 pg of 1 kb DNA ladder, 50 mM Tris.HCl, pH 7.6, 10 mM MgCl2, 5 mM

DTT, 0.1 mM spermadine, 0.1 mM EDTA, 5 pCi of 1y32eloRte (3ooo Ci/mmot) and 20 units of T4

polynucleotide kinase. The mixture was incubated for 45 min at 37'C before the enzyme was

inactivated at 70'C for 10 min.
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4.2.9,4 Uses of klenow fragment of E. coliDNA polymerase I

4.2.9.4.1 Blunt-ending

The filling in of 'ragged' double stranded DNA ends prior to blunt end ligation reactions (section

4.2.9.2) was performed in the buffer used to digest the DNA unless otherwise stated. \A/here this

was not possible, digested DNA was purified by phenol/chloroform/isoamyl alcohol extraction and

ethanol precipitation (section A.2.7.1) and then incubated with 5 units Klenow fragment, 50 mM

Tris.HCl, pH 7.5, 10 mM MgSOa, 1 mM DTT, and 2 mM deoryribonucleotide triphosphates (dATp,

dcrP, dGTP, drrP). After t h at 37"c the DNA was again re-isolated by

phenollchloroform/isoamyl alcohol extraction and ethanol precipitation.

4.2.9.4.2 Random-hexamer-priming

The random-hexamer-primer DNA labelling system kit (Life Technologies Inc.) was routinely used

to incorporate [o32P]dCTP into DNA fragments for use as hybridisation probes. The reaction

involved incubating approximately 30 ng of denatured DNA with approximately 25 pCi of

1a32PldCtP (3OOO Ci/mmol), plus 0.5 nmol of dATP, dGTP and dTTp, 4.5 oD (260 nm) units/ml
of oligodeoxyribonucleotide random primers, and Klenow fragment (3 units) at 37'C for 30 min.

The reaction was stopped with EDTA (30 mM). Unincorporated [a32PldCTP was separated from

labelled DNA by application to MicroSpinrM columns (section A.2.7.6). Incorporation efficiencies

between 45 - 75o/o and specific activities between 2.5 x 108 - 8.5 x 108 cpm/pg DNA were obtained

using this method. The probe was suff,cient for two separate hybridisation reactions. Before

addition to prehybridisation mixture (sections A.2.16.1and A.2.16.2) the probe was denatured by

boiling for 5 min then quickly cooled to 0'C for S min.

4.2.9.5 Polymerase chain reaction (PCR)

This technique is comprehensively described in Sambrooket at(1989). Amplification of DNA was

achieved using one of three thermostable DNA deoryribonucleotidyl transferases, Ampli laq DNA
polymerase, Ifl DNA polymerase and Ultma DNA polymerase. Taq and I/? DNA polymerases

were used for standard PCRs. Ultma DNA polymerase has 3' - 5'exonuclease proofreading

ability and was used primarily for genomic walking or protein expression reactions. Ampli lag
DNA polymerase has a non-template dependant activity which adds a single deoryadenosine (A)

at the 3' ends of PCR products. This enzyme was used in reactions where the products were to

be TA cloned (section A.2.10). PCRs were carried out in recommended reaction conditions using
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a Perkin Elmer GeneAmp PCR system 2400 thermal cycler. Primer annealing temperatures (Tp)

were calculated using the formula Tp = Tm -2"C, [Tm = 2x(AT content of primer) + 4x(GC

content of primer)1. The lowest calculated annealing temperature of the two primers was used in

the PGR. Extension times used were 1 min for every kb in length of DNA to be amplified. The

standard PCR reaction mixtures and profile for determining insert size in recombinant M13

bacteriophage vectors and recombinant TA cloning vectors is given below. Other individual pCR

reaction mixtures and profiles used during this research will be described in their appropriate

sections.

To determine the size of insert found in a recombinant M13 bacteriophage or TA cloning vector

one of the following PCR mixtures were prepared (final concentrations are indicated): (i) 10 mM

Tris.HCl, pH 8.8,50 mM KC|,0.0017o gelatin, 1.5 mM MgCl2,0.2 mM dNTPs, 1G.3 pmol/reaction

TR8(0 primer (Table A.1.10), 16.2 pmol/reaction TRg(r) primer (Table A.1.10) and 0.5

units/reaction AmpliTaq DNA polymerase; or (ii) 50 mM Tris.HCl, pH 9.0, 20 mM ammonium

sulfate, 1.5 mM MgCl2, 0.2 mM dNTPs, 16.3 pmol/reaction TR8(D primer (Table A.1.10), 16.3

pmolireaction TR9(r) primer (Table A.1.10) and 0.5 units/reaction Tfl thermostable DNA

polymerase. For a 15 pL PCR, 0.5 pL of single stranded recombinant M13 bacteriophage vector

DNA was added (section A.2.11.1), or 5 pL of double stranded recombinant TA cloned plasmid

DNA was added (section A.2.11.2). The reactions were mixed and placed in a programmable

thermal controller and cycled following the reaction profile: (94"C, 3 min) x1; (g4'C, 40 sec; 52"C,

1 min; 72"C, 2 min) x15. The reaction mixture was electrophoresed on agarose gels and viewed

under UV light (section A.2.12.1).

A.2.9.6 Inverse polymerase chain reaction

The inverse polymerase chain reaction was used for the direct amplification of anonymous DNA
regions flanking specified known segments of DNA sequence. The technique, used for genomic

walking experiments (sections 2.2.2 and A.1 0), is described by Ochm an et al(1 gg3) and is
presented in Fig. A.2.1. In summary, oligonucleotide primers orientated in opposing directions

were designed to a segment of known DNA sequence. Genomic DNA was digested using a
restriction endonuclease that cleaved at a unique position outside the region bounded by the
primer annealing sites. Monomeric circles of DNA were formed from the resulting restriction

fragments in ligation reactions favouring circularisation. Primers and monomeric circles as
template were then used in a PCR to amplify the anonymous region immediately adjacent to the
known DNA segment (Fig. A.2.1). A standard inverse PCR procedure is presented below.
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Fig. A.2.1 Inverse PCR Procedure

Schematic based on figure by Ochmanet al(1988). Known DNA sequence is depicted
by opel box and unknown DNA by line. DNA is digested with a restriction enzyme
(filled-_tringle) , fragments ligated to favour circularisation, and adjacent unkndwn DNA
amplified using specific walk primers (open triangles) by pCR.
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Individual inverse PCR procedures used during this research will be described in their appropriate

sections.

Genomic DNA (10 pg) was cleaved with an appropriate restriction endonuclease (50 units) in

recommended buffer and temperature conditions for 4 h (section A.2.9.1). The reaction was

terminated with EDTA (5 mM) and the DNA fragments extracted with phenol/chloroform/isoamyl

alcohol and isolated by ethanol precipitation (section A.2.7.1). An aliquot was electrophoresed on

an agarose gel (section A.2.12.1) to check for adequate digestion priorto ligation. Ligation

reactions (0.5 mL) were performed in recommended buffer conditions, 0.5 mM dATP, 20 Weiss

units T4 DNA ligase and 0.5 pg/ml or 1.0 pg/mL purified DNA restriction fragments at 14'C for 16

h (section A.2.9.2). Ligation reactions were terminated by incubation at 65'C for 10 min and

monomeric circular DNA extracted with phenol/chloroform/isoamyl alcohol and isolated by ethanol

precipitation (section A.2.7.1). Approximately 50 ng of purified monomeric circular DNA was used

for each 'hot start' inverse polymerase chain reaction. A standard inverse PCR (30 pL) consisted

of: 10 mM Tris.HCl, pH 8.8; 10 mM KCI; 0.002% (v/v) Tween 20@; 2.5 mM MgClz; 0.2 mM dNTps;

50 pmol/reaction fonryard primer; 50 pmol/reaction reverse primer; -SOng/reaction purified

monomeric circular DNA; and 3 units/reaction UltmarM DNA polymerase. The reactions were

mixed and then heated to 95"C for 10 min prior to addition of UltmarM DNA polymerase. The

initial heating step is reported to facilitate amplification of circular DNA templates. The reactions

were cycled (30 times) following the reaction profile: (95'C, 10 min) x1, (94'C, 40 sec; 56"C, 1

min;72"Q, 1 - 3 min) x3O; (72"C, 10 min) x1. Elongation time (1 - 3 min) was dependent on the

size of the amplification product predicted from Southern hybridisation analysis. Aliquots of

inverse PCR's were electrophoresed on an agarose gel to monitor success of amplification.

4.210 TA cloning of PCR DNA

The pGEM@-T Easy vector system (Promega Corporation) and pCR2.1 TA cloning@ kit

(lnvitrogen) were used for the direct insertion of PCR products into a plasmid vector for

sequencing. PCR products were amplified using Ampli lag DNA polymerase which adds a single

deoxyadenosine to the 3' ends of PCR products in a nontemplate-dependant manner.

Polymerases with 3'to 5' exonuclease proofreading activities were not used with these systems.

The protocol for the pGEM@-T Easy vector system is detailed in the 'pGEM@-T and pGEM@-T

Easy vector systems - Technical manual'. Genomic DNA fragments of interest were amplified

using the polymerase chain reaction (section A.2.9.5). These were separated by agarose gel

electrophoresis (section A.2.12.1) and the desired PCR products isolated from the gel using either
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the Progenius DNA purification kit (section A.2.7.4.1) or the QIAEX ll gel extraction kit (section

A.2.7.4.2). An appropriate amount of DNA was then ligated to 50 ng of pGElvl@-T Easy vector (3:1

molar ratio) in recommended reaction conditions (30 mM Tris.HCl, pH 7.8, 10 mM MgCl2, 10 mM

DTT, 1 mM dATP, 5% PEG 8000 and 3 Weiss units of T4 DNA ligase at room temperature for t h

or 14"C for 16h). A portion of the ligation mixture was used to transform E. cotiJM109 high

efficiency competent cells (section A.2.6.1). Transformed cells were plated on LB+Amp+X-

gal+IPTG selective plates (section A.1.5). Recombinant colonies containing plasmid with pCR

product insert were then screened (section A.2.g.s) and analysed appropriately.

The protocol for the pCR2.1 TA cloning@ kit is detailed in the'original TA cloning kit - instruction

manual'. The procedure is similar to the pGeU@-f Easy cloning system described above.

However, purified PCR product DNA was ligated into 50 ng pCR2.1 vector (3:1 molar ratio) in 6

mM Tris.HCl, pH 7.5, 6 mM MgCl2, 5 mM NaCl, 0.1 mg/mL BSA, 7 mM p-mercaptoethanol, 0.1

mM dATP,2 mM DTT, 1 mM spermidine and 4 Weiss units of T4 DNA ligase at4"Q for 16 h. A
portion of the ligation mixture was used to transform E. cotilNVaF' High efficiency competent

cells (section A.2.6.1 ).

4.2.11 Preparation of DNA for sequencing

4.2.11.1 Preparation of single stranded DNA

Bacteriophage M13 vectors mp18 and mp19 (section A.1.7) were used to obtain single stranded

cloned genomic DNA fragments for sequencing. The procedure is based on the methods

described by Sambrook ef a/ (1989).

M13 bacteriophage replicative form DNA and cloned genomic DNA were separately cleaved by

the appropriate restriction endonuclease(s) (section A.2.9.1) such that the directional sequencing

of the resulting recombinant bacteriophages could be performed using the M13 forward primer.

The digested replicative form DNA was extracted with phenol/chloroform/isoamyl alcohol (section

4.2.7.1) to inactivate endonucleases and isolated by ethanol precipitation (section A.2.7.1).

Restriction fragments from cloned genomic DNA were separated by agarose gel electrophoresis

(section A.2.12.1) and the appropriate DNA band(s) for cloning were isolated (section A.2.7.4).

Ligation reactions (section A.2.9.2) were performed using 100 ng of digested replicative form DNA

and an appropriate amount of isolated restriction fragment genomic DNA to give a 1:7 molar ratio.

The ligation mixture was then used to transfect competent E. cotiBB4 cells (section A.2.S.2) as

described in section A.2.6.2.
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The transfected mixture was plated using a modified protocol based on that of Sambrook et at

(1989). The method involved adding aliquots of transfected E. coli BB4 to liquefied top l xYT agar

(48'C, section A.1.4.2.1) containing 0.35 pg/mL X-gal, 33 pM IPTG and 0.07 volume of a (0.3 -

0.4 OD [600 nm]) E. coliBB4 culture. This mixture was immediately mixed and poured onto

prewarmed (37"C) lxYT+Tet plates (section A.1.5.1) and allowed to set, followed by incubation

overnight at 37"C.

Routinely, six recombinant M13 pseudo plaques were picked per ligation type using sterile

Pasteur pipettes. Plugs containing a pseudo plaque were used to inoculate 2 mL of a 1:100 E.

coli BB4 culture in l xYT+Tet. The inoculated cultures were then grown with shaking for 4.5 h at

37'C before the recombinant M13 bacteriophage ssDNA was isolated as described in section

4.2.7.3.

PCR reactions (section 4.2.9.5) using TR8(f) and TRg(r) primers (Table A.1.10) were performed

on the isolated ssDNA templates to determine if the recombinant pseudo plaques contained the

DNA fragment of interest. The PCR products generated were approximately 100 bp larger than

the cloned insert size due to primer amplification of short lengths of M13 bacteriophage DNA

flanking the insert.

4.2.11.2 Preparation of double stranded DNA

PCR products amplifled from genomic DNA using Ampli Iag DNA polymerase were cloned into

TA cloning vectors pCR2.1 and pGEM@-T Easy for sequencing. The TA cloning procedure was

performed in accordance with the protocols described in section A.2.10. Routinely six

recombinant (white) colonies were picked per ligation type and their plasmid DNA isolated

(section 4.2.7.2.2). The isolated plasmid DNA was then used as template in the PCR with TR8(0

and TR9(r) primers (Table A.1 .1 0). The reaction was electrophoresed (section A.2.12.1) to

determine size of insert. The PCR products generated were approximately 100 bp larger than the

cloned insert due to primer amplification of short lengths of plasmid DNA flanking the insert.

Recombinant colonies that possessed plasmid containing the DNA fragment of interest were then

used to inoculate approximately 1 0 mL of LB+4pp media (section A.1 .S.1). The cultures were

Erown overnight at 37"C with aeration. Bacterial cells were isolated by centrifugation (6,000xg, 20

min, 4"C) and double stranded plasmid DNA prepared using either of three methods described in

sections 4.2.7.2.3, A.2.7.2.4 and A.2.7.2.5. These methods produced double stranded DNA of
sufficient purity and quantity for automated fluorescent DNA sequencing.
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4.2.11.3 DNA sequencing

The sequencing of the recombinant M13 bacteriophage DNA and recombinant TA cloning plasmid

DNA were performed using fluorescent dye chemistries and an Applied Biosystems, model 3734,

version 2.0.1S automated DNA sequencer. Dye-labelled primer chemistry was the technique of

choice except when DNA secondary structures were encountered or when specific sequencing

primers were used. Dye-labelled dideoxy (dye terminator) chemistry was then preferred. All

sequencing reactions used approximately 200 ng of ssDNA or 2.5 ng/100bp dsDNA as template.

Supplied M1 3 forward, M 1 3 reverse or specifically synthesised oligonucleotide (Table A.1 .10)

were used as sequencing primers.

4.2.12 Agarose gel, formaldehyde agarose gel and SDS polyacrylamide gel

electrophoresis

4.2.12.1 Agarose gel electrophoresis (for DNA)

Agarose gel electrophoresis was routinely performed following the protocol described by

Sambrook et a/ (1989). Gels were poured with agarose concentrations between 0.8 and 1.Zo/o in

either 1x TAE or 0.5x TBE buffers (Table A.1 .1). DNA samples and molecular weight standards

(Table 4.1 .12) were mixed with either of two loading buffers (Table A.1 . 1 ) prior to their application

to the gel. Electrophoresis was carried out between 90 and 1 10 volts (-50 mA) for approximately

1-3 h depending on gel size. DNA fragments were visualised by ultraviolet illumination using an

UV transilluminator following gel staining with ethidium bromide (1 pg/ml). Gels were

photographed through red and yellow filters with Polaroid 667 (8.5 x 10.8 cm) film or by a UVp

Gel Documentation System.

4.2.12.2 Formaldehyde agarose gel electrophoresis (for RNA)

Formaldehyde agarose gel electrophoresis was performed using a modified version of the
protocol described by Sambro ok et al (1989). Gels were poured with agarose concentrations

between 1 and 1 .5o/o in 1x MOPS buffer (Table A.1 .1) containing either 0.66 M or 2.2 M

formaldehyde (> pH 4,0). Prior to gel electrophoresis RNA samples (0.5 - 10 pg) and molecular

weight standards (Table A.1 .12) were denatured by heat treatment at 70"C for 10 min in 50% (v/v)

formamide,2.2M formaldehyde and 0.5x MOPS buffer. Before application to the gel, 0.1 volume

10x RNA dye (Table A.1 .1) and 0.02 volumes 10 mg/ml ethidium bromide were added.

Electrophoresis was performed in 1x MOPS buffer at 30 - 50 volts (60 - 150 mA) for 1 - 3 h
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depending on gel size. RNA molecules were visualised by ultraviolet illumination and

photographed as described in section A.2.12.1. Contaminating ribonuclease activities were

minimised during work as described in section A.2.1.

4.2.12.3 SDS Polyacrylamide gel electrophoresis (for protein)

SDS Polyacrylamide Gel Electrophoresis was routinely performed following the protocol described

in Sambrook et al (1989) based on the method by Laemmli (1970). Discontinuous buffered

polyacrylamide gels were cast as vertical slabs (8.3 cm wide x 7.6 cm high x 0.7 mm thick)

between glass and alumina plates using a Hoefer SE275 Mighty Small4-Gel caster apparatus.

The upper stacking gel contained 3.9olo polymerised acrylamide. The resolving gel contained 8 -

12.5o/o polymerised acrylamide depending on the linear range of protein separation required. The

acrylamide:bisacrylamide solution, 1.1x stacking buffer and the 4x resolving buffer used to make

the gels are described in Table A.1.1. Final concentrations of 1x stacking gel buffer (pH 6.8) and

1x resolving buffer (pH 9.0) were used in the gels. The stacking and resolving gel mixtures were

degassed before 10% ammonium persulfate was added to initiate polymerisation. The gels were

left overnight in gladwrap at 4'C before use to ensure complete polymerisation. Electrophoresis

was performed in 1x Tris.glycine electrophoresis buffer (Table A.1 .1) at 80V then 1 00V once

proteins entered the resolving gel. Protein samples and protein molecular weight standard (Table

4.1.12) were prepared for SDS polyacrylamide gel electrophoresis by adding an equal volume of

2x SDS loading buffer (Table A.1 .1 ) containing 0.2 M DTT (reducing agent). 1 M DTT aliquots

were stored at -20"C and added immediately before use. The samples were heated to g8"C for S

min then cooled. Benchmarkro prestained protein ladder (table A.1.12) was not treated before

addition to gel. The samples were loaded to the gels using a Hamilton syringe. Staining of the

separated proteins within the gel was performed by Coomassie Brilliant Blue (section A.2.12.3.1)

or silver (section A.2.12.3.2).

4.2.12.3.1 Staining with Coomassie brilliant btue R2S0

Polypeptides separated by SDS Polyacrylamide Gel Electrophoresis were stained with

Coomassie Brilliant Blue R250 according to the method described in Sambrooket at(1989).

Routine staining and fixing of gels were performed using the Coomassie blue stain detailed in

Table A.1 .1 . The gels were submerged in at least five volumes of stain for a minimum of t h with

shaking. The gels were then destained in 50% (v/v) methanol, 10olo (v/v) acetic acid until the

desired band resolution and intensity was obtained. As little as 0.1 pg of protein can be detected

using this procedure.



189

Gels were stained with Rosenfeld stain (Table A.1.1) when polypeptides separated by SDS

polyacrylamide gel electrophoresis were to be excised from the gel for trypsin digestion (section

4.2.23) and protein sequencing (section A.2.24). The staining procedure was identical to that

above except that the gel was destained in 30% (v/v) methanol. Coomassie blue stained gels

were photographed by a UVP Gel Documentation System.

4.2.12.3.2 Staining with silver

Polypeptides separated by SDS Polyacrylamide Gel Electrophoresis were stained with silver ions

according to the method described by Merril et al(1982). Silver staining was preferred over

Coomassie blue if detection of proteins in the range 0.1 - 1 ng was required. Silver staining

usually succeeded Coomassie blue staining (section A.2.12.3.1). The procedure involved fixing

separated proteins by soaking gel in fixing solution (silver stain) (Table A.1.1) for at least 2 h. The
gels were then soaked three times for 10 min in 10o/o (vlv) ethanol, 5o/o (vlv) acetic acid followed

by 5 min in potassium dichromate solution (silver stain) (Table A.1.1) with shaking. Ghromate

was then removed by washing the gelfour times in water for 5 min. Silver nitrate (12 mM) was

added and the gel incubated for 30 min with shaking, the initial 5 min under fluorescent

illumination. After a quick rinse in water then twice with developing solution (silver stain) (Table

A.1 .1), polypeptide bands were allowed to develop in developing solution until the desired stain

intensity was obtained. The developing reaction was stopped by washing the gel in 1%o (vtv)

acetic acid for 5 min. Silver stained gels were photographed with by a UVP Gel Documentation

System.

4.2.13 Protein induction and expression

4.2.13.1 pET17b recombinants

f nduction and expression of recombinant pET17b plasmids in E. cotiBL2l (DE3)pLysS cells was
performed using a modified method based on that described in the'pET System Manual' by

Novagen. Preparations of up to 0.04 mg of expressed recombinant protein per mL original cutture

were obtained using this method. Yields were dependent on the volume of bacterial culture,

inducer (IPTG) concentration, induction duration and the incubation temperature used.

Parameters employed for each induction experiment will be stated in the text.

A single colony of E. coliBL2l (DE3)pLysS containing recombinant pET17b plasmid was picked

and grown (section A.2.3.1) overnight in LB+Amp+Cam (section A.1.S.1). The culture was diluted
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100 fold with fresh medium (LB+Amp+Cam), then grown to logarithmic phase (absorbance of 0.4

- 0.8 at 600 nm). IPTG was then added (0.1 - 0.4 mM) and incubation continued under defined

conditions of temperature and duration. After cooling to 0'C, cells were harvested by

centrifugation (3,000x9, 10 min, 4'C) then washed in 50 mM Tris.HCl, pH7.4. Cells were finally

suspended in 50 mM Tris.HCl, pH 7 .4, containing either 1 mM PMSF or 0.002o/o (v/v) DFP and

lysed by French pressure cell (section A.217.1) or sonication (section A.217.2). The resulting

lysate was centrifuged (7,500x9, 20 min, 4'C) and the separated fractions collected. Fractions

were analysed by SDS-PAGE (section A.2.12.3) to determine solubility of expressed protein.

Proteins sequestered in inclusion bodies were purified as described in section A.2.13.1.1. When

necessary culture samples (0.5 mL) were collected at selected times and the induction and

expression process monitored by SDS-PAGE analysis.

4.2.13.1 .1 Purification of pET-17b expressed protein from inclusion bodies

Sequestered pET-17b expressed recombinant proteins (section A.2.13.1) were purified from

inclusion bodies by the technique of reverse salting out. The procedure was developed from the

method described by Minoru ef a/ (1993).

Gelldebris containing inclusion bodies (section A.2.13.1) was suspended and incubated with

STEL buffer (Table A.1 .1 ) (0.1 volume original culture) for 30 min at 4'C with mixing. Insoluble

inclusion body contents were then isolated by centrifugation (12,000xg, 15 min, 4'C) followed by

solubilisation overnight in SUB solution (Table A.1.1) (0.1 volume original culture, 4'C with

mixing). Undissolved contents were removed by centrifugation (12,000xg, 5 min, 4"C) and

solubilised protein (supernatant) dialysed against dialysis buffer 1 (Table A.1.1) (100 volumes) for
I h at 4'C. Soluble protein was then salted out by dialysis against dialysis buffer 2 (Table A.1 .1)

(100 volumes) overnight at 4'C. Protein precipitate was isolated by centrifugation (9,S00xg, 20

min,4"C) and suspended in 50 mM Tris.HCl, pH7.4 (0.01 volume original culture). During the

purification process, samples (50 pL) were collected, then analysed by SDS-PAGE. Greater than

90% purity of recombinant proteins was achieved using this method (ludged by SDS-PAGE).

Yields of purified protein were then determined using the Bradford protein assay (section

4.2.20,2.1).

4.2.13.2 pGEX-2T GST fusion chimeras

Induction and high level intracellular expression of GST fusion gene constructs in pGEX-27

plasmid was performed according to the method described in'GST-Gene fusion system' by
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Pharmacia Biotech. The large scale preparation (up to I mg) of expressed GST-fusion proteins,

suitable for glutathione-Sepharoset CL4B batch purification, is presented below,

A sefected colony of E. coliDHScr containing recombinant pGEX-2T plasmid was picked and

grown (section A.2.3.1) overnight in LB+Amp (5 mL) (section A.1.5.1). The culture was diluted

100 fold (500 mL pre-warmed LB+Amp added) then grown at 37"C to logarithmic phase (optical

density of 0.6 - 0.8 at 600 nm). At this point IPTG (Table A.1.1) was added (0.2 mM) and

incubation continued for a further 2 - 3 h at 37"C. The cells were then cooled (O"C), harvested by

centrifugation (4,000x9, 20 min, 4"C) and the pellet suspended in 10 mL ice cold PBS (Table

A.1.1). The suspended cells were then lysed by French pressure (section A.2.17.1) and Triton X-

100rM added (1% (v/v)). The resulting lysate was centrifuged (25,000xg, 20 min, 4'C) and the

supernatant collected. Soluble expressed chimera constructs were purified as described in

section A.2.19.5.1 . When necessary culture samples (0.5 mL) were collected at selected times

and the induction and expression process monitored by SDS-PAGE analysis (section A.2.12.9).

Small scale preparation for preliminary screening of selected pGEX-2T recombinants for fusion

protein expression was performed using a modified scaled (1/50) version of the procedure

described above. Due to the reduction in volumes, the cells were lysed by sonication (section

4.2.17.2) following suspension in PBS.

4.2.14 Production and purification of antisera

Rabbit polyclonal antisera were raised and isolated according to the procedures described by

Vaitukaitis (1981) and Dunbar (1987). Purified expressed proteins and chimeras, prepared in

sections 4.2.13.1.1 and A.2.19.5.1 respectively, were used as immunogens in the production of

rabbit antisera. Prior to immunisation, each immunogen (0.2 mg/mL in PBS) was emulsified with

an equal volume of Freund's incomplete adjuvant. The adjuvant potentiated the humoral antibody

response to injected immunogen. Emulsification was performed by manual mixing with two glass

syringes attached to a double hub connector. Mixing was continued until a water-in-oil emulsion

was attained, as demonstrated by non-dispersion of a drop on a water surface. The syringes and

double hub connector were washed and sterilised appropriately before reuse.

Emulsified immunogens (0.1 mg/mL) were injected intradermally into the sub-scapula region of

New Zealand white rabbits. A minimum of eight sites were injected for each rabbit using a 1 cc

syringe connected to a 20G (0.9 x 25 mm) needle. Primary injections contained 100 pg of
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immunogen (1 mL) while subsequent booster injections contained 25 ptg of immunogen (0.25 mL).

Booster injections were given at one month intervals following the primary injection.

Seven days after each booster injection (immunised) and immediately prior to the primary

injection (preimmunised), blood samples (3 - 6 mL) were collected from the marginal ear vein for

each rabbit. The samples were incubated at room temperature for 1.5 to 3 h to allow clot

formation. Upon coagulation, the clot was detached from the tube wall and stored overnight at

4"C. This allowed the clot to retract and extrude out the antiserum. The clot-free liquid was

decanted then centrifuged at 2,500xg for 30 min at 4"C. The antiserum supernatant was stored

as aliquots at -70'C and antibody production determined by ELISA (section A.2.15). Antiserum

samples from individual rabbits or preparations were never pooled. Once adequate antibody titre

and specificity was attained, the rabbits were bled out and the antiserum isolated and stored as

described above (scaled appropriately).

4.2.15 Enzyme linked ilmmunosorbent assay (ELISA)

The ELISA technique was used to detect and titre antibodies present in purified rabbit antisera

(section A.2.14). The method was based on the procedures described by Kemeny (1992) and

Rabel (1991) with some modifications. Purified pET-17b expressed protein (section A.2.13.1.j)
was used as antigen to immobilise antibodies raised against recombinant (section A.2.13.1) or
GST-fusion protein (section A.2.13.2) immunogens. An amount of pET-17b expressed protein

was first dissolved in a minimum volume of SUB solution (Table A.1.1) before dilution in

carbonate buffer (Table A.1.1). All appropriate controls (positive and negative) were performed

for each ELISA experiment.

Microtitre plates (MaxiSorprM) were coated by incubation overnight at 4"C with antigen solution
(1 00 pL of 10 pg/ml per well) diluted in carbonate buffer (Table A.1 .1). Non-absorbed protein

molecules were removed by washing with TBS-T (Table A.1.1) (6x 200 pL). The remaining sites

for protein binding were blocked by incubation with TBS-BSA (Table A.1.1) (200 pL) for 2 h at

room temperature. After washing with TBS-T (6x 200 pL), serial dilutions (two-fold dilutions in the

range 1l4OO to 1/25,600) of rabbit antiserum in TBS-T were applied to the wetls (100 pL). Specific

antisera/antigen interactions were allowed to occur overnight at 4'C. Unbound antibodies and

other serum components were then removed by washing with TBS-T (6x 200 pL). Next, goat

anti-rabbit antibody conjugated to alkaline phosphatase (1/2000 dilution in TBS-BSA-T (Table

A.1 .1)) (1 00 pL) was added to the wells. After 2 h incubation at room temperature, unbound

secondary antibody was removed by washing with TBS-T (6x 200 pL). Freshly prepared
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substrate solution (1 mg/mL p-nitrophenyl phosphate, llo/o (v/v) ethanolamine, pH 9.8, 0.5 mM

MgCl2) (100 pL) was then added and the plate incubated at room temperature until adequate

colour developed. Enzyme reactions were stopped by the addition of 5 N sodium hydroxide (50

pL). Absorbances at 405 nm were measured using a Spectro Max plate reader, model 340

(Molecular Devices) with supplied SOFTmaxPro software. Antibody titres were calculated as

described by Kemeny (1992). Titres were deflned as antisera dilutions exhibiting absorbance

values 0.1 units above background (preimmunised antisera absorbance).

A.2.16 Hybridisation analyses

4.2.16.1 Southern hybridisation

The transfer, fixation and hybridisation of DNA to Hybond-N. (nylon membrane) from a gel

support were performed according to the methods described in 'Hybond-N* protocols for nucleic

acid blotting and hybridisation' by Amersham.

DNA molecules and radioactive DNA markers (section A.2.9.3) separated by agarose gel

electrophoresis (section A.2.1 2.1) were submerged in denaturing solution (Table A.1 .1) for 30

min. Hydrolysed single stranded DNA was rinsed with water then washed twice in neutralising

solution (Table A.1 .1) for 1 5 min. The DNA was transferred by capillary action overnight to

Hybond-N- using 20x SSC (Table A.1.1) as transferring solvent. Transferred DNA was fixed to

the membrane by mild alkaline treatment (0.4 N sodium hydroxide) for 20 min then rinsed with 5x

SSPE ffable A.1.1) for 1 min.

The membrane was prehybridised in 5x SSPE, 0.5% SDS, 5x Denhardt's solution (Table A.1.1)

and 20 pg/ml of denatured fragmented salmon testis DNA for a minimum of t h at 65"C. After
prehybridisation, denatured f'eptabetted probe (section A.2.9.4.2) was added (0.6 ng of labelled

DNA per mL prehybridisation solution) and the mixture incubated overnight at 65'C with genile

rotation. The low stringency of hybridisation occurring at this temperature was improved by

subsequent washes in 2x SSPE , 0.1o/o SDS at room temperature for 10 min (repeated) then 1x

SSPE, 0.1% SDS at 65'C for 15 min. lf a high degree of background was still observed the
membrane had an additional wash in 0.1x SSPE, O.1o/o SDS for 10 min at 6S'C. Washes were
performed with gentle rotation in a volume at least twice that used during hybridisation.

Hybridisations and washes were carried out in Hybaid bottles using a Hybaid oven hybridisation

system. Autoradiography of membranes was performed using Kodak X-OMAT AR film at -70'C in

a cassette containing two FG-8 intensifying screens. Exposure times ranged from t h to several
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days depending on the intensity of the signal (as determined using a Geiger counter). The film

was developed using a CURIX 60 automatic developer by AGFA.

4.2.16.2 Northern hybridisation

The transfer, fixation and hybridisation of RNA to Hybond-N* (nylon membrane) from a gel

support were performed according to the methods described in 'Hybond-N* protocols for nucleic

acid blotting and hybridisation' by Amersham.

Total RNA (section A.2.8) and RNA molecular weight standards separated by formaldehyde

agarose gel electrophoresis (section A.2.12.2) were transferred and fixed to Hybond-N. by either
of two methods. Separated RNA were rinsed (5 times) then submerged in RNase-free water

(section A.1.1) for 10 min. The RNAwas treated with 0.05 N sodium hydroxide for 15 min, rinsed

with RNase-free water and submerged in 20x SSC (Table A.1.1) for 30 min. The RNA then was

transferred by capillary action overnight to Hybond-N* using 20x SSC as blotting buffer.

Transferred RNA was fixed to the membrane by mild alkaline treatment (0.4 N sodium hydroxide)

for 20 min then equilibrated with 5x SSPE (Table A.1.1) for 1 min before prehybridisation.

Alternatively, separated RNA was cooperatively transferred and fixed to Hybond-N* by capillary

action overnight using 0.05 N sodium hydroxide as transferring solvent. The membrane

containing fixed RNA was then washed in 2x SSC for 5 min prior to prehybridisation.

Membranes were prehybridised, probed, washed and autoradiographed according to the methods

and criteria outlined in section A.2.16.1. When membranes were to be reused, the hybridised
probe was removed by immersing the membrane in a solution of boiling 0.1olo SDS and then
allowed to cool. Removal of probe was confirmed by autoradiography. The membranes were

stored at either 4"C or -20"C in Gradwrap.

A.2. 1 6.3 Western hybridisation

The immunodetection of protein electro-blotted onto nitrocellulose membranes from gel supports

was performed according to the methods by Towbin et al (1979) and by Sambrook et a/ (1 ggg).

Protein samples and molecular weight standards resolved by SDS-polyacrylamide gel

electrophoresis (section A.2.12.3) were equilibrated in transfer buffer (Table A.1 .1) for 20 min.

The gel and prewetted nitrocellulose membrane (Scheicher and Schuell, Dassel, Germany, 0.2

pm) were then sandwiched together between \A/hatman@ +MM paper (2 x 6 pieces) and sponge
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pads (presoaked in transfer buffer) within a transfer cassette. The assembly was then immersed

in a Mini Trans-blot cell (Bio-Rad) containing transfer buffer and proteins electro-blotted onto the

nitrocellulose membrane by electrophoresis at 200 mA (-50 V) for 2h at 15'C. Transferred

proteins were visualised by staining the membrane with Ponceau S stain (Table A.1 .1 ) for 20 min

(destained with water). Positions of molecular weight standards were recorded. When necessary

the efficiency of protein transfer was determined by staining gel with Coomassie blue (section

4.2.12.3.1). Protein detected in the gel indicated incomplete transfer.

After staining, the membrane was incubated overnight at 4'C in TBS-T containing 3olo BSA to

block non-specific binding sites. GST-sepharose treated primary antiserum (section A.2.19.5,2)

was added (individual antisera were diluted appropriately between 1:800 and 1:2400 as

determined by ELISA, section A.2.15) and incubated at room temperature tor 2 h. Excess protein

was then removed by rinsing membrane in water (x3) and washing in TBS-T for 10 min (x2).

Secondary antibody (goat anti-rabbit lgG conjugated to alkaline phosphatase, diluted 1:2000 in

TBS-T containing 3% BSA) was added and incubated at room temperature for t h. The

membrane was washed as above then rinsed in TBS for 1 min at room temperature. Western

buffer substrate (Table A.1 .1) was added and colour developed to the desired intensity (usually 10

- 15 min). The reaction was terminated by immersing the membrane in PBS (Table A.1.1)

containing 2 mM EDTA. The filter was recorded, dried and stored appropriately.

4.2.17 Harvesting and fractionation of bacterial cells

Bacterial cells grown in medium for maximal enzyme production and attaining the desired culture

density (sections A.2.3 and A.2.4) were harvested by centrifugation. Prior to centrifugation the

cells were placed on ice for 10 min in order to minimise potential endogenous proteolytic enzyme

activities. Centrifugalforce and duration used for harvesting cells were dependant on the bacterial

species and sample volume. E. colicells were routinely harvested by centrifugation between

2,500 - 4,000x9 for 10 - 20 min, B. fragilis ATCC 25285 cells between 6,000 - 8,000xg tor 15 - ZO

min, while Prevotella strain RS2 cells between 17,000 - 27,000xg for 15 - 20 min. prevotella

strain RS2 required the higher centrifugal force due to presence of a polysaccharide encapsulated

outer membrane. All centrifugations were performed at 4'C, Cells were routinely washed by

resuspension in an appropriate buffer (4'C) then re-centrifuged. Pelleted cells were retained,

suspended and contents fractionated as desired (sections A.2.17.1, A.2.17 .2 and A.2.17.3) while
supernatants were discarded.
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4.2.17.1 Bacterial cell breakage by French pressure cell

This method was used for routine whole cell lysis of bacteria releasing cytoplasmic and

periplasmic contents. A minimum of 5 mL resuspended cells (section A.2.17) was required to

carry out French pressure cell breakage.

Freshly harvested bacterial cells (section A.2.17) were broken by a minimum of three passes

through an Aminco French Pressure Cell at 96.53 MPa. Cellular debris was then separated from

soluble cell contents by centrifugation (17,000 - 30,000xg for a minimum of 30 min at 4'C). The

supernatant (cell free extract) and pellet (cellular debris) were collected, stored, assayed and

analysed appropriately. Diisopropyl fluorophosphate was added (0.002%) to cellular fractions to

inhibit potential serine protease activities.

4.2.17.2 Cell breakage by ultrasonication

This method was used for routine bacterial cell lysis (suspended cell volumes under S mL) or for

disruption of suspended spheroplast organelles (section A.2.17.3). Bacterial cell or spheroplast

membranes were disrupted by ultrasonication using a Soniprep sonicator (MSE). Typically five

sonications (amplitude 18 microns, duration 10 sec) were required to lyse membranes. Heat

denaturation associated with sonication was minimised by cooling samples on ice (for at least 30

sec) between sonications. Cellular debris was separated from soluble contents by centrifugation

(17,000 - 30,000x9 for a minimum of 30 min at 4'C). The supernatant containing periplasmic

and/or cytoplasmic proteins (bacterial whole cell or spheroplast lysates respectively) were

collected, stored, assayed and analysed appropriately. Diisopropyl fluorophosphate was added

(0.002vo (w/v)) to fractions to inhibit potential serine protease activities.

4.2.17.3 Preparation of periplasmic extracts from bacterial cells

The preparation of periplasmic extracts from Gram negative bacterial cells was performed

according to the procedure by Wtholt et al (1976). The periplasm contains approximately 10% of
total bacterial proteins.

Freshly harvested cells (section A.2.17) were resuspended completely in 0.5 volumes of 0.2 M

Tris.HCl, pH 7.4, then mixed gently with an equal volume of Q.2 M Tris.HCl, pH 7 .4, containing

40olo sucfose in a beaker on ice. Bacterial outer membranes were next destabilised by addition of

EDTA, pH 7.6 (50 pM) and lysozyme (4000 units/mL). The mixture was then diluted with an equal
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volume of ice cold water (mixed gently) and spheroplast formation allowed to occur at room

temperature. Cells were monitored by reverse phase light microscopy using a Nikon type 104

microscope at 400x magnification. Spheroplast formation became evident as the cells lost their

rod shape, becoming spherical and enlarged. Upon formation of spheroplasts p-mercaptoethanol

(10 mM) (to stabilise enzymes), diisopropylfluorophosphate (0.002%) (to inhibit serine proteases)

and magnesium chloride (0.12 M) (to stabilise spheroplast membranes) were added. The

suspension was centrifuged (12,000x9, 20 min, 4'C) and the supernatant containing periplasmic

proteins collected. Cytoplasmic proteins were harvested from spheroplast by osmotic lysis

(suspension in Tris.HCl, pH7.4,10 mM B-mercaptoethanol, 0.002o/o DFP with repeated

aspiration) and/or sonication (section A.2.17 .2). Following centrifugation (17,000 - 30,000x9 for a

minimum of 30 min at 4"C) cellular debris and cytoplasmic proteins were collected, stored,

assayed and analysed appropriately.

4.2.18 Ammonium sulfate precipitation

Ammonium sulfate ((NH4)2SO4) precipitation was performed in accordance to the procedure

described in 'Data for Biochemical Research' by Dawson et al (1986). (NH4)zSOc salting out was

executed at 0"C and all saturation percentages were calculated appropriately. Salting out was not

necessarily performed at the target protein's isoelectric point. Crystalline (NHo)zSOq was added

slowly with stirring to cell extracts (section A.217) or protein solutions on ice until desired

saturation percentage was obtained. Crystals were added slowly in order to avoid localised high

concentrations of salt. Precipitated proteins were separated from soluble proteins by

centrifugation (10,000x9, 20 min, 4"C). Further (NHa)eSOa was added to the supernatant if greater

saturation fractions were to be obtained. lsolated precipitated proteins were dissolved in minimum

amounts of selected buffer then extensively dialysed in the same buffer. (NH4)2SO4 fractions were

then analysed appropriately.

A.2.1 I Column chromatography

Biological macromolecules were fractionated and purified using standard chromatography

techniques. The different types of column chromatography used in this research (Table A.1.1 1)

are discussed comprehensively in the literature (Deutscher, 1990). Allchromatographic columns

were packed at recommended flow rates in suitable column apparati according to the

manufacturer's instructions. Chromatography experiments were run at 4'C unless othenryise

stated. The specific conditions and parameters used for each chromatography experiment will be

stated in the appropriate section. For columns, excepting those used with BIOCAD Sprint
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Perfusion chromatography system workstation, flow rates were achieved using a Pharmacia

pump P1 or Eyela microtube pump MP-3. Salt gradients were made using a Pharmacia gradient

mixer GM-1 and fractions were collected using a CygnetrM fraction collector. Fractions were

collected from BIOCAD Sprint Perfusion chromatography system workstation using an Advantec

SF-2120 super fraction collector.

4.2.19.1 Gel filtration chromatography

Gel filtration chromatography using SephacryF 5300 HR and Sepharose@ cL-48 (Table A.1.11)

was performed in accordance with the procedure described in 'Gel filtration - theory and practice'

by Pharmacia Biotech. Linear flow rates not exceeding 25 mucm2/h were used to pack and

equilibrate the column with the desired buffer eluent. Excluded ffi) and included (V;) volumes

were determined for each column using 2 mg/mL Blue dextran and 0.25 M sodium chloride

respectively. Filtered samples (0.22 pm pore size) between 1 - 5o/o of total column volume were

loaded onto the columns. When necessary Sephacryl@ 5300 HR and Sepharose@ CL4B columns

were washed with 0.2 N sodium hydroxide then re-equilibrated with buffer eluent. Columns were

stored between experiments with buffer containing Q.O2o/o sodium azide to prevent microbial

growth.

4.2.19.2 lon exchange chromatography

lon Exchange Chromatography using DEAE-Sepharose@ and CM-Sepharose@ (Table A.1 .1 1 ) was

performed in accordance with the procedure described in 'lon exchange chromatography -
principles and methods' by Pharmacia Biotech. Linear flow rates not exceeding 25 mttcrrtn
were used to pack and equilibrate the column with the desired buffer eluent and pH. Cationic

buffers (imidazole.HCl and Tris.HCl) were used with DEAE-Sepharose@ while anionic buffer

(phosphate) was used with CM-Sepharose@. These were chosen to prevent buffer ions taking
part in the ion exchange process. The buffer pH was determined by the ability of the protein of
interest to bind to the ion exchanger. Proteins were eluted from the column by applying a

continuous gradient and/or step of increasing ionic strength (sodium chloride concentration).

V/hen necessary DEAE-sepharose@ was washed with one column volume (CV) of 1 M sodium

acetate pH 3.0 followed by 1.5 CV of 0.5 N sodium hydroxide. The column was left under alkali

overnight before 1.5 CV of 1 M sodium acetate pH 3.0 was added and the column re-equilibrated

with butfer eluent. CM-Sepharose@ was washed with 0.5 CV 2 M sodium chloride followed by one

cv 0.1 N sodium hydroxide before being re-equilibrated with buffer eluent.
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A.2.1 9.3 Hydrophobic interaction chromatography

Hydrophobic interaction chromatography using Phenyl Sepharose@ CL-48 (Table A.1.11) was

performed in accordance to the procedure described by Wu and Karger (1996). Linear flow rates

not exceeding 25 mucm2/h were used to pack and equilibrate the column with the desired buffer

eluent containing salt. The antichaotropic salt ammonium sulfate was added to samples and

buffers to increase hydrophobic interactions of proteins to Phenyl Sepharose@ CL-48. All

samples and buffers were filtered through 0.22 pm filters before being added to the column.

Proteins were eluted from the column by applying a continuous gradient and/or step of decreasing

ionic strength ((NH4)2SOa cohc€ntration). When necessary Phenyl Sepharose@ CL-48 was

washed with 0.1 N NaOH then re-equilibrated with buffer eluent.

4.2.19.4 Hydroxyapatite chromatography

Hydroxyapatite chromatography using the Hydroxyapatite, synthesised as outlined in Appendix 7,

was performed using an amended procedure described by Bernadi (1971). Due to the poor flow

rates associated with packed Hydroxyapatite crystals, an equal portion of swelled Sephadef G25

beads (Table A.1.11) was added. The mixture was packed and equilibrated at flow rates not

exceeding 20 mLlcmzlh. Proteins were eluted from the column by applying a continuous gradient

and/or steps of increasing phosphate ions (approximately pH 7.4). The concentration of disodium
hydrogen phosphate did not exceed 0.5 M because of its limited solubility at 4"C.

Hydroxyapatite/Sephadex@ G25 columns were discarded after each chromatographic experiment.

A.2. 1 9-5 Affinity chromatography

A.2.1 9.5.1 Glutathione-sepharose@ CL-48

Affinity chromatography using Glutathione-Sepharose@ CL-48 (Table A.1.11) was performed in

accordance to the procedure described in 'GST-Gene fusion system' by Pharmacia Biotech and

that by Smith and Johnson (1988). GST-gene fusion proteins were batch purified from bacterial

lysates using 2 mL of a SQo/o slurry of Glutathione-Sepharose@ CL-48 in pBS (Table A.1.1). The

mixture was incubated with shaking at 0"C for 30 min then poured into a minicolumn at 4"C. The

packed Glutathione-Sepharose@ CL-48 was washed three times with 10 mL PBS then once with S

mL 50 mM Tris.HCl, pH 8.0. Bound GST-fusion proteins were eluted by adding 4 mL of 10 mM

glutathione containing 10 mM Tris.HCl, pH 8.0, while collecting 1 mL fractions. Aliquots of
fractions were viewed by SDS-PAGE (section A.212.3) to check GST-fusion protein purity.
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Glutathione-Sepharose@ CL-48 was regenerated by alternating washes with 0.1 M Tris.HCl, pH

8.5 containing 0.5 M sodium chloride and 0.1 M sodium acetate, pH 4.5 containing 0.S M sodium

chloride three times before equilibration with PBS. Glutathione-Sepharose@ CL-48 was stored

long term under ZQYo (vlv) ethanol.

A.2.19.5.2 Glutathione S-transferase (GST) Sepharose@ CL-4B

Affinity chromatography using Glutathione S-transferase Sepharose@ CL-48 synthesised in

Appendix 6 was performed using an amended procedure described in 'GST-Gene fusion system'

by Pharmacia Biotech. Anti-GST antibodies were removed from fusion protein immunised serum

samples by three passages through a 1 mL packed bed column of Glutathione S-transferase

(GST) Sepharose@ CL-48 at 4'C. The column was first equilibrated with 10 column volumes (CV)

of PBS before 4 mL of PBS diluted (1:1) serum was added. The anti-GST depleted serum eluent

was stored as aliquots at -70'C. Anti-GST antibodies bound to the column were washed with 10

CV PBS then 10 CV PBS containing 0.8 M sodium chloride. The antibodies were eluted with 0.S

mL aliquots of 0.1 M glycine.HCl, pH 2.5. Fractions were immediately neutralised with 1 M

Tris.HCl, pH 8.0 before being dialysed extensively against PBS, 0.02% sodium azide. Anti-GST

antibodies were stored as aliquots at -70'C. The Glutathione S-transferase (GST) Sepharose@

CL-48 column was regenerated and stored as described for Glutathione-sepharose@ CL-4B

(section A.2.19.5.1).

A.2.1 9.6 Perfusion chromatography

Perfusion Chromatography using PoRoS@ HQ20, PoRoS@ HS2o and poRos@ Hp2 (Table

4.1.11) was performed in accordance to the procedures described in 'An introduction to perfusion

Chromatographye by Boehringer Mannheim and 'BIOCADTM SPRINTTM System for perfusion

Chromatography@ - users guide' by PerSeptive Biosystems. POROS@ He2O, POROS@ HS20 and

POROS@ HP2 were packed and equilibrated at recommended linear flow rates and pressures (not

exceeding 72.2 mLtcm2lh and 20.08 MPa respectively) in 4.6 mm diameter x 100 mm length

specialised columns. Packed beds of 1-662 mL were obtained for each. Operational linear flow

rates and pressures did not exceed 54.2 mL/cm2lh and 17 MPa respectively. All buffers, solutions

and samples were filtered through a 0.22 p,m filter before application to the column. POROS@

HQ20 and POROS@ HS20 columns were equilibrated and run in their appropriate buffers and pH:

cationic buffer (Tris.HCl) for POROS@ HQZO and anionic buffers (MES and phosphate) for
POROS@ HS20. Bound proteins were eluted from the column by applying a continuous gradient

and/or step of increasing ionic strength (sodium chloride concentration). When necessary



201

POROS@ HQ2O and POROS@ HS2O were regenerated by washing columns in the reverse

direction with 5 column volumes (CV) of 1 M sodium chloride, 1 N sodium hydroxide followed by S

CV of 1 M acetic acid then 5 CV of water. Finally starting buffer is added to re.equilibrate the

media. POROS@ HQ2O and POROS@ HS20 were stored long term under 30% (v/v) ethanol.

The POROS@ HP2 column was equilibrated and run in buffer containing the antichaotropic salt

ammonium sulfate. This salt increased hydrophobic interactions of proteins to POROSP HP2.

Bound proteins were eluted from the column by applying a continuous gradient and/or step of
decreasing ionic strength (ammonium sulfate concentration). When necessary POROS@ Hp2

was regenerated by washing the column in reverse direction with 10 CV water followed by 10 CV

50% (v/v) ethanol. The column was then re-equilibrated with starting buffer. The POROS@ Hp2

column was stored long term under 30% (v/v) ethanol, 0.1 M sodium sulfate.

4.2.19.7 Cation exchange chromatography (Sartobind S1S membrane)

Cation Exchange Chromatography using the Sartobind S15 membrane absorber (Table A.1 .1 1)

was performed using the procedure described in 'The new microporous membrane absorbers

515, Q15, 5100 and Q100 - instructions for use' by Sartorius. The Sartobind 515 membrane

absorber was connected to and operated using the BIOCADTM SPRINTTM Perfusion

Chromatography@ system workstation. Procedures performed using the BIOCADTM SPRINTTM

System were in accordance with those described in 'BIOCADTM SPRINTTM System for Perfusion

Chromatography@ - user guide' by PerSeptive Biosystems. The Sartobind S15 membrane

absorber was equilibrated and run at recommended linear flow rates and operating pressures not

exceeding 200 mL/cm2lh and 0.724 MPa respectively. Bound proteins were eluted from the

membrane by applying a continuous gradient and/or step of increasing ionic strength (sodium

chloride concentration). When necessary Sartobind S15 membranes were regenerated by

reverse filtering 10 mL of 0.2 N sodium hydroxide through the membrane. The membrane was

then re-equilibrated with starting buffer. The Sartobind 515 membrane was stored long term

under ZQTo (vlv) ethanol, 1 M sodium chloride,20 mM disodium hydrogen phosphate, pH 7.0 at

4'C.

4.2.19.8 Reversed phase - high performance liquid chromatography (Rp-HpLC)

Reversed phase high performance liquid chromatography (RP-HPLC) for the micropurification of
trypsin-digested peptide fragments (section A.2.23) was performed by Mrs C. Knight of the

Auckland Protein Sequencing Unit in accordance with the procedure described in 'Reversed

phase chromatography - principles and methods' by Amersham Pharmacia Biotech. peptides
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were purified using a JupiterrM Cre (5 pm bead size, 0.3 nm pore size, 250 mm length x 2 mm

diameter, Phenomenex) prepacked column (Table A.1.11) connected to an Applied Biosystems

solvent delivery system (140A) and diode array detector (1000s). The column contained

approximately 0.8 mL packed bed matrix and was operated under recommended linear flow rates

and pressures (approximately 380 mUcm2th and 0.8 MPa respectively). All solvents (Table

A.1.1) and samples were filtered through a 0.22 pm filter before application to the column.

The method performed for the micropurification of trypsin-digested peptide fragments was as

follows. The JupiterrM Cra column was equilibrated with 90% (v/v) solvent A (RP-HPLC):10I/o

(v/v) solvent B (RP-HPLC) (Table A.1.1) for 10 min at the recommended flow rate. The extracted

tryptic peptide fragments, prepared in section A.2.23, (100 pL), were then injected onto the

column and washed (90% solvent A (RP-HPLC):10% solvent B (RP-HPLC)). Trifluoroacetic acid

(TFA) was included in solvents to increase hydrophobicity of the peptides, change selectivity and

to maintain low pH (2 - 4). Bound peptides were eluted by applying a continuous gradient of
increasing acetonitrile concentration (90o/o solvent A (RP-HPLC):10% solvent B (Rp-HpLC) to

30% solvent A (RP-HPLC):70o/o solvent B (RP-HPLC)) over 45 min at recommended flow rate.

Acetonitrile decreased the polarity of the mobile phase causing a decrease in hydrophobic

interactions between matrix ligand (Crs) and peptides. Peptides were detected by optical density

at214 nm and peptide peaks collected by hand. Selected peptide peaks were then analysed by

protein sequencing (section A.2.24).

4.2.20 Quantitative and qualitative assays

4.2.20.1 Enzymic reactions

4.2.20.1. 1 Glucose-6-sulfate desulfation assay (glycosulfatase assay)

The glucose-6-sulfate desulfation assay monitors the hydrolysis of the model substrate D-glucose-

G-sulfate to D-glucose and inorganic sulfate (Robefton et a\,1993). This assay was used to

detect N-acetylglucosamine-6-sulfatase (EC 3.1 .6.14) activity. The assay incorporates the

reactions:

su/fafase

[1 ] D-glucose-6-sulfate

glucose oxidase

[2] D-glucose + oxygen

peroxidase

[3]hydrogenperoxide+pheno|+4-aminophenazone-------..-.-'-->
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The amount of chromagen released in the peroxidase (EC 1 .11 .1 .7) reaction [3] is directly

proportional to the amount of D-glucose-6-sulfate hydrolysed in the sulfatase reaction 11l (1:1

mole ratio). The assay required two separate incubations. Substrate, standards and sulfatase

solutions were diluted appropriately in buffer (Tris.HCl, pH 7 .4 or phosphate, pH 7.4 containing 10

mM p-mercaptoethanol).

Standard assay reactions involved incubating 16.5 mM D-glucose-6-sulfate (25 y,L of 33 mM

stock) with a suitable dilution of sulfatase (25 pL) (reaction volume 50 rrL) at 37'C. After

incubation (usually 20 - 40 min) the reactions were stopped by placement on ice (5 min). Suitable

controls including no sulfatase (to determine contaminating D-glucose present in substrate

solution) and zero time incubations (to determine contaminating D-glucose present in enzyme

solution) were performed. p-Mercaptoethanol, which is necessary to stabilise some sulfatases,

was removed after the primary reaction by addition of 0.5 M iodoacetamide (75 pL). lf present, B-

Mercaptoethanol would quench hydrogen peroxide formed in the glucose oxidase (EC 1.1.3.4)

reaction [2]. In the second incubation, freshly made GOR reagent (Table A.1.1) (0.625 mL) was

added and the mixture incubated at 37'C until attaining desired colour development (15 min).

Optical densities at 515 nm were immediately read using a Hitachi spectrophotometer (model U-

2001 or U-1100). Corrected values (experimental less zero time control absorbances) were

compared to the linear region of a glucose standard curve (0 - 100 nmol). \A/hen necessary, the

sulfatase was diluted further and the assay repeated. Calculations of the rate of free glucose

released (nmol) per min per mg of protein were determined.

4.2.20. 1. 2 N-Acetyl-B-D-g I ucosami ne-6-sulfate desu lfation assay

The N-acetyl-B-D-glucosamine-6-sulfate desulfation assay monitors the hydrolysis of the model

substrate p-nitrophenyl N-acetyl-p-D-glucosaminide-6-sulfate (pNP-GlcNAc-6-S04) to p-

nitrophenyl N-acetyl-p-D-glucosaminide (pNP-GlcNAc) and inorganic sulfate (Roberton ef a/,

1999). This assay was used to detect N-acetyl-p-D-glucosamine-6-sulfatase (EC 3.1.6.14)

activity. The assay incorporates the reactions:

sulfatase

[1] p-nitrophenyl N-acetyl-p-D-glucosaminide-6-sulfate ------> pnitrophenyl N-acetyl-[J-D-glucosaminide

+ sulfate

N- acety l- ft D-gl ucosa m i n i d a se

[2]p-nitrophenyl N-acetyl-B-D-glucosaminide ------> N-acetylf-D-glucosaminide + p-nitrophenol
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The amount of p-nitrophenol (pNP) released in the N-acetyl-B-D-glucosaminidase (EC 3.2.1 .S0)

reaction [2] is directly proportionalto the amount of pNP-GlcNAc-6-SOa hydrolysed in the

sulfatase reaction [1] (1:1 mole ratio). Auxiliary enzyme N-Acetyl-ftD-glucosaminidase is unable

to hydrolyse pNP-GlcNAc-6-SOn. The enzyme was obtained from an Aspergittus oryzae extract

(sold as a B-D-galacfosrdase (EC 3.2.1.23)). The extract contained 360 units/mg N-acetyt-p-D-

glucosaminrdase activity, as measured using pNP-GlcNAc (section A.2.20.1.6). One unit of N-

acetyl-B-D-glucosaminldase is equalto 1 nmol of pNP-GlcNAc hydrolysed in t h at 37'C in 50 mM

Tris.HCl, pH7.4. Substrate, standards and sulfatase solutions were diluted appropriately in buffer

(buffer used will be stated in the text).

Standard assay reactions involved incubating 1 mM pNP-GlcNAc-6-SOa (50 pL of 3.2 mM stock),

22.5 units per mL N-acetyl-ftD-glucosaminidase (10 pL of 1 mg/mL stock) with a suitable dilution

of sulfatase (0.1 mL) (reaction volume 160 pL) at 37'C. After incubation (usually 10 - 30 min) the

reactions were stopped by addition of 0.5 M glycine, pH 9.6 (1.84 mL) and placement on ice (5

min). The alkaline pH enhances the ionisation of pNP, maximising colour development. Controls

containing no sulfatase and zero time incubations were performed. Absorbances at 410 nm were

read using a spectrophotometer (Hitachi model U-2001 or U-1100). Corrected values

(experimental less zero time control absorbances) were compared to the linear region of a pNp

standard curve (0 - 150 nmol). When necessary the sulfatase was diluted further and the assay

repeated. Calculations of the rate of free pNP released (nmol) per min per mg of protein were

determined.

A modified version of the N-acetyl-B-D-glucosamine-6-sulfate desulfation assay was developed to

assay chromatography fractions in microtitre plates. Reactions contained 0.53 mM pNP-GlcNAc-

6-504 (5 pL of 3.2 mM stock), 60 units/ml N-acetyt-ftD-glucosaminidase (5 pL of 1 mg/ml stock)

and chromatography fraction (20 pL) (reaction volume 30 pL). The reactions were incubated at

37"C for 10 - 30 min then stopped with 0.5 M glycine, pH 9.6 (0.17 mL). Absorbances at 40S nm

were read using a Spectro Max plate reader, model 340 (Molecular Devices) with supplied SOFT

max Pro software. Rates of reaction were calculated for the active sulfatase fractions.

4.2.24.1. 3 6-5ulfo-N-acetyl-B-D-glucosa min idase (6-SNG) assay

The 6-5NG assay measures the hydrolysis of the model substrate p-nitrophenyl N-acetyl-B-D-

glucosaminide-6-sulfate (pNP-GlcNAc-6-SO4) to N-acetyl-p-D-glucosaminide-G-sulfate and p-

nitrophenol. The assay measures the reaction:
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6-SNG

[1] p'nitrophenyl N-acetyl-B-D-glucosaminide€-sulfate -*------> N-acetyl-p-D-glucosaminide-6-sulfate +

p-nitrophenol

Substrate, standards and 6-SNG solutions were diluted appropriately in buffer (the buffer used will

be stated in the text).

Standard assay reactions involved incubating 1 mM pNP-GlcNAc-6-SOr (S0 pL of 3 mM stock)

with a suitable dilution of 6-SNG (0.1 mL) (reaction volume 150 pL) at 37'C. After incubation

(usually 10 - 30 min) the reactions were stopped by addition of 0.5 M glycine, pH 9.6 (1.SS mL)

and placement on ice (5 min). Controls containing no 6-SNG and zero time incubations were
performed. Absorbances and subsequent enzyme rates were determined as described in section

4.2.20.1.2.

A modified version of the 6-SNG assay was developed to assay chromatography fractions in

microtitre plates. Reactions contained 0.5 mM pNP-GlcNAc-6-SOq (5 pL of 3 mM stock) and

chromatography fraction (25 pL) (reaction volume 30 pL). The reactions were incubated, stopped

with 0.5 M glycine, pH 9.6 (1.85 mL), absorbances read and subsequent enzyme rates for active

6-SNG fractions determined as described in section A.2.20.1.2. Crude bacterial extracts

containing sulfatase and N-acetyl-B-D-glucosaminidase will also produce pNp from the substrate.

Methods for differentiating between the two are given in the text.

4.2.2O.1. 4 Galactose-G-su lfate desulfatio n assay

The galactose-6-sulfate desulfation assay monitors the hydrolysis of the model substrate F-1-p-
nitrophenyl D-galactose-6-sulfate (pNP-Gal-6-SO+) to B-1-p-nitrophenyl D-galactose (pNp-Gal)

and inorganic sulfate (Roberton et a\,1999). This assay was used to detect p-D-galactose-6-

sulfatase activity. The assay incorporates the reactions:

sulfatase

[ 1 ] t3- 1 -p-nitrophenyl D-galactose€-su lfate

B-D-galactosrdase

[2] p-1-pnitrophenyl D-galactose ---> D-galactose + p-nitrophenol

The amount of p-nitrophenol (pNP) released in the B-D-gatactosidase (EC 3.2.L23) reaction [2] is
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directly proportional to the amount of pNP-Gal-6-SO4 hydrolysed in the sulfatase reaction [1] (1:1

mole ratio). Auxiliary enzyme ftD-galactosidase (Sigma, Cat. No. G-600S) is unable to hydrolyse

pNP-Gal-6-SOa. The preparation contained 440 units/mg solid ftD-galactogdase activity. One

unit of ftD-galactosidase is equal to 1 pmol of B-1-o-nitrophenyl D-galactose hydrolysed in 1 min

at 37' and pH 7.3. The desulfation assay was performed using a single incubation. Substrate,

standards and sulfatase solutions were diluted appropriately in buffer (buffer used will be stated

accordingly in the text).

Standard assay reactions involved incubating 1 mM pNP-Gal-6-SO4 (50 pL of 3.2 mM stock), 2.75

units per mL ftD-galactosidase (10 pL of 0.1 mg/ml stock) with a suitable dilution of sulfatase

(0.1 mL) (reaction volume 160 pL) at 37'C. After incubation (usually 10 - 30 min) reactions were

stopped with 0.5 M glycine, pH 9.6, (1.84 mL), absorbances determined and subsequent rates of
reaction calculated as described in section A.2.20.1.2.

A modified version of the galactose-G-sulfate desulfation assay was developed to assay

chromatography fractions in microtitre plates. Reactions contained 0.53 mM pNp-Gal-6-SO+ (S

pL of 3.2 mM stock), 7.3 units/mL ftD-galacfosrdase (s pL of 0.1 mg/mL stock) and

chromatography fraction (20 pL) (reaction volume 30 rrl). The reactions were incubated, stopped

with 0.5 M glycine, pH 9.6, (0.17 mL), absorbances read and subsequent rates of reaction

determined for the active sulfatase fractions as described in section A.2.20.1.2.

4.2.20. 1. 5 G a lactose-3-su lfate desu lfatio n assay

The galactose-3-sulfate desulfation assay monitors the hydrolysis of the model substrate F-1-p-

nitrophenyl D-galactose-3-sulfate (pNP-Gal-3-SOe) to p-1-p-nitrophenyl D-gatactose (pNp-Gal)

and inorganic sulfate (Roberton et a\,1999). This assay was used to detect p-D-galactose-3-

sulfatase activity. The assay incorporates the reactions:

su/fafase

[ 1 ] p- 1 -p-n itrophenyl D-galactose-3-su tfate

B-D-galactosidase

[2] p-1-p-nitrophenyl D-gatactose ---> D-galactose + p-nitrophenol

The assay was performed according to the procedure described for the B-D-galactose-6-sulfate
desulfation assay (section A,2.20.1.4) except the substrate pNP-Gal-3-SO4 was substituted for
pNP-Gal-6-SOa.



207

4.2.20.1.6 Alkaline phosphate, arylsulfate and glycoside hydrolysis assays

The alkaline phosphate, arylsulfate and glycoside hydrolysis assays were used to monitor the

breakdown of p-nitrophenyl model substrates to their corresponding phosphate, sulfate or 
.

glycoside components and p-nitrophenol (pNP). Model substrates pnitrophenyl phosphate, p-

nitrophenyl sulfate and the pnitrophenyl glycosides of cr-D-galactopyranoside, B-D-

galactopyranoside, cr-L-fucopyranoside, N-acetyl-c-D-galactosaminide, N-acetyl-B-D-

glucosaminide, cr-D-N-acetylneuraminic acid were used to detect alkaline phosphatase (EC

3.1.3.1), arylsulfatase (EC 3.1.6.1), a-D-galactosrdase (EC 3.2.1 .22), frD-galactosidase (EC

3.2.1.23), a-L-fucosidase (EC 3.2.1.51), N-acetyl-a-D-galactosaminidase (EC 3.2.1 .49), N-acetyl-

p-D-glucosaminidase (EC 3.2.1.50), a-D-N-acetylneuraminidase (EC 3.2.1.18) activities

respectively. The assays measured the reaction:

enzyme

[1]p.nitropheny|(phosphate,su|fate,glycoside)------...-->

Substrate, standards and enzyme solutions were diluted appropriately in buffer (buffer used will

be stated accordingly in the text).

Standard assay reactions involved incubating 1 mM pNP-(phosphate, sulfate, glycoside) (50 pL of

3 mM stock) with a suitable dilution of enzyme (0.1 mL) (reaction volume 150 r^r.L) at 37'C. After

incubation (usually 10 - 30 min) reactions were stopped with 0.5 M glycine, pH 9.6, (1 .85 mL),

absorbances were determined and subsequent rates of reaction calculated as described in

section 4.2.20,1.2.

Modified versions of the alkaline phosphate, arylsulfate and glycoside hydrolysis assays were

developed to assay chromatography fractions in microtitre plates. Reactions contained 0.5 mM

pNP-(phosphate, sulfate, glycoside) (5 pL of 3 mM stock) and chromatography fraction (25 pL)

(reaction volume 30 pL). The reactions were incubated, stopped with 0.5 M glycine, pH 9.6, (0.17

mL), absorbances were read and subsequent rates of reaction determined for the active fractions

as described in section A.2.20j.2.
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4.2.20.1.7 NADH-dependant malate dehydrogenase assay

The NADH dependant oxaloacetate reduction assay monitors the oxidation of cofactor B-NADH to

B-NAD- and oxaloacetate reduction to malate respectively (Bergmeyer, 1983). This assay was

used to detect malate dehydrogenase (EC 1 .1.1.37) activity. The assay measures the reversible

reaction:

malate dehydrogenase

[1] oxaloacetate + p-NADH + H* <- __> malate + p_NAD"

The molar extinction coefficient (e) for F-NADH at 340 nm in 0.1 M Tris.HCl, pH 7.4,10 mM p-

mercaptoethanolwas calculated to be6.22 Ummol/cm. Allsubsequent experimental reactions

were performed using these buffer conditions. Reactions were recorded by measuring

absorbances (340 nm) at 3 sec intervals for 1 min using a Bioplot ('Time course' program)

(section A.2.25) remote operated Hitachi spectrophotometer (model 11oo).

Standard assay conditions involved incubating 0.1 mM P-NADH (40 r,rL of 5 mM stock), 0.S mM

cis-oxaloacetate (40 pL of 25 mM stock) with a suitable dilution of malate dehydrogenase (S0 pL)

(reaction volume 2 mL) at 20'C. Reactions were performed within the spectrophotometer.

Reactants before addition of enzyme were used to calibrate the spectrophotometer. Time course

readings were started immediately after addition of enzyme (enzyme added using a plastic ladle

device). The inverse initial slopes from absorbance versus time (min) graphs were determined

and in combination with the molar extinction coefficient were used to calculate enzyme rates of

reaction (pmol NADH oxidised per min per mg protein).

4.2.20.1.8 Fluorescent N-acetylneuraminidase assay

The fluorescent N-acetylneuraminidase assay monitors the breakdown of the model substrate 4-

methylumbelliferyl-a-D-N-acetylneuraminic acid (MUBF-NANA) to a-D-N-acetylneuraminic acid

(NANA) and 4-methylumbelliferone (MUBF) (Potier et at,1978). This assay was used to detect a-

D-N'acetylneuraminidase (EC 3.2.1.1S) activity. The assay measures the reaction:

neuraminidase

[1] 4-methylumbelliferyl-a-D-N-acetylneuraminic acid -------> c-D-N-acetylneuraminic acid

+ 4-methylumbelliferone
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Substrate, standards and neuraminidase solutions were diluted appropriately in 50 mM Tris.HCl,

pH7.4, 10 mM B-mercaptoethanol buffer.

Standard assay reactions involved incubating 0.1 mM MUBF-NANA (100 pL of 0.2 mM stock) with

a suitable dilution of neuraminidase (100 pL) (reaction volume 200 pL) at37'C. After incubation

(20 min) the reactions were stopped by heating (80'C, 30 sec) and addition of NANA stop solution

(Table A.1.1) (1 mL). Controls containing no neuraminidase and zero time incubations were

performed. Fluorescent units were determined in a Shimadzu spectrofluorometer (model RF54O)

using excitation light at 365 nm and fluorescence emission at 450 nm. Corrected values

(experimental less zero time controlfluorescent units) were compared to the linear region of a

MUBF standard curve (0 - 7 nmol). When necessary the neuraminidase was diluted further and

the assay repeated. Calculations of the rate of free MUBF released (nmol) per min per mg of
protein were determined.

4.2.20.2 Non-enzymic reactions

4.2.20.2,1 Bio-Rad protein assay

The Bio-Rad protein assay (based on the method of Bradford, 1976) was used for the routine

determination of soluble protein concentration present in enzyme preparations. The method is

described in detail in the Bio-Rad Protein Assay Instruction book (Bio-Rad Laboratories). The Bio-

Rad protein assay is not suitable for estimating protein content in mucin preparations (refer to

section 4.2.20.2.2 for alternative assay).

Bradford dye reagent (1 mL) was added to appropriately diluted protein samples and standards

(0.1 mL) and mixed by vortexing. Tubes were incubated at room temperature for 10 - 20 min,

then absorbances measured at 595 nm using a spectrophotometer (Hitachi models 2001 or

1 100). The spectrophotometer was blanked against a tube containing buffer and dye only.

Protein concentrations present in unknown samples were estimated by comparison with the
protein standard curve (bovine serum albumin, 0 - 10 pg). Calculated protein amounts were then

corrected for BSA by multiplying by 2.29. This correction was required because the response

factor of a 10 mg/ml BSA solution (2.1 1) divided by the response factor of a 10 mg/mL 'average'

protein solution (0.92) equals 2.29 for the Bio-Rad protein assay.
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4.2.20.2.2 Markwell (modified Lowry) protein assay

The Markwell (modified Lowry) protein assay was used to quantify protein content in mucin

preparations (Markwell et al, 1978). The modified method incorporates 1% sodium lauryl sulfate

in Markwell reagent A (Table A.1.1). This assay was not used for routine protein estimations.

Markwell reagent C (Table A.1.1) (3 mL) was mixed with appropriately diluted mucin samples and

standards (1 mL) and incubated at room temperature for 45 min. Markwell phenol reagent (Table

4.1 .1 ) (0.3 mL) was then added and after incubation for a further 45 min, absorbances were

measured at 660 nm using a spectrophotometer (Hitachi models 2001 or 1 100). The

spectrophotometer was blanked against a tube containing water and Markwell reagents only.

Protein concentrations present in unknown samples were estimated by comparison with the

protein standard curve (bovine serum albumin, 0 - 10 pg). Calculated protein amounts were then

corrected for BSA by multiplying by 0.91. This correction was required because the response

factor of a 10 mg/mL BSA solution (8.a) divided by the response factor of a 10 mg/mL 'average'

protein solution (9.2) equals 0.91 for the Markwell (modified Lowry) protein assay.

4.2.20.2.3 Thiobarbituric acid assay

The thiobarbituric acid assay (Chaplin, 1986) was used to determine the amount of free

neuraminic acid and contaminating deoxyribose (DNA) present in mucin preparations. Mucin

preparations were first subjected to acid hydrolysis (0.05 M sulfuric acid at 80'C for t h) before
performing the thiobarbituric acid assay. This treatment released free sugars from the
carbohydrate component enabling a more accurate determination of total neuraminic acid (and

deoxyribose) (Roberton and Stanley, 1982).

Periodate solution (Table A.1.1) (a0 pL) was added to appropriately diluted mucin samples and

standards (N-acetylneuraminic acid (2 and 8 pg), 2-deoryribose (2 and 8 r.,g)) (S0 pL) and mixed

by vortexing. Tubes were incubated at room temperature for 2Q min then arsenite solution (Table

4.1 .1) (0.4 mL) was added and the tubes vortexed to expel yellow coloured iodine. Failure to

form this colour would indicate a lack in excess periodate, and the reaction should be repeated

with either fresh periodate solution or a lower sample concentration. The tubes were next

incubated at room temperature for 5 min before thiobarbituric acid solution (Table A.1.1) (1 .2 mL)

was added, mixed, stoppered and heated at 100'C for 15 min. The tubes were cooled rapidly to
room temperature and the pink chromophore extracted by addition of cyclohexane (1 mL) and

vortexing. The solutions were centrifuged (13,000xg, 3 min) and the absorbances of the upper



2ll

layer determined at 549 nm (for neuraminic acid) and 532 nm (for deoxyribose). Appropriate

controls were performed. The relative quantities of N-acetylneuraminic acid (mM) and

deoxyribose (pM) were calculated using molar extinction coefficients and simultaneous equations.

4.2.20.2.4 Carbazole assay

The carbazole assay (Chaplin, 1986) was used to determine the amount of contaminating uronic

acids (glycosaminoglycans) present in mucin preparations. Neutral carbohydrates which interfere

with this assay (-10%o on a molar basis) were determined by use of controls and simultaneous

equations.

lce cold tetraborate solution (Table A.1.1) (1.5 mL) was carefully added to appropriately diluted

mucin samples and standards (D-galacturonic acid (0 - 20 pg), D-galactose (10 and 20 pg)) (0.2S

mL) with mixing and cooling on ice. The mixture was heated to 100"C for 10 min and cooled

rapidly to 0'C. Carbazole solution (Table A.1.1) (50 pL) was added, mixed and the solutions

reheated to 100"C for 15 min. After cooling rapidly to room temperature, absorbances were

measured at 525 nm (for uronic acids) and 320 nm (for neutral carbohydrates). Uronic acid

concentrations present in mucin samples were estimated by comparison to the D-galacturonic

acid standard curve and corrected for neutral carbohydrate (D-galactose) by simultaneous

equations.

4.2.20.2.5 Anthrone reaction assay

The anthrone reaction assay was used to determine amounts of hexose and methylpentose (L-

fucose) present in mucin preparations. Hexoses and L-fucose have a greater extinction

coefficient at 0.05o/o anthrone concentration than pentoses. The converse is true using 0.01%

anthrone. Calculation of the hexose and L-fucose content of purified mucin was determined by

simultaneous equations using molar extinction coefficients of standards at 0.01 o/o ?trd 0.OS%

anth rone concentration.

Appropriately diluted mucin samples and standards (D-galactose (50 and 100 pg), L-fucose (2b

and 50 pg)) (0.5 mL) were layered on top of ice cold anthrone reagent flable A.1.1) (5 mL). The

reactions were started by mixing using a voftex mixer. Tubes were immediately placed in a

boiling water bath for 7 min then cooled and incubated for 30 min at 0'C. Absorbances at 625 nm

were measured. L-Fucose standard gave approximately twice the molar extinction coefficient of
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D-galactose. Concentrations of total hexoses and L-fucose were determined in arbitrary units

reflecting the intensity of anthrone reagent colour.

4.2.20.2.6 Relative conductivity

The relative ionic strengths of ion exchange (section A.2.19.2), hydrophobic interaction (section

,A.2.19.3) and hydroxyapitite (section A.2.19.4) chromatography fractions were measured using a

Type CDM 2f Conductivity Meter (Radiometer, Copenhagen). Continuous salt gradients and

stepwise protein elutions were monitored using conductivity. The expressed units of conductivity

(MHO) were converted to units of molarity by comparison with salt standard curves. Standard

curves for sodium chloride, ammonium sulfate and sodium phosphate in appropriate buffers were

performed.

4.2.20.2.7 Rad ioactive beta-pa rticle cou nti ng

Radioactive beta counting of 32P was performed according to the methods of Wang et al(1g75).

The procedure was required to determine incorporation efficiencies of f2elOCfe into DNA probes

(section A.2.9.4.2).

Aliquots (1 pL) of samples containing radioactive 32P were spotted and dried onto Whatman 4MM

filter paper. The filters were placed into scintillation vials containing Cocktail T'scintran' (Table

A.1.1) (5 mL) and radioactive counts measured using a Beckman Scintillation Counter (model LS-

3801). Total counts (cpm) were determined for each sample. Where necessary, incorporation

efficiencies (o/o) of 132e1OCte labelled probe DNA were calculated.

4.2.20.2.8 Ascending paper chromatography

Ascending paper chromatography was performed based on the procedure described by Liau and

Horowitz (1982). The procedure was used to determine sulfatase and 6-sulfo-N-

acetylglucosaminidase specificities towards sulfated sugar and sulfated sugarp-nitrophenyl

substrates. Sugars were separated using paper chromatography in relation to their relative

solubilities in an aqueous/organic solvent mixture (ie. relative affinities for the stationary or mobile
phase respectively).

Sulfatase or 6-sulfo-N-acetyl-B-D-glucosaminidase (6-5NG) (15 pL) and 4 mM sulfated sugar or

sulfated sugar p-nitrophenyl substrate (15 pL of 8 mM stock) in appropriate buffer were incubated



2r3

at 37'C for 2 - 24 h. The reactions were stopped by addition of an equal volume of gS% (v/v)

ethanol (30 ptL). Reactions, controls and appropriate standards were then spotted (30 x 2 pL

aliquots per spot) and dried onto Whatman #1 paper. Primed paper was equilibrated with running

solvent (Table A.1.1) vapours in the chromatography tank for 2 h before starting capillary transfer
(immersing bottom of the paper into running solvent). Following capillary transfer (16 - 30 h), the

solvent front was recorded and chromatogram dried in a fume hood. p-Nitrophenyl substrates

and pnitrophenyl were visualised by short wave ultraviolet (UV) exposure. Unsubstituted p-

nitrophenol appeared yellow under UV light and substituted p-nitrophenyl compounds were

purple. Positions of spots were recorded. Reducing sugars and sugar sulfates were visualised

using an alkaline silver nitrate dip (section A.2.2Q.2.8.1). The migration rate for each substance

was expressed according to a Rr value.

R1 = distance travelled by substance

distance travelled by solvent front

For a given solvent system and paper type, each substance had a characteristic Rr value.

Products of enzymic reactions were determined by comparing Rl values to those for the

standards.

4.2.20.2.8.1 Trevelyan reducing sugar stain

The visualisation of reducing sugars and sugar sulfates separated by paper chromatography
(section A.2.20.2.8) was performed using the alkaline silver nitrate procedure of Trevelya n et al
(1e50).

Paper chromatograms were treated (wetted) with silver nitrate (Trevelyan) solution (Table A.1.1)

then dried (10 min). Reducing sugars on the chromatogram were next visualised by treatment

with alkaline (Trevelyan) solution (Table A.1.1). After drying (10 min), the chromatograms were
preserved by immersion in thiosulfate (Trevelyan) solution (Table A.1.1) (10 min).

Chromatograms were finally rinsed in water (30 min), dried and stored in the dark.

4.2.21 Concentration of proteins

4.2.21.1 Centrifugal ultrafiltration

Amicon@ Centriprep@, Centricon@ lGrace Co.) and Vivaspin 4 (Vivascience Ltd) centrifugal

concentrators were used to desalt and concentrate proteins in solution by ultrafiltration.
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Depending on the volume to be concentrated and the volume of concentrate required, one or
more of the concentrators were used. All concentrators were washed, equilibrated, operated and

stored according to the manufacturers instructions, All centrifugations were performed in a fixed

angle rotor at 4'C at recommended centrifugalforces.

Concentration of protein using Centriprep@-10 (10 kDa Mw cut-off) and Centriprep@-3o (30 kDa

Mw cut-off) concentrators was performed according to the methods described in 'Centriprep@

concentrators - operating instructions'. Centrifugalforces not exceeding 3,000xg and 1,S00xg,

and centrifugaltimes up to 30 and 55 min were used for Centriprep@-10 and Centriprep@-3g

concentrators respectively. Centriprep@ concentrators were capable of achieving a 30 fold (15 mL

to 0.5 mL) sample enrichment using these conditions.

Concentration of protein using Centricon@-10 (10 kDa Mw cut-off) and Centricon@-3o (30 kDa Mw

cut-off) concentrators was performed according to the methods described in 'Centricon@

concentrators - operating instructions', Centrifugal forces not exceeding 5,000xg and times up to

30 and 60 min were used for Centricon@-10 and Centricon@-3O concentrators respectively.

Centricon@ concentrators were capable of achieving a g0 fold (2 mL to 25 pL) sample enrichment

using these conditions.

Concentration of protein using Vivaspin 4 (5 kDa Mw cut-off) concentrators was performed

according to the procedure described in 'Vivaspin 4 concentrator - operating instructions'.

Centrifugal forces and times not exceeding 5,000xg and 30 min respectively were used for
Vivaspin 4 concentrators. Vvaspin 4 concentrators were capable of achieving a 200 fold (4 mL to

20 pL) sample enrichment.

4.2.21.2 Continuous flow ultrafiltration

Ultrafiltration of proteins using Diaflo@ Ultrafilters (Grace Co.) was performed under pressure in an

Amicon@ Stirred Ultrafiltration Cell (Grace Co.). Sample volumes exceeding 20 mL were routinely

concentrated using continuous flow ultrafiltration. When necessary, this technique was used in

combination with centrifugal ultrafiltration (section A.2.21.1). Diaflo@ ultrafilters were washed,

operated and stored according to the recommended procedures described in 'Operating

instructions for Diaflo@ ultrafilters' by Amicon@.

Protein solutions to be concentrated were applied to an Amicon@ stirred ultrafiltration cell (50 mL)

fitted with a PM10 Diaflo@ membrane (10 kDa Mw cut-off) at4"C. The cellwas pressurised (380
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kPa) with nitrogen gas (to start flow) and liquid stirred. The liquid was stirred continuously during

ultrafiltration in order to maintain adequate filtration rates between 0.3 and 0.9 mUmin. The

volume of filtrate was monitored until sufficient concentration of protein was attained. Greater

than 40 fold sample enrichment was achieved using continuous flow ultrafiltration.

4.2.21.3 Hollow fibre dialysis

Recirculating hollow fibre dialysis using an Amicon@ CH4 concentrator (Grace Co.) fitted with a

H1P100-43 hollow fibre cartridge was used to concentrate (dewater) macromolecular mucin

solutions, The Amicon@ CH4 concentrator and H1P1OO-43 hollow fibre cartridge (100 kDa Mw

cut-off; 1.1 mm internal diameter) were washed, operated and stored according to the

manufacturers instructions, described in 'Product information and operating instructions, Diaflo@

hollow fibres' by Amicon@. Operating pressures not exceeding 103.4 kPa and recirculating rates

between 0.6 and 1.8 L/min were used. The experimental arrangement performed to concentrate

mucin solutions at 4'C is presented in Fig. A.2.2. Greater than 30 fold sample enrichment was

achieved using recirculating hollow fibre dialysis.

4.2.21.4 Lyophilization (freeze drying)

The Dura-dryrM Microprocessor Control Corrosion Resistant Freeze drier and the FTS System

Freeze drier were used to concentrate protein samples by lyophilization. This technique prepared

protein samples for analysis by SDS-polyacrylamide gel electrophoresis (section A.2.12.3) or to

dry purified mucin (Appendix A.3) for use as a growth substrate.

Liquid protein samples were frozen at -80"C using liquid nitrogen in a suitable perforated tube or

directly in a freeze drying vessel (depending on the volume). Lyophilization was then performed

under vacuum (less than 300 mTorrs) and freezing temperature (less than -75"C) in a freeze

drying vacuum vessel. Lyophilyzed proteins were rehydrated appropriately in a volume of buffer

or water.

4.2.22 Dialysis of protein solutions

Dialysis of protein solutions to remove small molecular contaminants or to change buffer solvent

was performed according to the method described in 'Biochemistry' by Voet and Voet (1gg5).

Semi-permeable cellulose dialysis membranes (12 kDa Mw cut-off) were first boiled for S min in

2.5 mM EDTA then rinsed with distilled water to remove the glycerol preservative and
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V - Valve

C - Cartridge

P - Pump

O - Plug

FILTRATE

Fig. 4.2.2 Hollow fibre dialysis

Anangement of Amicon hollow fibre aparatus used during concentration of mucin
solutions. Refer to manufactures instructions'Product information and operating
instructions, Diafl o hollow fi bres' for detailed description.

SAMPLE
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contaminating divalent metals. Dialysis was performed at 4'C in appropriate buffer solutions or

water with stirring. The volume of exchange solution was usually between 200 to 1000 volumes

that of protein sample. Dialysis was repeated with fresh exchange solution when necessary.

4.2.23 Trypsin digestion of excised SDS-PAGE protein bands

The trypsin digestion of polypeptides within polyacrylamide gel pieces was performed using an

amended procedure based on the methods described by Rosenfeld et al(1992) and Hubbard

(1995). Selected polypeptide fragments separated by SDS polyacrylamide gel electrophoresis

(section A.2j2.3) and stained with Rosenfeld stain (Table A.1.1, section A.2.12.9.1) were excised

from the geland cut into 0.5 mm2 pieces. These were washed twice in 200 pL wash buffer

(trypsin digestion) (Table A.1 .1) tor 20 min at 37"C with intermittent mixing. The gel pieces were

partially dried at room temperature for 5 min, then swelled for 3 min in 5 pL digestion buffer.

Modified sequencing grade trypsin (0.2 pg in 5 prl digestion buffer) was added and after S min

more digestion buffer was applied until gel pieces were covered, but not submerged. The mixture

was incubated at 37'C for 16 h, when additional trypsin (0.2 pg in 5 pL digestion buffer) was

added and the mixture re-incubated at 37'C for 3 h. Digested peptide fragments were then

extracted twice from the gel by adding 1 .5 pL pure trifluoroacetic acid (TFA) followed by 100 pL

extraction buffer (trypsin digestion) (Table A.1.1) and incubation for 20 min at 37'C with

intermittent mixing. The retained extraction supernatants were pooled, the volume reduced to
approximately 17 p.L by evaporation and 1 pL neat TFA and 2 pL acetonitrile added. The mixture

was then centrifuged at 11,300x9 for 2 min and solvent A (RP-HPLC) (Tabte A.1.1) added to the

supernatant to 100 pL. The trypsin-digested fragments were then purified by reverse phase high

performance liquid chromatography as described in section A.2.19.g.

A.2.24 Protein sequencing

Protein sequence analysis of selected purified tryptic peptide fragments (section A.2.19.8) was
performed using a ProciserM Sequencer (model a92),by Applied Biosystems, Perkin Elmer.

Protein sequencing and analysis was carried out by Mrs C. Knight of the Auckland Protein

Sequencing Unit, school of Biologicalsciences, The University of Auckland.

4.2.25 Cornputer analysis

DNA and protein sequence information was analysed using the University of Winconsin Genetics

Computer Groups (UWGCG) software programs (Devereux et at, 1984) (Version 9.1, 1-UNIX)
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installed on a Silicon Graphics Indigo 2 lrix Workstation (lrix 6.5). DNA and protein sequences

were compared to GenBank DNA and SWSS-PROT protein databases respectively down loaded

from the web site [http://www. ncbi. nlm. nih. gov].

Estimation of amounts of a compound by comparison to standard curve, enzyme kinetic values

(K', Vrrr) and remote control of Hitachi U-1100 speclrophotometer for acquiring optical density

data was performed using the BioplotT program (Microsoft Excel 97) installed on an lpex pC

(School of Biological Science, The University of Auckland).

Graphs and figures were constructed using the software programs Microsoft Excel 98 (Macintosh

Edition) and Claris Mac Draw Pro respectively. Microsoft Word g8 was used for production of
text.
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APPENDIX 3: PREPAMTION OF SOLUBLE HIGH.MOLECULAR-WEIGHT MUCIN AS A

BACTERIAL GROWTH SUBSTMTE AND INDUCER OF POTENTIAL MUCIN-DEGRADING

ENZYME ACTIVITIES

A.3.1 lntroduction

Some enteric bacteria possess the ability to utilise mucin as a fermentable growth substrate

(Variyam and Hoskins, 1 983; Hoskins et al, 1985; Stanley et al, 1 986; Falk ef a/, 1990; Tsai ef a/,

1991; Slomiany ef al, 1992). This ability is thought to confer an ecological advantage to the

bacterium in the highly competitive environment of the gastrointestinal tract. Prevotella strain RS2

and Bacteroides fragilis ATCC 25285 have both been shown to degrade and ferment mucin

glycoproteins (Stanley ef a/, 1986; Roberton and Stanley, 1982). Furthermore, the Prevotella

strain RS2 N-acetyl-p-D-glucosamine-6-sulfatase was shown to be expressed inducibly when

grown in the presence of mucin (Roberton et a\,1993). Therefore, it was considered necessary to

supplement growth medium with soluble mucous glycoprotein to ensure mucin-derived growth

and sulfatase enzyme induction during this research.

Despite the availability of a commercial mucin preparation, several extraction and preparation

techniques have been developed in this laboratory with emphasis on recovering undegraded

mucous glycoprotein in high yield (Roberton and Stanley, 1982; Rosendale, 1997). The

commercial preparation was previously judged unsuitable for bacterial growth due to low mucin

content, extensive degradation of the mucin glycoprotein present and contamination of the

preparation with large numbers of bacteria (1x108 - 1x10e cells per gram dry weight) and non-

mucin constituents (e.9. glycosaminoglycans, nucleic acids).

This appendix describes a method for the extraction and preparation of soluble high-molecular-

weight pig gastric mucin (PGMI). This method incorporates hollow fibre filtration concentration as

an alternative to the potentially denaturing ethanol precipitation step used in this and other

laboratories. Colorimetric analyses of this preparation were performed to determine the amount

of mucin and non-mucin constituents present. Additional investigations to test its suitability to act

as a growth substrate and as an inducer of N-acetyl-p-D-glucosamine-6-sulfatase activity in

Prevotella strain RS2 were carried out. Commercial Sigma mucin and a partially purified Sigma

mucin preparation were used as controls.
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A.3.2 Extraction and preparation of mucin

4.3.2.1 Extraction and preparation of soluble pig gastric mucin (PGMI)

ldeally, human colonic mucin would have been used as the fermentable growth substrate

throughout this research. However, due to ethical considerations and availability, pig gastric

mucin was used. This mucin source was shown to contain relatively lower sulfate than colonic

mucin. The method described here for preparation of soluble and fermentable mucin from pig

gastric mucus is based on that described by Rosendale (1997). The method used hollow fibre

filtration in place of ethanol precipitation as a concentration step. All procedures were performed

at 0'C unless otherwise stated.

Pig gastric mucus was collected (Auckland Meat Processors Ltd.) within 30 min post-mortem from

rinsed everted pig stomachs by gently scrapping with a spoon or glass slide. Mucus gel (-490

mL) was homogenised (30 sec, Ultraturrax) with approximately 3 volumes (1.5 L) of 10 mM

sodium phosphate, pH 7.0, 10 mM sodium chloride. The mucus suspension was then centrifuged

(10,000x9, 10 min) and the mucin pellet (-900 mL) resuspended in 10 mM sodium phosphate, pH

7.0,0.1 M sodium chloride (to 2 L). The preparation was rehomogenised (Teflon pestle tissue

grinder, 1 ,200 rpm, 30 sec) and centrifuged (10,000x9, 10 min). The mucin pellet (-870 mL) was

resuspended in 0.15 M sodium phosphate, pH 7.5, 0.1 M sodium chloride, 0.4 M p-

mercaptoethanol, 0.02o/o sodium azide (2 L). This was kept under nitrogen gas (0"C) for 12h,

before heating to 80'C for 30 min to aid depolymerisation of mucin molecules. The mixture,

containing -490 g wet weight mucin, was next treated with DNase | (25 pg/g mucus wet weight)

(37'C,6 h) and centrifuged (10,000x9, 10 min). Soluble mucin (supernatant) was collected, and

dialysed against water (27 volumes), before redigestion with DNase | (25 pg/g mucus wet weight)

(37"C,6 h) in 0.1 M sodium phosphate, pH 7.0, 10 mM magnesium chloride, 0.01olo sodium azide

(added as an equal volume of double strength buffer). Trypsin (type ll, bovine pancreas) (25 Vglg

mucus wet weight) was added and the mixture incubated 37"C for 12 h. Trypsin digestion was

repeated with fresh trypsin (25 pg/g mucus wet weight) (37"C, 12 h). The soluble protease-

resistant modified mucin component was next concentrated by Amicon hollow fibre filtration

concentration (section 4.2.21.3) (15 fold concentration). The concentrate (greaterthan 100 kDa

molecular weight) was dialysed exhaustively against water (3x 10 volumes) before centrifugation

(10,000x9, 10 min). Soluble mucin (supernatant) was collected and dried (lyophilized, section

4.2.21.4) (7.61 g) for long term storage.
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throughout this research. However, due to ethical considerations and availability, pig gastric

mucin was used. This mucin source was shown to contain relatively lower sulfate than colonic

mucin. The method described here for preparation of soluble and fermentable mucin from pig

gastric mucus is based on that described by Rosendale (1997). The method used hollow fibre

filtration in place of ethanol precipitation as a concentration step. All procedures were performed

at 0'C unless otherwise stated.

Pig gastric mucus was collected (Auckland Meat Processors Ltd.) within 30 min post-mortem from

rinsed everted pig stomachs by gently scrapping with a spoon or glass slide. Mucus gel (-4gO

mL) was homogenised (30 sec, Ultraturrax) with approximately 3 volumes (1.5 L) of 10 mM

sodium phosphate, pH 7.0, 10 mM sodium chloride. The mucus suspension was then centrifuged

(10,000x9, 10 min) and the mucin pellet (-900 mL) resuspended in 10 mM sodium phosphate, pH

7.0,0.1 M sodium chloride (to 2 L). The preparation was rehomogenised (Teflon pestle tissue

grinder, 1 ,20O rpm, 30 sec) and centrifuged (10,000xg, 10 min). The mucin pellet (*870 mL) was

resuspended in 0.15 M sodium phosphate, pH 7.5,0.1 M sodium chloride,0.4 M B-

mercaptoethanol, 0.02 o/o sodium azide (2 L). This was kept under nitrogen gas (0'C) for 12 h,

before heating to 80'C for 30 min to aid depolymerisation of mucin molecules. The mixture,

containing -490 9 wet weight mucin, was next treated with DNase | (25 pg/g mucus wet weight)

(37'C,6 h) and centrifuged (10,000x9, 10 min). Soluble mucin (supernatant) was collected, and

dialysed against water (27 volumes), before redigestion with DNase | (25 pg/g mucus wet weight)

(37'C,6 h) in 0.1 M sodium phosphate, pH 7.0, 10 mM magnesium chloride, 0.01o/o sodium azide

(added as an equal volume of double strength buffer). Trypsin (type ll, bovine pancreas) (25 pglg

mucus wet weight) was added and the mixture incubated 37'C for 12 h. Trypsin digestion was

repeated with fresh trypsin (25 pglg mucus wet weight) (37'C, 12 h). The soluble protease-

resistant modified mucin component was next concentrated by Amicon hollow flbre filtration

concentration (section A.2.21.3) (15 fold concentration). The concentrate (greater than 100 kDa

molecular weight) was dialysed exhaustively against water (3x 10 volumes) before centrifugation

(10,000x9, 10 min). Soluble mucin (supernatant) was collected and dried (lyophilized, section

4.2.21.4) (7.61 g) for long term storage.
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This procedure achieved a final mucin yield of 1.55 o/o (percent purified mucin dry weight of initial

mucus wet weight). This value falls in the range (less than 5 %) stated in the review by Forstner

and Forstner (1986) and is greater than the yields (0.4, 1.1 and 1.3 To) described by Rosendale

(1ee7).

4.3.2.2 Re-purification of Sigma pig gastric mucin

Sigma mucin was re-purified to remove non-mucin contaminants. The method is based on that

described by Hoskins (1981).

Sigma porcine stomach mucin (type ll, Sigma product number M-2378; lot number 7BF-OTO7) (25

g) was dissolved in 20 mM sodium phosphate, pH 7.8, 0.1 M sodium chloride, and 0.006% (v/v)

toluene (1 L) for 20 h at 22'C. The pH was adjusted with sodium hydroxide to 2.2 after the first

hour. The mixture was centrifuged (10,000x9, 10 min) and the soluble mucin (supernatant)

component precipitated with 60 o/o (vlv) ethanol (0'C, 16 h). The mucin precipitate was isolated

(10,000x9, 10 min) and resolubilised in 0.1 M sodium chloride (250 mL). Precipitation and

resolubilisation of mucin was repeated. Solubilised mucin (231 mL) was then dialysed against

water (15 volumes) and finally dried by lyophilization (section A.2.21.4). Approximately 10.3 g

mucin (-41.2Yo of original Sigma porcine stomach mucin (type ll) amount) was recovered after
this procedure.

A.3.3 Analysis of mucin preparations

4.3.3.1 Determination of mucin and non-mucin constituents by colorimetric assays

Colorimetric assays (sections A.2.20.2.2, A.20.2.3, A.2.20.2.4 and A.2.20.2.S) were used to

determine the amount of mucin (protein, hexose/fucose and N-acetylneuraminic acid) and non-

mucin (uronic acid, deoxyribose) constituents present in the two mucin preparations prepared as

detailed above. These were compared to values previously determined for unpurified Sigma pig

gastric mucin and a preparation by Rosendale (1997) (protocol 2) which used ethanol
precipitation as a concentration step. Amounts of mucin and non-mucin constituents present in

dissolved preparations (0.5 g dry weight/L) are listed in Table A.3.1. Amounts of N-

acetylglucosamine, N-acetylgalactosamine and sulfate were not determined. The PGMI

preparation (section A.3.2.1) contained the greatest content of protein (98.9 pglmL; -1g.8% of

mucin by weight), hexose/fucose ratio (0.92 mM) and deoryribose content (7.gg pM) and the

lowest amount of N-acetylneuraminic acid (0.02 mM) and no uronic acid, compared to the other
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preparations. The re-purified Sigma mucin preparation (section A.3.2.z)contained 637o less

uronic acid (0.051 mM) compared to unpurified Sigma mucin (0.138 mM) with similar amounts of

protein in the sigma derived preparations (29.i and28.4 pg/mL respectively).

Table A.3.1 Amounts of mucin and non-mucin constituents present in preparations of
pig gastric mucin (PGM) by colorimetric determinations

Constituents
(solution of 0.5 q drv weiqhVL)

Contaminants
(solution of 0.5 q drv weiqhVl)

Mucin
preparation

Protein
(pg/mL)

Hexose/fucose
(mM)

NANA
(mM)

Uronic acid
(mM)

Deoxyribose
(uM)

Purified
PGMt"

98.9 0.92 0.02 0 7.99

Repurified
Siqma PGMb

29.1 0.76 ND 0.051 ND

Siqma PGM 29.4" ND 0.32' 0.139o 4.77"
Protocol 2

PGMTC
16.5' ND 0.33" 0.116" 1.69'

a. Pig gastric mucin trypsinised (PGMI) was prepared as described in section A.3.2.1.
b. Re-purified Sigma pig gastric mucin (PGM) was prepared as described in section A.9.2.2.
c. Protocol 2 PGMt was prepared by Rosendale (1997).
d. Data not determined by author.
ND - No data available

4.3.3.2 Effect of PGMI on bacteria growth

The pig gastric mucin preparation (section A.3.2.1) was tested to determine its suitability as a

bacterial growth substrate. Prevotella strain RS2 and Bacteroides fragitisATCG 2528b were

grown in either 0,07o/o galactose, 0.15o/o PGMt or 0.3% PGMI supplemented basal medium

(section 4.2.3.2). Experiments were performed in duplicate. At specifled time intervals bacterial
growth was determined by measuring light scattering using a Klett colorimeter. Growth curves for
Prevotella strain RS2 and BacteroidesfragilisATCC 25285 are shown in Fig. A.3.1. The graphs

show that with increasing amounts of PGMI, a corresponding increase in cell density (light

scattering) occurred. As shown previously (Rosendale, 1997), Prevotella strain RS2 attained

higher turbidity than B. fragilis.

4.3.3.3 Effect of PGMI on Prevotel/a strain RS2 N-acetyl-B-D-glucosamine-6-sulfatase production

The PGMI preparation (section A.3.2.1) was tested for.its ability to elevate mucin-desulfating

sulfatase activity. Prevotella strain RS2 N-acetyl-B-D-glucosamine-6-sulfatase activity was
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Fig. A.3.1 Effect of PGMI on bacterial growth

Prevotella strain RS2 and Bacteroides fragilis ATCQ 25285 were grown on basal medium
supplemented with 0.97% galactose (+. ), 0.15% PGMI 1+)br 0.3% pcMtf+1. pGMt
(trypsinised Pig Gastric Mucin) was prepared as described in section A.3.2.1. The bacieria do
not grow in basal medium alone (see Appendix 10).

Prevotellastrain RS2
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measured (section A.2.20.1.1) in whole cell lysates prepared from cultures grown either in O.2o/o

galactose basal medium or 0.25o/o PGMt basal medium (section A.2.3.2). Enzyme activities are
presented in Table A.3.2. As shown previously, N-acetyl-p-D-glucosamine-6-sulfatase activity

increased when cells were grown on mucin medium compared to medium supplemented with

simple hexose. A *2 fold increase in activity was found (cf.4.2 fold, Roberton ef a/, 1gg3).

Tabfe A.3.2 Effect of PGMt preparation on production of Prevotella strain RS2
N-acetyl-B-D-glucosamine-6-su lfatase activity

Cell free extracts (CFE) were prepared (section A.2.17.1) from cells grown on 0.2o/o galactose
basal medium or 0.25o/o PGMI basal medium. Activities are nmol glucose/min/mg protein.
Activities are means of three experiments r standard deviation.

4.3.4 Discussion

The preparation of soluble high molecular weight pig gastric mucin (trypsinised) was suitable as a

bacterial growth substrate and allowed induction of mucin-desulfating sulfatase activity. The
preparation supported bacterial growth in a dose dependant manner and elevated levels of N-

acetylglucosamine-G-sulfatase activity two fold in Prevotelta strain RS2 cell lysates.

Notable differences in the amounts of mucin and non-mucin constituents for the described pGMt

preparation compared to a commercial preparation was found. The PGMI preparation had

significantly higher protein and hexose/fucose content and a much lower N-acetylneuraminic acid

content. The protein when calculated as a percentage by weight of mucin (19.8olo) was

comparable to values in the literature (-20yo) (Neutra and Forstner, 1987). lnterestingly, the

relative amount of hexose/fucose content compared to N-acetylneuraminic acid for the pGMt

preparation (ratio of 46:1 by concentration) is similar to reported gastric mucin carbohydrate mole
percentages values (ratio of 47:1 ; [(fucose + galactose)/ sialic acid]) (Neutra and Forstner, 1 987).

The PGMI preparation had the largest amount of deoxyribose detected and no uronic acid was

found. lt is unclear why a high amount of deoxyribose would be present but insufficient digestion

with DNase I might explain this result. The lack of detectable uronic acid indicated minimal

contamination of the preparation by glycosaminoglycans. Based on the above observations, the

Prevotella strain RS2 CFE
Galactose

Prevotella strain RS2 CFE
PGMt

N-acetyl-13-D-glucosa mine-6-
sulfatase activi$

2.5910.79 5.43x0.72



2/s

iPGMt pr,qBar'ed in:section 432.1 is a relatively pur'e muoorls glyeoproteitl prepgration. This is
probably due in part to replhcement of ethanol preclpitalisn sleps with hqilow fibre fii$alion

concentratton.. Tha laterteehnlque hagffieadvantag.e o{seleding onff moleeulies.greaterthan

1,Q0 kDa (rb. undggraded muoou6,gllr-oopro{ein}, In contrasti ethanolprecipitatesmoderate_ty

soluble r,nolecules indbcrifiinately.

The PGMI preparatio,n'descrihed here has, been traed extensively,through,out this research.
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CTCGAGGATGCCGTCGCGGAAGCCCAGCAGTTCCTCCACCGTGATGCCACGCATCTGTATC.GCGGTGAGCAGCGCTGCAA 8O
Xhof

TCTCAGGGTCGTTGAGTTCGCCCTGTGTGATGGCGACGAGCAGGTTCTTGGTTTCTTCGCGCTGCAGCTCCTCATGGTTG 150
PstI

AGCAAGCGGTTGAAAATCTGTGTIACGTTCATAATCC.GTTTTCTTTTTTATTTGTTTTTGTGTTGGCTTGTCGGGTCTTT 240
TGGACCCTCATCTGCGTGTTGTCGGTGGGCCTTATTATATAAGGTGTGTTCGCTT€GGCATGTTGCGTTAGCCCCTTTCC 32O
GACTTCAGGAAAAGAAAAAAGACCTGTCGTAAGAACGGCAGGCCTTTCGGGTTTTATCTCCTTGGAGTATCCATACGGCT 4OO

St"I
AAGCGACTCACGACTTTTGAGATCTTGAGCAACGCCACCACCAATATGCAGATACATGATTCATCATTGTTTTTTGTTAT 480

BS1II
GATTACAACCGCAAAGGTACACAAAAACTTATAATCTGCACACTTTTTATAGGAAAAGTGGTGIGTTTCTTGTTTTGCTT 560
GCTTTTGTCGAATAGTTGAACTATATTTGCGCTCGATGGGTI',ICGTTATTA.IAGG{.GAAACLGTTTTTTCCTGAGGTTGC 640

Dl{12 r t ,

TAGCGTCCTGCACCAACCTCTTTTCGTIGI\AGGATGTTTTCTG(]GCCAAGGA"CAGCGCAGGGCTCCCGTGGCCAGCATG .720

DbJ5il'
TCCATGATCTCGGCGGGTGGGCGCTTCTCGCCCAGCAGGCGCTTCATGACATCCATGfAGGGCGCCACGTGGCTAAAGTA 8OO

TR12 (r)
TTGGCC'GTAGCCCTCACAGAGATAGTTGAGGCCGGGCTCGCCATTGGCCGTGTGGATGAATCGCTTGCGCGGACATTCGC 880

DW18 (r)
CGTGGCAAGCGTTGAGCCATTGACATTCGIGGCATTGTGTG'rcCAGACTGTCGGCL-TTGGCCCTGCCGAAGCGGCGTTC.G 950

JWi'.' r r
CGTTCGCTATACATCATCTCCACCAGCGATTGCTCGTGGATGTTGCCCAACTTGTACTCGGGAAACACAAAGTGCTCGCA 1O4O
CGAGTACACATCGCCATTATGCTCCATCACGCCAGCGTGTCCGCAATGCITGCCCATGGTGCACAATCCCSGCGCCACCC 1 1 2 O

DWl1(r) NcoT
CCACCCAGTTGGCCAGTGTGGCGTCGAAGATGTTGAAGAAAAACATGCTCACGTCGTGGCGCACCCACTCGTCGAAGATG 12OO
GTGCAGAGGAAGTTGCCCCACTGCTTGGGTCTGATGGAGAACC,GCGCCAGTTGGCCTTCGICGACGAGCGACGCCAGTTG 1280

Hanc_L_L
C'CGACCGTCATCGTC€TGGGCCAATCGCTCCACCACGGGTGTIACCTGGATATATTGGCACCCGATGTTCTTGAAGAAAC J-3 60
C'GTAGAACGACAATGGGTGGTCGCCATTGAGGCC€TTGGCCACGGCCAGCGCGTTCCACTCCACAGCATGCCTGTTGAGG 1440

SphI
ATGTCGATGCCCCGAATGACATTGCGCAACGACGGACCCCCCCCGCGTGTGCGTCGAAAC.GCGTCGTGGTAAGCCTCGGG ].52 O

CCCATCGAGCGACACACCGATGAGCCACCCTTGGTCGTGGAAAAACCGGGCCCAGTCGTCGTTGATGAGCGTGCCGTTGG 1600
ApaI Apaf
TTTGCAC€CTGTTGGCTATGCGCCGACCGCGCGCGTAACGCTGTTGCAGCCGCACCACCTTCTCGTAGAACGCCAGCGGG 1580
CGTACCAAAGGCTCGCCGCCATGCCACGTGAAGAGCACCTCGGC.CGTC.GTCTC.GCTCTCGATATACTCGCGTATGAAACG 1?60
CTCCAGCAGTTCGTCGGAGAGCATCTGTCGGCCCTCGTTGGCATAGAGGTGTTGCTTCTCAAGGTAATAGCAATAGTCGC 1 84 O

AACGCAGGTTGCAGGCCGATCCCACAGGCTTCACCATGATATACATGGGGTGGGCGAACGGGGCGGCGGITAGGCGC€CT 1 92 O

TCAGGGGTCGTTGAGTTGGCTGATGCGGTCATGATGTGGTTTCAAGATTGTAGCACAAAGTTACAAAATGTTTTCCATCC 2OOO
DW4 {r)

TTGTAGGGAAACCACGCGGTTTTTGCGTTATTCGCCCATTATTTAGGGGTCGTTCTACATTTAGGGTGATCTGAGCTACG 2O8O
CTTCGCTCCATGCAGTTTAC'GTCTCACGCGGTGCCGCCCGGATGTGCCTTTTTGGCTTACGCTTCGGCAGTTGAGCTAAG 2160
CCCTCACAACGAATTGTTGTGTTTACGCTCAGACGCGGTAACAACGAATTACGCGAATTTTCGAATTTTTTCTAATTGCG 2240
TTAGCCAAATTCGTTCAAATTGGTAATCGATAATCGATTACTCTAATTCGTTAATTCGAGAAATTTGTTGTTACGCCGTC 2 3 2 O

l{seI
TGAGGCTTAATATAAAAACATTCGGCGTAAGAGAAAATAGGGGGA,CAACAATAATGAGCGATTAGCGCCCGGAACATCGT 24OO

MseI
CTGAGGCTATACTTGTTCGGGGAGATACGAACCGTTATTTAGCCGCAATAGGTTGTGCGCGGAGCGTTGGACCATGGCGA 2480

N."1
CGGGTGAGCTGACGGTTGCAAA.ACGCAAAGGCGTTTGTCCTGCTTTTTC,GTGAAAAAGTTGGTAGATGATTTTCCGTGAA 2 550
ATAGCGCACGAAAACGCGGATTTTACGAGATGGGCGACCTAAAACCGACTTCTCAATTTGCCGTTAGTCTTTCGAGTTGC 2640
GATTGGCCATCTTTCGAGCCTCGATTGCGCATGTCCCGAGGTGAGGTTAGGCATGTTTCGCAATGCGAAAGACCATGTTT 272 O

CGC.AATGCGGAAGGTGAAITTTGGGGTGTTGAGTGAGCTGTCGAAATGGTAAGGTGTTAGTGGTCAGGTGGTTACGAAAT 2 8OO
CTGCGTGAGAATCGCGTATTTCCGACCGAAGCATGGTCGGTCGTAAAAAACAAIGTAGATTTCAATATAGATTGTTGCGA 2 8 8 O

TAITTGAATAAGGCAGGATAGAGGTTGCGCCCGGAATGGTGGAGCTTTCCATTGGCGGCCAGCACTCCTGTCGTAGAAGA 2960
GCCGTGTGCTTGACGTTGAGAAATTCCGATCCAATCGACGCCCTTTCCCTTCCTCCGCACCCTTCTTCCCGGTTCCAATG 3 O4O
GGGTC'GAAGGCTGCGCACATGGGAGCGACACTTTCGAAAGAATTGCGCGCTTIGAGGAAAAGAAATTGGCG.AAAAGGTTT 3 120

FspI
CATGGTTCACCTTTTTGTATTAACTTTGCAACAAATTATGGGCACCCGTGCC€GCATTCCAATGAATAATACCTAATAGC 3 2 O O

MseI
TAATGAAAIICGGACAACATGCGTTTCTATTCCGCAATGCTCATGGCAGGATGCGGACTGCAI'GCCG']T._i(J ACAGAiJGCAG 3 2 8 O

sphl
'.,I;AI..TAALATTGTGTTCATCATCACCGATGACCACTCGTTCCAAACCATCTCGGCCTATGGCAGCGAGGTGTCGAAACT 3360
GGCACCCACGCCCAACATAGACCGTTTCGCTAACGAGGGCGCACGCTTCGACGACGCCTTCGTGGAGAACTCGCTCTCCA 3 440
CTCCCGCCAGAGCCTGTCTGCTCACCGGACTCTACAGTCACCAGAATGGCCAGCC,CACCCTCGGCAAGGGTATCGATTCC 3 5 2 O
ACCAAGACCTTCGTGTCTGAGCTCTTGCAAGACGCCGGCTATCAGACGC.GCGTTGTGGGTAAGTGGCACATGCAGTGCCG 3 600

SstI
CCCGAAGC'GTTTCGACTTCTTCCGCATCTTCGAAGGCCAGGGCGACTACTACAACCCACTCGTCCTCTCACACGACTCGA 3 680

ACGGCAAGTATGAGCGCGAGCAGGGCTACGCCACCGACATCGTTACCGAGCATGCCGTGGAGTTCCTCAACCAGCGCGAT 3?50
Sl)hr
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GAGCAGAAGCCTTTCTTCCTGCTCGTGGAGCACAAGGCACCCCACCGCACCTGGATGCCCAACCTGAAATATCTGGGCCT 3 840

CfACGACAAGGTAGAGTTCCCCCTGCCCACCACCTTCTC.GGACGATTA?GCCACACGCGGCACCTGCGCTTCGCAGCAGG 3 9 2 O

AGATGACCATCGCACGCCACAIGCAGCTGGCCTACGACAACAAGGTGTTTGAGATCGACAACGCCATGCGCACCCGCAPG 4OOO

PVuII FSPI SPhI

CTCGACCGCATC,GACCGCCTGCAGAAGCAGGCCTGGGACGCTTACTACAGTCCCCGCAACCGCGCCATGCTCGACGCCCA 4O8O

PstI StuI TR4rfr
CCTCACCGATAGCGCCCTGACGGTGTGGAAGTATCAGCGCTACATGCACGATTACCTCTCTACCATCCACTCGGTGGATG 4150

AcAcccTGcGTGAAATCTACGAATACCTGAAGAACCACAACCTGCTCGACAACACCATCCTCGTTTACTC'CTCCGACCAA 4240

GGATTCTACATGGGTGAGCACGGATGGTTCGACAAGCGCTTCATGTATGAGGAGAGCCTCCC€ACACCGCTC'GTGGTGCG 4 3 2 O

CTATCCGAAGGCCATCAAGCCAGGAACGGTCGACAAGCACTTGGTGCAGAACATCGACTTTGCGCCGACGCTGCTCGACG 44OO

HincII
TGGCTGGCGTGACGAAGCCCGAGACCATGT,.:r-;,-jGr'rCrtiTrlAl'T(.1-TCGAa|I'r|T'I'{'LATC'GTAAC'C'GTCAGGATTGGCGC 4480

JWJ, L. I i:

CAGAGCATCTACTACCACTACTACGACTATCCCGCAGAGCACCACGTGCGCCGTCACGACGGCGTGCGCACCGACCGCTA 4560
FsPI

TAAGCTCATCCACTTCTATGGCGCTCCCATGGAC,GGCGACCACGACACTGTGGACTACGAG@qTTACGACATGCAGA 4640
NcoI TR13 (r) SstI

ACGACCCCAACGAGCTCAACAACCTCTACGGCAAGAAGGGGTACGAGAAGATCACCAAGGAGCTGAAGAAGGCGCTCAAG 472 O

TR7 (r) SstI
GACTATCGCAAGAACCTCAAGGTCGACGAGTATTAIACCAATAAATATCATGTGAGAGGCGCCTTGTTGGCGCTCACTAC 4800

HincII MseI cP2 (r)
CTAATCACCTATAAATA4CCTAACATTATGTCTACATTT]AACTTAGACAACATCCTTTCGCAGTTCCTCATTGAGC'GAAA 4880

DW6rfl
GGTGGAAAGCGTGAAGCCGCTTGGCA-\TGGCC!94TC4ATGACA-CCTTCCGTGTAGTGACCGAGGGCGACGCCCCCGACT 4960

TF.10(r) Bclr
ATGTGCTCCAGCGCATCAACAACAATATCTTTACCGACGTCGATCTCTTGCAGCATAACATCGAAGCTGTGACCGGTCAC 5O4O

TRrI r t
ATCCGCCGCAAGCTCGAGGCTGCCGGTGCCGACGACATCGATCGCAAGGTGCTGCGCTTCGTGCCCACACAGCAGGGTAA 5120

xhol
GACCTATTACCTCGACAACGAGGGCCGCTACTGCCGCGTCTCGGTGTTCATCCCCGACGCTGTCACTTACGAGCAC'GTGG 5 2 O O

ATCCCACCTCGTCGCGCAACGCCGGAAAC'CfGTTCGGCGAGTTTGAGAGCATGCTCGTCGACCTGCCTGAGCAGTTC'GGC 5 2 8 0

BamHI SPhf HincII
GAGACCATCCCCGACTTCCACAACATGGAGCTCCGCGCACGCCAGTTGCAGGAGGCCATCGAGCAGGACAAGGCCGGACG 53 60

SStI
TGTGGCFGGCGTC€CCGACATCATCGCCGACCTCCAGAAGGACATGCACGAGATGTGCAAGGCCGAGCGCCTCTTCCGCG 5440

AGC,ccAAGTTGCCGAAGCGCATCTGCCATTGCGACACGAAGGTCAATAACATGATGTACGACAAGCAGC'GCAACGTGCTT 5520

TGCGTCATCGACCTCGACACCGTCATGCCAAGCTTCGTGTTCTCCGACTATGGCGACTTCCTCCC'CA:AGGTGCCAACTT 5600
ilLErrr DWll rf r

,.JATGGCAGAGGACGATCCCAAGATCGAGAACGTGGGCTTCAACCAGGACATCTTCCGCGCCTTCACCGA@GTTACATCG 5680

AGTCGGCACGTTCGTTCCTCACACCCGTTGAC,GTCGAGAACCTGCCCTATGCCGTC'GCCCTCTTCCCCTTCATGCAGTGC 5760

cTC.:cCTTCTTCGCCTjA(ITA(-'CTGtu\T'.:GCGACACCTATTATAAGATTGCTTATCCIGAGCACAACCTGGqGCGCACACG 5840

Dlilrq(f, FspI
CAACCAGCAAGCGCTCTACCATCGTGTTACCGACAACTACGACATGATGGATAACTTCATCCGCACGCTCATCTAAGAGT 5920

GGGCCCTTTTTCCGCCTACCCCTCCCTTCTGCTGCTATAAGAGAAGGGCSTGGTGC'GCGGTTTCGTTTCCAACTCACACA 6000

ApaI DW? (r)
TCTATAATCTATTj\A,{i\GACATCTTCTTGCCATCGCAG:GCTTGCCA..TCAGTT,CJGGCLGCCATGGCACAACAAC'CCCCAC 5O8O

DWf. r r '1R18 | : NcoI
TGTGGATGCGCCATAGCGCCATCTCACCCGACGGTAGCCAGATTGCCTTTGCCTATAA@GCGACATTTGGACCGTGCCC 6160

TR20 (r)
GTAGCCGGAGGACAGACCAAGCAACTCACCACCCATTCCGCCTACGACAGTTATCCCGTGTGGAGTCCCGACAGTAAGAA 6240

DWl-4 (r)
CATAGCCTTCGTGTCGACACGTGAGGGAAGTCGCGACGTGTGGATCATGCCACGCGAGGGTGGGGCGCCCCACAGGCTCA 5 3 2 O

HincII
CCACCAGCAGCGGATCGGAGACCCCCGTGGCCTTCCTCGACAACGACCATGTGCTCTTCGAGTCGCAGGTTATGCCCACG 54OO

GCCCAGAGCATCTTCTTCGCCAATGGCAATTTCCCGCAGATCTATAGCGTCAGCGTCAATGGCGGCCGCCCCAAGCTCTA 5480
BgIII NOII

TTCGGAGCTCrcGCTGAAAGCGCCCAGCATCAACAGCAAGGGCGACGTGCTCTATTACGACCAAAAGGGATCGGAGGACC 5550
SstI

AGTGGCGCAAGCACCACACCTCGCCCATCACACGCGACATCTGGTTGCTTCGCGACGGTAAATACCGCAAGCTCACCTCC 6640

TTCGCCGGTGAGGACCGCGACCCCGTGTC.C,GGCAATC€CGACGCCTATTATTATCTGAGTGAGGAGGATGGCACGTTCAA 5720
CGTGTACCGCGCCAGCGTGGACGGCACGGCCAAGCAGCACCTCACCCACTTCAAGGGCAACCCCGTACGCTTCCTCACAC 68OO

GCGCCAACGACGGCACGCTCTCGTTTGGCTACGACGGCGAGCTCTAC-]ACCCTGCGCGAGGGTGAGGAGCCCCGCAAGGTG 6880
IR2Irr, SstI

AGCGTGAGTGTCACCGCCGACCGCAICGATGCTGAGCTCGATCGCCAGCTCCGCTATTCGGGCGCCTCC€AGATTGCCGT 5960
S.cI

CTCGCCCAACGGAAAGGAGATTGCGTTTGTCATGCACGGCGACGTGTATGTGACCACCgTATAACACCACCAAGC ?040
HANCII

AGATCACCGACACGCCCGAGCAGGAGCGTTCCATCGACTTCTCGTCCGACGGACGCAGCATCGTCTACC'CCGCCGAGCGC ? 1.2 O

AATGGCCTTTGGCAAATCTACCAGAGCACCATCAAGAACAAGAAGGAGGATCTGTTCACCTACGCCACCGAGATTGAGGA 72OO
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GGAGgAGCTGGTGAAGTCGAACAAGACCAGCTTCCAACCCATGTATAGCCCCGACGGAAAGAGCGTGGCCTTCCTCGAAG 7280
PVUII

ACCGCACACGCCTCTGCGCTGTCGACGTGAAGAGCCACAAGGTGCGCCAACTCATGGATGGCAAGTACATGTATAGTTAT 7360
HincII

TCCGATGGCGACCAGTGGTTCTCATGGAGCCCCGACAGTCGCTGGCTGCTGGCCAGCTACATCGGCACAGGCGGATC.GAA 7440
CAACCGCGACATTGCCCTCGTGCCCGCAGATGGCAAGGGCGAGATTCGCAACATCACCAACAGT'GGCTACAA,CGACACCA ?520

DWl5rf:
ACC'GCAAGTGGGTGCTCGGCGGAAAGGCCATGCTCTTCCAGAGCGACCGCGCCGGTTACCGCAGCCATGGATCATGGGGA ? 6 O O

Ncof
ACGGAGGATGACGCCTACATCATGTTCTTCGATGTCGAC,GCCTACGACCAGTTCCGCATGAGCAAGGAGGAGTATGCTCG 7680

HincfI
CTGGAAGGAGACCAGCAAGGAAGAGCAGAAGAAGGAAGAGAAAAAGGAGAAGGACGACGAGAAGAAGGCTAAGGACEAC,G 7?60
CCAAGACCGCCTCGGCTAAGCCTGTCAAGCCCGAGAAGGTGGAGGCTTTGCAGCTCGATCTCGACAATTGCCGCGACCGC 7840

DW16 (r)
GTGATTCGCCTCACCGTCAACTCTTCGCACATGGGCGACGCTGTGCTCACCACCGATGGTGGCACCTTGTACTACCAGGC ?920

HincII
ACGCTTCGAGGGCGGATCAGACCTCTGGAAGCACGACCTCCGCGAGGCACGCACACAGCTCGTC"GCCAAGAATAICC€CG SOOO
GACAAGTGGTGCCCGACAAGGATGTGAAGAACCTCTATCTCTGTGGCGGCAGCATCCGAAAGTTCACACTCGCqAACTCG 8080
CAGACCACCAACATCGGCTTCGAGGCCCGCTICAACTACCGCCCCAACCAGGAGCGCGCATACATGTTCAGCCACGCCTG 8160
GCAGCAGGTGAAGGACAAGCTCTATGTGGAG,;ACCTCAAC'GGAGTGCAGTGGGATTACTTCCGCACCACCTACGAGAAAT 8240

DW,l r t
TCCTGCCTTACATCAATAATGGATTCGATTTCAGTGAGATGCTCTCTGAGCTGTT€GGCGAGTTGAACGTTAGCCACACG 8 3 2 O

GGTTCCACCTATTGGGGCAATGGCTACACCCTGTCCACAGCATGCCTCGGCCTCTTCTTCGACCCCGCTTACGAGGGCGA 84 OO

SphI
TGGCCTGAAGGTTCAGGAGGTGCTGCGCCGTGGTCCGTTCGATGTGCGCAACACGAAGGTGAAGGCTGGCGACATCATCG 8480

FrpI
AGGCCATCGATGGCGAGAAGATCGAGGCCGGCAAGGACTACAACGCCATGCTCGACGGCAAGGTGGGACGCCCCGTGCGT 8560
GTCATGCTGAAGGGCGGACGCGAAGTGGTGGTGAAGCCCATCAGCAGTCGTGAGCAGAGCAAGTTGCTCTATCGCCGTTG 8640
GGTGGACCGCAACAAGGCCATGGTCGACAAGTGGTCGAACC€CCAGATTGCCTACGTCCACGTGAAC€CCATGGACTCTG 8720

NcoI HincII NcoI
AGAGTTTCCGCACCGTGTTCTCCGAGTTGCTCAGCGACTCCAACCGCCAGAAGAAGGCCGTCATCGTCGACGAGCGCCAC 8 8OO

HincfI
AATCGTGGTGGATGGCTCCACGACGACCTCTGCACGCTGCTTAC€GGCCGCCAGFACCAGAGCTTTGTGCCGCGAGGCCA 88BO

NotI
GTTTATCGGTTGGGATCCTTGGAACAAGTGGGTCAAGCCCTCGTGTGTGCTCGTCTGCGAGGACGACTACAGTAACGTJCC 8 9 6 O

BamHI DW3 (r)
ACGGCTTCCCCTATGTCTACCAGAAGCTTGGCATCGGTCCCGTGATCGGTGCGCCCGTGGCAGGCACCATGACCGCCGTG 9O4O

lri"arrr
TGGTGGGAAACCATGCTCGATGGACAGACEGTGTTTGGCATTCCGCAGGTC.GGATGCCTCGGCATGGACGGCAAGTATGG 9J.20
CGAGAACCAAACGCTCATTCCCGACATCACCGTGTACAATACGCCTGAGCAGCAACTCTCTGGCGACGACCAGCAACTGC 92OO
GTCGCGCCGTGGAGGAAATGCTGAAGAAGTAATCACAAATAGCTCATTGAAAGGAGCTATGACATCCTAATAATCTTCCC 9280

DW9(r)
AATCCGGCCTAATGATCGATTGGGGATAAACAAATCGCCCTCGCAGCACACAAGCAGCGAGC.GCGATTTCTTTAGGGTTG 93 50
AATGTTTCGTGTAGAATGGTAGAGC'GCACCATTCAACCCAAATCTAATGACCGATTTGGGTTCAACGTTCCCCATTATGA 9440
AAAGTAATAGAGGAACATGGCGTTACCCGTGAGCGCTGGCTTGCGCTC€CCTTCCACCTCGATGGCGAACTTGATGGTCA 9520
CCTTGCAGATGCCACGGAGGTTCTCTATCTTAGAGAGCGTGGTCACGAGGCGCACGCCCCTGCCTGTGATGACTGGCACG 9600
CCAAACTTCATGTTGTCCATGCCATAGTTAACCATGATCTTCAGGTTGTGCACCTCGATGATCTGGTTCCACATGTAAGG 9 6 8 O

HincII /MseI
CAGGAGCGAGAGCGTCAGGTAGCCATGG

N""I

Appendix 4.1 DNA Sequence of Prevotella strain RS2 9708 bp region

9708

DNA sequence of Prevotella strain RS2 9708 bp region containing mucin-desulfating genes
mdsA, B, C and D and truncated genes aptA and zbpA. Nucleotides in red correspond to forward
primers. Nucleotides in blue correspond to reverse primers. Reverse primer real sequence is
complementary and reverse to nucleotide sequence indicated. Refer to Table A.1.10 for primer
descriptions. Nucleotides in green indicate overlap between two primer sequences. Underlined
sequence corresponds to restriction site recognised by stated restriction enzyme. Numbers in
margin correspond to nucleotide positions in 9708 bp sequence.
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1 CTCGAGGATGCCGTCGCGGAAGCCCAGCAGTTCCTCCACCGTGATGCCACGCATCTGTATGGCGGTGAGC
E L I G D R F G L L E E V T I G R M Q I A T L 42

,7 t hCCCCICCAATCTCAGGGTCGTTGAGTTCGCCCTGTGTGATGGCGACGAGCAC'GTTCTTGGTTICTTCGC
LAA I E P DNL EGQT IAVLLNKTEE ]-9

L 41. GCTGCAGCTCCTCATGGTTGAGCAAGCC€TTGAAAATCTGTGTTACGTTCATAATCGGTTTTGTTTTTTA
RQLEEHNLLRNFIOTVNMSDl

2L1. TTTGTTTTTGTGTTGGCTTGTCC,GGTCTTTTGGACCCTCATCTGCGTGTTGTCC'GTGGGCCTTATTATAT APIA

28L AAGGTGTGTTCGCTTGGGCATGTTGCGTTAGCGCCTTTCCGACTTCAC'GAAAAGAAAAAAGACCTGTCGT
3 51 AAGAACGGCAGGCCTTTCGGGTTTTATCTCCTTGGAGTATCCATACGGCTAAGCGACTCACGACTTTTGA
42L GATCTTGAGCAACGCCACCACCAATATGCAGATACATGATTCATCATTGTTTTTTGTTATGATTACAACC
491. GCAAAGGTACACAAAAACTTATAATCTGCACACTTTTTATAC'GAAAAGTGGTGTGTTTCTTGTTTTGCTT
5 5 ]- GCTTTTGTCGAATAGTTGAACTATATTTGCGCTCGATGCCTTTCGTTATTATAGGCGAAACCGTTTTTTC
63L CTGAGGTTGGTAGCGTCCTGCACCAACCTCTTTTCGTC'GAAGGATGTTTTCTGCGCCAAGGATCAGCGCA 

419

7 OI C.GGCTCCCGTGGCCAGCATGTCCATGATCTCGGCGGGTGC'GCGCTTCTCGCCCAGCAGGCGCTTCATGAC
LAGTALMDM]EAPPRKEGL'LRKMV395

77L ATCCATGTAGGGCGCCACGTGGCTAAAGTATTGGCGGTAGCCCTCACAGAGATAGTTGAGGCCGGGCTCG
DM Y P AV H S F Y Q R Y G E C L YN L G P E 372

B 4 1 CCATTC.GCCGTGTGGATGAATCGGTTGCGCGGACATTCGCCGTGGCAAGCGTTGAGCCATTGACATTCGC
G NATH I FRN R PC EGHCANLWQ C E 349

9].]. GCCATTGTGTGGGCAGACTGTCGC"CCTTGGCCCfGCCGAAC'CGGCGTTGGCGTTCGCTATACATCATCTC
R C Q T P I, S D A K A R G F R R Q R E S Y MM E 325

9 8 1 CACCAGCGATTGCTCGTGGATGTTGCCCAACTTGTACTCGGGAAACACAAAGTC'GTCGCACGAGTACACA
V L S Q E H I N G L K Y E P F V F H D C S YV 302

1 O 5 1 TCGCCATTATGCTCCATCACGCCAGCGTGTCCGCAATGCTTGGCCATGGTGCACAATCCGGGCGCCACCC
D G NH E MVGAH G C H KAMT C LG PAV 279

IL2 L CCACCCAGTTGGCCAGTGTGGCGTCGAAGATGTTGAAGAAAAACATGCTCACGTCGTGGCGCACCCACTC
GV W N A L T A D F T N F F F M S V D H RV W E 255

1191 GTCGAAGATGGTGCAGAGGAAGTTGCCCCACTGCTTC'GGTCTGATGGAGAACGGCGCCAGTTGGCCTTCG
D F I TC L F NGW Q K PR I S F PAL QG E 232

!2 6L TCGACGAGCGACGCCAGTTGGCGACCGTCATCGTGGTGGGCCAATCGCTCCACCACGGGTGTTACCTGGA
D V L S A I, Q RG D DH H A L R EVV P T VQ 209

].3 3 1 TATATTGGCACCCGATGTTCTTGAAGAAACGGTAGAACGACAATGGGTGGTCGCCATTGAGGCGGTTC'GC
I Y Q C G I NK F F R Y F S L P H D GN L RNA 185

1401 CACGGCCAGCGCGTTCCACTCCACAGCATC,CCTGTTGAGGATGTCGATGCCCCGAATGACATTGCGGAAC
VA I, AN E WV A H R N L I D I G R I V N R F T62

1.4'7L GACGGACCGCCCCCGCGTGTGCGTCGAAAGGCGTCGTGGTAAGCCTCGC€CCCATCGAGCGACACACCGA
S P G G G R T RR F A D HYAE P G D I' S VG 139

I541 TGAGCCACCCTTC,GTCGTGGAAAAACCGGGCCCAGTCGTCGTTGATGAGCGTGCCGTTGGTTTGCAGGCT
I L W G Q D H F F R AW D D N I L T G N T Q L S ]'15

1 6 1 1 GTTGGCTATGCGCCGACCGCGCGCGTAACGC TGTTGCAGGCGCAC CACCTTCTCGTAGAACGCCAGCGGG

NA I R R GRAY R O O I,RVVKEYF A L P 92

1 6 8 1 CGTACCAAAGGCTCGCCGCCATGCCACGTGAAGAGCACCTCGGGCGTGGTCTGGCTCTCGATATACTCGC
RVLPEGGHWTFLVEPTTQSEIYE 69

1 ? 5 1 GTATGAAACGCTCCAGCAGTTCGTCGGAGAGCATCTCTCGGCCCTCGTTGGCATAGAGGTGTTGCTTCTC
R I F RE LL ED S LMQRGENAYLHQKE 45

L82T AAGGTAATAGCAATAGTCGCAACGCAGGTTGCAC'GCCGATCCCACAGGCTTCACCATGATATACATGGGG
LYYCYDCRLNCASGVPKVMI YMP 22

].891 TGGGCGAACGGGGCC,GCGGTTAGGCGGGCTTCAGGGGTCGTTGAGTTGGGTGAIGCGGTCATGATGTGGT
HAFPAATI,RAEPTTSNPSATMl

]-9 61 TTCAAGATTGTAGCACAAAGTTACAAAATGTTTTCCATCCTTGTAGC'GAAACCACGCGGTTTTTGCGTTA MdSB

cn
203L TTCGCCCATTATTTAGGGGTCGTTCTACATTTAC'GGTGATCTGAGCTACGCTTCGCTCCATGCAGTTTAG
}tO1I GTCTCAGGCGGTC,CCGCCCGGATGTGCCTTTTTGGCTTACGCTTCC'GCAGTTGAGCTAAGCCCTCACAAC
2L7 t GAATTGTTGTGTTTACGCTCAGACGCGGTAACAACGAATTACGCGAATTTTCGAATTTTTTCTAATTGCG
224L TTAGCCAAATTCGTTCMATTGGTAATCGATAATCGATTACTCTAATTCGTTAATTCGAGAAATTTGTTG
231.1- TTACGCCGTCTGAGOCTTAATAIAAAAACATTCGGCGTAAGAGAAAATAGGGGGACAACAATAATGAGCG
238L ATTAGCGCCCGGAACATCGTCTGAC,GCTATACTTGTTCC'GGGAGATACGAACCGTTATTTAGCCGCAATA
245L GGTTGTGCGCC,GAGCGTTGGACCATGGCGACC.GGTGAGCTGACGGTTGCAAAACGCAAAGGCGTTTGTCC

25 2 I TGCTTTTTGGIGAAAAAGTTGGTAGATGATTTTCCGTGAAATAGCGCACGAAAACGCGGATTTTACGAGA
2 5 N- TGGGCGACCTAAAACCGACTTCTCAATTTGCCGTTAGTCTTTCGAGTTGCGATTGGCCATCTTTCGAGCC
2661 TCGATTGGGCATGTCCCGAGGTGAC-GTTAGGCATGTTTCGCAATGCGAAAGACCATGTTTCGCAATGCGG
27 3t AAGGTGAATTTTGGGGTGTTGAGTGAGCTGTCGAAATGGTAAGGTGTTAGTGGTCAGGTGGTTACGAAAT
2 8 01 CTGCGTGAGAATCGCGTATTTCCGACCGAAGCATGGTCC'GTCGTAAAAAACAATGTAGATTTCAATATAG
287L ATTGTTGCGATATTTGAATAACGCAGGATAGAGGTTC'CGCCCGGAATGGTGGAGCTTTCCATTGGCGGCC
2 g 4! AGCACTCCTGTCGTAGAAGAGCCGTGTGCTTGACGTTGAGAAATTCCGATCCAATCGACGCCCTTTCCCT
3 O].1 TCCTCCGCACCCTTCTTCCCGGTTCCAATGGGGTGGAAGGCTGCGCACATC'GGAGCGACACTTTCGAAAG
3 O 8 1 AATTGCGCGCTTTGAGGAAAAGAAATTGGCGAAAAGGTTTCATGGTTCACCTTTTTGTATTAACTTTGCA
3 1 5 1 ACAAATTATGC.GCACCCGTGCGGGCATTCCAATGAATAATACCTAATAGCTAATGAAATCGGACAACATG MdSA

SDMKSDNM6
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322L CGTTTCTATTCCGCAATGCTCATGGCAC.GATGCGGACTGCATGCCGCTGCACAGACGCAGCGACCTAACA
R F Y S A M L M A G C G L H A A A^Q T Q R P N I 30

329I TTGTGTTCATCATCACCGATGACCACTCGTICCAAACCATCTCC.GCCTATGCCAGCGAGGTGTCGAAACT
VF I I TDDHSFQTI SAYG SEVSKL 53

3 3 5 ]" GGCACCCACGCCCAACATAGACCGTTTGGCTAACGAGGGCGCACGCTTCGACGACGCCTTCGTGGAGAAC
APTPNIDRLANEGARFDDAFVEN 76

343]" TCGCTCTCCACTCCCGCCAGAGCCTGTCTGCTCACCGGACTCTACAGTCACCAGAATGGCCAGCGCACCC
S L S T PA RA C L L T G L Y S H Q NG Q R T L 1OO

3 5 O 1 TCGGCAAC€GTATCGATTCCACCAAGACCTTCGTGTCTGAGCTCTTGCAAGACGCCGGCTATCAGACGGG
G K G I D S T K T F V S E L I, Q DAG Y Q T G I23

3 571 ccrrcrcc€TAAcTcccAcATccaetfficrrccccATcrrccAAccccAc
VVGKWHMQ C R PKG F D F F R I F EGQ 146

3 5 41 GGCGACTACTACAACCCACTCGTCCTCTCACACGACTCGAACC€CAAGTATGAGCGCGAGCAGCGCTACG
G D Y Y N P L V L S H D S N G K Y E R E Q G Y A ]-70

37 T1 CCACCGACATCGTTACCGAGCATGCCGTGGAGTTCCTCAACCAGCGCGATGAGCAGAAGCCTTTCTTCCT
T D T VT E HAV E F L N Q R D E Q K P F F L 193

3 7 8 1 GCTCGTGGAGCACAAGGCACCCCACCGCACCTGGATGCCCAACC TGAAATATCTGGGCCTCTACGACAAG
LV E H K A P H RT WM P NL K Y I, G L Y DK 216

3 8 5 1 GTAGAGTTCCCCCTGCCCACCACCTTCTGC.GACGATTATGCCACACGCGGCACCTGCGCTTCGCAGCAGG
V E F P L P T T F W D D Y A T R G T C A S Q Q E 240

3 9 2I AGATGACCATCGCACGCCACATGCAGCTGGCCTACGACAACAAGGTGTTTGAGATCGACAACCCCATGCG
M T I A R H MQ L A Y D N KV F E T D NAMR 263

399J, CACCCGCATGCTCGACCGCATGGACCC,CCTGCAGAAGCAC€CCTGGGACGCTTACTACAGTCCCCGCAAC
T RMLD RMD R L Q KQAWDAY Y S P RN 286

4 O 5 1. CGCrcCATGCTCGACGCCCACCTCACCGATAGCGCCCTGACGGTGTGGAAGTATCAGCGCTACATGCACG
RA M L D A H L T D S A IJ T V W K Y Q R Y M H D 310

41 3 ], ATTACCTCTCTACCATCCACTCGGTGGATGAGAGCGTGGGTGAAATCTACGAATACCTGAAGAACCACAA
Y L S T I H S V DE S VG E T Y EY LKNHN 333

4201, CCTGCTCGACAACACCATCCTCGTTTACTGCTCCGACCAAGGATTCTACATGGGTGAGCACGGATC,GTTC
L L DNT I L VY C S DQ G F YMG E HGWF 356

427 L GACAAGCGCTTCATGTATGAGGAGAGCCTCCGCACACCGCTGGTGGTGCGCAATCCGAAGGCCATCAAGC
D K R F M Y E E S L R T P L VV R Y P KA I K P 380

4341, CAC'GAACGGTCGACAAGCACTTGGTGCAGAACATCGACTTTGCGCCGACGCTGCTCGACGTGGCTGGCGT
G T VD K H LV Q N I D F A P T L L DVAG V 403

44It GACGAAGCCCGAGACCATGTCGGGACGCTCATTCCTCGACCTCTTCGATGGTAAGC.GTCAGGATTGGCGC
T K PE TMS G R S F L D L F DGKGQDWR 426

4 4 8 1 CAGAGCATCTACTACCACTACTACGACTATCCCGCAGAGCACCACGTCCGCCGTCACGACGGCGTGCGCA

Q S I Y Y H Y Y D Y P A E H H V R R H D G V R T 450
4 551- CCGACCGCTATAAGCTCATCCACTTCTATGGCGCTCCCATGGAGGGCGACCACGACACTGTGGACTACGA

D R Y K L I H F Y GA P M E G D H D T VD Y E 473
462L C'GAGCTCTACGACATGCAGAACGACCCCAACGAGCTCAACAACCTCTACGGCAAGAAGGGGTACGAGAAG

E L Y D MQN D PN E LNN LYGK KGYE K 496
4 6 9 I ATCACCAAGGAGCTGAAGAAGGCGCTCAAGGACTATCGCAAGAACCTCAAGGTCGACGAGTATTAAACCA

TTKELKKAI,KDYRKNLKVDEY* 5I7
4'7 6t ATAAATATCATGTGAGAGGCGCCTTGTTGCCGCTCACTACCTAATCACCTATAAATAACCTAACATTATG MdsC

SDMl
4 8 3 1 TCTACATTCAACTTAGACAACATCCTTTCGCAGTTCCTCATTGAGGGAAAGGTGGAAAGCGTGAAGCCGC

ST FNLDN I L S QF L I EGKVE SVKP L 25
4 9 O 1 TTGGCAATGGCCTGATCAATGACACCTTCCGTGTAGTGACCGAGGGCGACGCCCCCGACTATGTGCTCCA

GNGL I NDTF RVVTEGDAPDYVLQ 48
4971, GCGCATCAACAACAATATCTTTACCGACGTCGATCTCTTGCAGCATAACATCGAAGCT€TGACCGGTCAC

R TNNN T FTDVD],LQHNIEAVTGH 71
5041 ATCCGCCGCAAGCTCGAGGCTC,CCC,GTGCCGACGACATCGATCGCAAGGTGCTGCGCTTCGTGCCCACAC

I RR K L EAAGA D D I DR KVL R FV PT Q 95
5]-1]- AGCAGC'GIAAGACCTATTACCTCGACAACGAGGC,CCGCTACTGGCGCGTCTCGGTGTTCATCCCCGACGC

Q GK T Y Y L DNE G R Y WR V S V F I P DA I].8
5 ]- 81 TGTCACTTACGAGCAGGTGGATCCCACCTCGTCGCGCAACGCCC.GAAAGGCGTTCC€CGAGTTTGAGAGC

VT Y E Q VD P T S S R NA GKA F G E F E S 141.
5 2 5 1 ATGCTCGTCGACCTGCCTGAGCAGTTGC.GCGAGACCATCCCCGACTTCCACAACATGGAGCTCCGCGCAC

M L V D L P E Q I, G E T I P D F H NM E L R A R 165
5321, GCCAGTTGCAGGAGGCCATCGAGCAGGACAAGGCCGGACGTGTC.GCTGGCGTCGCCGACATCATCGCCGA

Q L Q E A 1 E Q D K A G RVA GVA D T I A D 188
5 3 9 1 CCTCCAGAAGGACATGCACGAGATGTGCAAGGCCGAGCGCCTCTTCCGCGAGGGCAAGTTGCCGAAGCGC

IT Q KDMH EMC K A E R L F RE G K L P K R 211
5 4 6 1 ATCTGCCATTGCGACACGAAGGTCAATAACATGATGTACGACAAGCAGGGCAACGTGCTTTGCGTCATCG

I C H C D T K V N N MM Y D K Q G N V L C V I D 235
553]- ACCTCGACACCGTCATGCCAAGCTTCGTGTTCTCCGACTATGGCGACTTCCTCCGCACAGGTGCCAACTT

L D T VM P S F V F S D Y G D F L R T G AN F 258
560]- CATGGCAGAGGACGATCCCAAGATCGAGAACGTGGGCTTCAACCAGGACATCTTCCGCGCCTTCACCGAG

MA E D D P K I ENVG FNQ D I F RA FT E 281
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5671. GGTTACAFCGAGTCGGCACGTTCGTTCCTCACACCCGTTGAGGTCGAGAACCTGCCCTATGCCGTGGCCC
G Y I E S A R S F L T P V E VEN L P Y AVA L 305

57 4I TCTTCCCCTTCATGCAGTGCGTGCGCTTCTTCGCCGACTACCTGAATGGCGACACCTATTATAAGATTGC
F P F MQ C VR F F AD Y L NG D TY Y K I A 328

5 8 1 1 TTATCCTGAGCACAACCTGGTGCGCACACGCAACCAGCAAGCGCTCTACCATCGTGTTACCGACAACTAC
Y P E HN LVRTRNO AAL YHRVT DNY 351

5881 GACATGATC.GATAACTTCATCCGCACGCTCATCTAAGAGTGGGCCCTTTTTCCGCCTACCCCTCCCTTCT
DMMDNFIRTLI* 362

595]. GCTGCTATAAGAGAAGGGGGTC.GTGGGCCGTTTCGTTTCCAACTCACACATCTATAATCTAIGAAAAGAC MdSD

SDMKRH4
6021. ATCTTCTTGCCATCGCAGCGCTTGCCATCAGTTCC.GCGGCCATEGCACAACAAGCCCCACTGTGGATGCG

L t A I A A L A I S S A A M A^Q Q A P L W M R 27

6 O 9 1 CCATAGCGCCATCTCACCCGACC€TAGCCAGATTGCCTTTGCCTATAAGGGCGACATTTGGACCGTGCCC
HSAI SPDGSQIAFAYKGDIWTVP 50

61 5]. GTAGCCGGAGGACAGACCAAGCAACTCACCACCCATTCCGCCTACGACAGTTATCCCGTGTGGAGTCCCG
VAG G Q T K Q L T T I{ S A Y D S Y P VW S P D .74

6231. ACAGTAAGAACATAGCCTTCGTGTCGACACGTGAC.GGAAGTCGCGACGTGTGGATCATGCCACGCGAGGG
S KNIAFVSTREGSRDVWIMPREG 97

63 O1 TGGC.GCGCCCCACAC.GCTCACCACCAGCAGCGGATCGGAGACCCCCGTGGCCTTCCTCGACAACGACCAT
GA PHR L TT S SG S ET PVAF LDNDH 120

637L GTC,CTCTTCGAGTCGCAGGTTATGCCCACGGCCCAGAGCATCTTCTTCGCCAATGGCAATTTCCCGCAGA
V L F E S O VM P T A Q S T F F ANGNF P Q T 744

5441, TCTATAGCGTCAGCGTCAATGGCGGCCGCCCCAAGCTCTATTCGGAGCTCACGCTGAAAGCGCCCAGCAT
Y S V S V N G G R P K I, Y S E L T I' K A P S I. T67

55].1 CAACAGCAAGGGCGACGTGCTCTATTACGACCAAAAGGGATCGGAC'GACCAGTGGCGCAAGCACCACACC
N S K GD V L Y V D Q K G S E D QW R KHH T 1-90

5 5 8 1 TCGCCCATCACACGCGACATCTGCTTGCTTCGCGACGGTAAATACCGCAAGCTCACCTCCTTCGCCGGTG
S P I T R D I h' L L R D G K Y R K L T S F A G E 2I4

55 5]. AGGACCGCGACCCCGTGTGC.GGCAATC.GCGACGCCTATTATTATCTGAGTGAGGAGGATGGCACGTTCAA
D R D P V W G N G D A Y Y Y L S E E D G T F N 23'7

672T CGTGTACCGCGCCAGCGTGGACGGCACGGCCAAGCAGCAGCTCACCCACTTCAAGC'GCAACCCCGTACGC
VY RASVDGTA KQ Q LTH F KGNPVR 260

6'7 gL TTCCTCACACGCGCCAACGAC@CACGCTCTCGTTTGGCTACGACGGCGAGCTCTACACCCTGCGCGAC'G
F L T R A N D G T L S F G Y D G E L Y T L R E G 284

6 8 5 1 GTGAGGAGCCCCGCAAGGTGAGCGTGAGTGTCACCGCCGACCGCATCGATGCTGAGCTCGATCGCCAGCT
E E P R KV S V S V TA D R I D A E L D RQ L 307

6 g 3 L CCGCTATTCGGGCGCCTCGGAGATTGCCGTCTCGCCCAACGGAAAGGAGATTGCGTTTGTCATGCACGGC
RY S GA S E I AV S PNG KE I AFVMHG 330

? O O 1 GACGTGTATGTGACCAGCGTCGACTATAACACCACCAAGCAGAICACCGACACGCCCGAGCAGGAGCGTT
DV Y V T S V D V N T T K Q I T D T P E Q E R S 354

7 O'7 t CCATCGACTTCTCGTCCGACGGACGCA,GCATCGTCTACGCCGCCGAGCGCAATGGCCTTTGGCAAATCTA
I D F S S D G R S T VY AAE RNG I' W Q I Y 3'77

7LAL CCAGAGCACCATCAAGAACAAGAAGGAGGATCTGTTCACCTACGCCACCGAGATTGAC'GAGGAGCAGCTG

Q S T I KNKKE DLF TYATE I EEEQL 4OO

721.1 GTGAAGTCGAACAAGACCAGCTTCCAACCCATGTATAGCCCCGACEGAAAGAGCGTGGCCTTCCTCGAAG
VK S N K T S F Q P MY S P D G K S VA F L E D 424

7 2A]- ACCGCACACGCCTCTGCGCTGTCGACGTGAAGAGCCACAAGGTGCGCCAACTCATGGATGGCAAGTACAT
R T R I, C A V D V K S H KV R Q L M D G K Y M 44'7

7 3 5 1 GTATAGTTATTCCGATGGCGACCAGTGGTTCTCATGGAGCCCCGACAGTCGCTGGCTGCTGGCCAGCTAC
Y S Y S DGDQWF SWS P D SRWL LASY 470

7 42! ATCGGCACAC.GCGGATGGAACAACCGCGACATTGCCCTCGTGCCCGCAGATGGCAAGC'GCGAGATTCGCA
I G T G G W N N R D I A L V P A D G K G E I R N 494

7 49 1 ACATCACCAACAGTGGCTACAACGACACCAACGGCAAGTGGGTGCTCGGCGGAAACCCCATGCTCTTCCA
I T N S G Y N D T N G K W V L G G K AM L F Q 51-7

756]. GAGCGACCGCGCCGGTTACCGCAGCCATGGATCATGGGGAACGGAGGATGACGCCTACATCATGTTCTTC
S D RAGY R S HG SWGT E D DAY I M F F 540

7 63L GATGTCGACC.CCTACGACCAGTTCCGCATGAGCAAGGAGGAGTATGCTCGCTGGAAGGAGACCAGCAAGG
D V D A Y D Q F R M S K E E Y A R WK E T S K E 564

77U. AAGAGCAGAAGAAGGAAGAGAAAAAGGAGAAGGACGACGAGAAGAAC'GCTAAGGACAAC€CCAAGACCGC
E Q K K E E KK E K D D E KKAK D KAKTA 587

7'I'7 T CTCGGCTAAGCCTGTCAAGCCCGAGAAC,GTGGA,GGCTTTGCAGCTCGATCTCGACAATTGCCGCGACCGC
SA K PVK PE KVEAL O LDLDNC R DR 610

784L GTGATTCGCCTCACCGTCAACTCTTCGCACATGGC'CGACGCTGTGCTCACCACCGATGGTGGCACCTTGT
V I R L T V N S S H 14G D AV L T T D G G T L Y 634

79Lt ACTACCAGGCACGCTTCGAC'GGCGGATCAGACCTCTGGAAGCACGACCTCCGCGAC'GGACGCACACAGCT
Y Q A R F E G G S D L W K H D L R E G R T Q L 65'I

? 9 81 CGTGGCCAAGAATATCGGCGGACAAGTGGTGCCCGACAAC'GATGTGAAGAACCTCTATCTCTGTGGCGGC
VA K N I G G Q VV P D K DV KN I, Y L C GG 680

8 O 5 1 AGCATCCGAAAGTTCACACTCGCCAACTCGCAGACCACCAACATCGGCTTCGAGGCC CGCTTCAACTACC

S T R K F T L A N S Q T T N I G F E A R F N Y R.IO4
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8 1 2 1 GC CCCAACCAGGAGCGCGCATACATGTTCAGCCACGCCTGGCAGCAGGTGAAGGACAAGCTCTATGTGGA
P N Q E R A Y M F S HA WA OVK D KL YV E 727

8 ]- 9 1 GGACCTCAACGGAGTGCAGTGGGATTACTTCCGCACCACCTACGAGAAATTCCTGCCTTACATCAATAAT
DLNGVQWDY F RTTY EK F L PY I NN 750

82 6L GGATTCGATTTCAGTGAGATGCTCTCTGAGCTGTTGC€CGAGTTGAACGTTAGCCACACGGGTTCCACCT
G F D F S B M L S E L L G E L N V S I{ T G S T V 774

8 3 3 1 ATTGGGGCAATGGCTACACCCTGTCCACAGCATGCCTCGGCCTCTTCTTCGACCCCGCTTACGAGGGCGA
W G NG Y T L S T AC L G L F F D PAY E GD 797

8401 TGGCCTGAAGGTTCAGGAGGTGCTGCGCCGTGGTCCGTTCCATGTGCGCAACACGAAGGTGAAGGCTC.GC
GL KVQ EVL R RG P F DVRNT KVKAG 820

8471, GACATCATCGAGGCCATCGATGGCGAGAAGATCGAGGCCGGCAAGGACTACAACGCCATGCTCGACGGCA
D I I E A I D G E K T E AG K D Y N A M L D G K 844

8 5 4 1 AGGTGGGACGCCCCGTGCGTGTCATGCTGAAGGGCGGACGCGAAGTGGTGGTGAAGCCCATCAGCAGTGG
V G R P V R V M L K G G R E VVV K P T S S G 86'7

861]- TGAGCAGAGCAAGTTGCTCTATCGCCGTTGGGTGGACCGCAACAAGGCCATGGTCGACAAGTC.GTCGAAC
E Q S K LLY R RWVD RNKAMV D KWS N 890

8681 GGCCAGATTGCCTACGTCCACGTGAAC.GCCATGGACTCTGAGAGTT?CCGCACCGTGTTCTCCGAGTTGC
G Q I A Y VH V K AM D S E S F R T V F S E L L 914

87 5 1 TCAGCGACTCCAACCGCCAGAAGAAGGCCGTCATCGTCGACGAGCGCCACAATGGTGGTGGATGGCTCCA
S D S NR Q K K AV I V D E R H N G G GW L H 937

8 8 2 L CGACGACCTCTGCACGCTGCTTAGCGGCCGCCAGTACCAGAGCTTTGTGCCGCGAC€CCAGTTTATCGGT
DD LC T L L S G R Q YQ S FVPRGQ F' I G 950

8 8 9 1 TGGGATCCTTGGAACAAGTGGGTCAAGCCCTCGTGTGTGCTCGTCTGCGAGGACGACTACAGTAACGGCC
W D P WN K W V K P S C V L VC E D D Y S NG H 984

8 9 6 ]. ACGGCTTCCCCTATGTCTACCAGAAGCTTC'GCATCGGTCCCGTGATCGCTGCGCCCGTC.GCAC.GCACCAT
G F P Y V Y Q K L G I G P V I G A P VA G T M 1OO7

903]. GACCGCCGTGTGGTGGGAAACCATGCTCGATGGACAGACCGTGTTTGGCATTCCGCAGGTC,GGATGCCTC
T AV WW E T M L D G Q T V F G I P Q VG C L 1O3O

910]. GGCATGGACGGCAAGTATGGCGAGAACCAAACGCTCATICCCGACATCACCGTGTACAATACC.CCTGAGC
G M D G K Y G E N Q T L I P D I T V Y N T P E Q1054

9L7L AGCAACTCTCTGGCGACGACCAGCAACTGCGTCGCGCCGTGGAGGAAATGCTGAAGAAGTAATCACAAE,T
QLSGDDOOLRRAVEEMLKK*1073

924L AGCTCATTGAAAGGAGCTATGACATCCTAATAATCTTCCCAATCCGGCCTAATGATCGATTGC.GGATAAA
93 ].1 CAAATCGCCCTCGCAGCACACAAGCAGCGAGGGCGATTTCTTTAGGGTTGAATGTTTCGTGTAGAATGGT
93 81 AGAGGGCACCATTCAACCCAAATCTAATGACCGATTTC.GGTTCAACGTTCCCCATTATGAAAAGTAATAG

*SFYY87
945]. AGGAACATGGCGTTACCCGTGAGCGCTGGCTTGCGCTGGCCTTCCACCTCGATC.GCGAACTTGATGGTCA

LFMANGTLAPKRQGEVEIAFKIT 64
9 52L CCTTGCAGATGCCACGGAGGTTCTCTATCTTAGAGAGCGTGGTCACGAGGCGCACGCGGCTGCCTGTGAT

VKC T GRLNE I KS LTTVLRVR SGT I 40
959]" GACTGGCACGCCAAACTTCATGTTGTCCATGCCATAGTTAACCATGATCTTCAGGTTGTGCACCTCGATG

VPVGF KMNDUGY NVMI K LNHVE I L7
966L ATCTC'GTTCCACATGTAAGGCAGGAGCGAGAGCGTCAGGTAGCCATGG zbpA

IQNWMYPLLSLILYGHl

Appendix 4.2 DNA and ORF peptide seguences for Prevotel/a strain RS2 9708 bp region.

Deduced amino acid sequence of ORFs mdsA, B, C, D, aptA and zhpA are shown. Numbers in
margin correspond to DNA sequence of 9708 bp region (left) and amino acid sequence of deduced
peptide sequence (right). Underlined nucleotides indicated by SD correspond to putative Shine-
Dalgarno sequences. Predicted signal peptidase (type l) cleavage sites for MdsA and MdsD are
indicated by ^. Underlined amino acids for MdsA are colinear to tryptic and cyanogen bromide
peptide sequences indicated in Table A.1.6.
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APPENDIX 5: POTENTIAL MUCIN-DEGMDING ENZYME ACTIVITIES IN PREV?TELLA

STRAIN RS2 AND BACTEROIDES FRAGIL/S ATCC 25285

4.5.1 Introduction

In the normal colon, the protective mucus gel layer is replenished at the rate at which it is

degraded. Turnover of the mucus gel is essential for the physical removal of contaminants, the
generation of binding ligands to prevent microbial penetration, mechanical protection and

hydration of the underlying mucosa (Stark et a\,2000). Changes to this balance by either a

reduction in mucin synthesis and/or secretion or an increase in its degradation by elevated levels

of mucinase activities may have etiological consequences. The inflammatory bowel disease

ulcerative colitis for example, is characterised by a reduction in mucus gel thickness and

decreased levels of mucin-sulfation (Pullan et al, 1994; Shirazi et at,2000). This change is

paralleled by an increase in bacterial mucin-desulfating enzyme activities present in the colon

contents (Tsai ef a/, 1995; Corfield et al1993). Evidence has suggested that bacterial

degradation of mucin is rate-limited by the amount and extent of mucin sulfation (Roberton and

Corfield, 1999; Tsai et a\,1995; Corfield et at,1993; Nieuw-Amerongen ef a/, 19gB). Therefore,

information about the prevalence and relative activities of these enzymes is important.

A number of bacteria from both human and animal sources have been shown to degrade and

utilise mucin as an energy substrate (Hoskins et at,1985; Carlstedt-Duke et al, 1986, Salyers et
al,1977b; Stanley et a\,1986; Tsai et a|,1991). Because none of these bacteria in pure culture

were capable of degrading mucin completely, degradation of mucin by bacteria in the colon is

probably cooperative, involving many genera and enzymes of different specificities and relative

activities. Enzymes necessary for mucin degradation have been discussed (section 1.5) and

include exo- and endo- proteases, glycosidases, neuraminidases, N-acetylneuraminic acid

deacetylase and sulfatases. Possession of most or all of these activities, particularly sulfatases,

and the ability to bind andior internalise mucin would confer an ecological advantage to a

bacterium in the highly competitive colon environment.

Prevotella strain RS2, isolated in this laboratory, was shown by biochemical assays to remove

selected sulfate and sugar moieties from pig gastric and colonic mucins following groMh (Stanley

et a|,1986). No information about the relative levels, specificities and cell location for the relevant

enzyme activities, except N-acetyl-p-D-glucosamine-6-sulfatase (Wilkinson and Roberton, 1gB8),

is known. Such information would be important to understanding the process of bacterial mucin-

degradation and specifically the role that Prevotel/a strain RS2 has in this process.
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Bacteroides fragilis ATCC 25285 which degrades mucin to a lesser extent in pure culture, forms

part of the most numerous culturable and molecularly identifiable group of bacteria found in the

human large intestine (constituting up to 30% of isolates) (Macy and Probst, 197g; Suau ef a/,

1999). Potential mucin-degrading enzyrne activities (except sulfatases) excreted from the cell,

have been reported for Bacteroides fragilisATCC 25285 (Berg et al,1g78; Berg ef a/, 1gB0).

Similar, cell associated activities were found for the related strain Bacteroides fragitis NCDO 2217

(Macfarlane and Gibson, 1 991 ).

The process of degrading large complex molecules such as polysaccharides and

glycosaminoglycans by Gram-negative colon anaerobes is reviewed in the literature (Salyers ef
a/, 1993, Salyers et al, 1996). lf by analogy a similar process occurs during mucin-degradation,

then the enzymes are likely to be duplicated (ie. isoenzymes), be present on the bacterial cell

surface or in the periplasm rather than exported to the intestinal lumen, and to be expressed at

elevated levels when cells are exposed to mucin or derivatives.

In this appendix, activities of enzymes predicted to break glycosidic linkages and sulfate ester

bonds in mucins were measured for Prevotella strain RS2 and Bacteroides fragitis ATCC ZS2B1

cell lysates. The activities were measured from cells grown either in basal medium containing

galactose or basal medium containing mucin as a main energy source. Prevotella strain RS2

activities were compared to those for Bacteroides fragitis ATCC 25285. Some enzyme activities

from different cellfractions were investigated further. All activities were measured using model

colorimetric substrates. pH activity profiles for selected enzyme activities were determined.

Results

A.5.2 Mucin oligosaccharide chain degrading enzyme activities

A growth lag was observed when Prevotella strain RS2 was transferred from medium containing

simple hexose (D-glucose or D-galactose) as energy source to medium containing mucin. This

observation suggested that at least some enzymes necessary for mucin oligosaccharide chain

degradation maybe partly inducible (ie. not constitutively expressed). The activities of selected

hydrolytic enzymes were assayed in cell extracts from cells grown on galactose or low galactose

plus pig gastric mucin. Low galactose was added to mucin medium in order to increase cell mass

and maximise mucin metabolism. Galactose, despite being a component of mucin

oligosaccharide chains, was shown to affect the lowest production of mucin degrading enzyme

activities compared to glucose and mucin subunit sugars for Bacteroides fragilis NCDO 2217
(Macfarlane and Gibson, 1991). Nine enzyme activities hydrolysing linkages found in mucin
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oligosaccharide chains were measured for Prevotella strain RS2 and Bacteroides fragitis ATCC

25285 cell associated fractions. The enzyme activities included cr-galactosidase, B-galactosidase,

a-fucosidase, N-acetyl-cr-D-galactosaminidase, N-acetyl-p-D-glucosaminidase, N-

acetylneuraminidase, N-acetyl-B-D-glucosamine-6-sulfatase, B-D-galactose-3-sulfatase and p-D-

galactose-6-sulfatase. Ten different assays for the nine mucin linkages were used.

4.5.2.1 Enzyme activities from cells grown on basal medium supplemented with mucin or

galactose

Bacteria were grown in either O.2o/o galactose supplemented basal medium or 0.07o/o galactose

plus 0.25% pig gastric mucin basal medium (section A.1.4.1.2). Cultures were harvested at the

beginning of stationary phase where greatest mucin-degrading activities occur (Roberton et a/,

1993). The cells were isolated by centrifugation and lysed by French pressure cell according to

section 4.2.17.1. The cell lysate supernatants were assayed immediately by the methods

described in sections A.2.20.1.1, A.2.20.1.2, A.2.20.1.4, A.2.20.1.5, A.2.20.1.6 and A.2.20.i.8.

The N-acetyl-p-D-glucosamine-6-sulfatase activity was measured using the D-glucose-6-sulfate

(section 4.2.20.1.1) and the N-acetyl-p-D-glucosamine-6-sulfate assays (section A.2.20.1.2).

Reactions did not exceed 25 min incubation times as most activities were found to decrease after

this interval (time course results not shown). Activities determined for Prevotel/a strain RS2 are

presented in Table A.5.1. Activities that were similar for both growth substrates included a-

fucosidase, p-D-galactose-6-sulfatase and p-D-galactose-3-sulfatase, Those that increased

significantly (p<0.05, using the Mann-Whitney U{est for comparing medians of two samples)

during growth on mucin medium included the p-galactosidase, N-acetyl<r-D-galactosaminidase,

N-acetyl-B-D-glucosaminidase and D-glucose-6-sulfatase. For comparison, activities for

Bacteroides fraglrs ATCC 25285 are presented in Table A.5.2. No statistically significant

increase in enzyme activities was observed for cells grown on mucin medium. However, when

compared with Prevotel/a strain RS2 activities, 8. fragilis exhibited significantly higher levels of cr-

galactosidase, B-D-galactose-6-sulfatase and [j-D-galactose-3-sulfatase. The remaining

activities, except D-glucose-6-sulfatase and N-acetyl-p-D-glucosamine-6-sulfatase, were

comparably higher within a factor of four. D-glucose-6-sulfatase and N-acetyl-p-D-glucosamine-6-

sulfatase were higher in Prevotel/a strain RS2.



236

Table A.5.1 Enzyme activities from whole cell lysates for Prevotel/a strain RS2.

Enzyme Activity in galactose
qrown cellst

n Activity in mucin
qrown cells"

n

ct-galactosidase 0.2610.13 3 0.4410.24 ?

B-galactosidase 23.92*2.82 3 33.46t3.91" 3
cr-fucosidase 5.2610.97 3 4.88r1.30 3
N -acetyl-cr-D-g a lactosa m i n id ase 0.4410.16 3 0.86t0.33" 3
N-acetyl-[3-D-g I u cosa m i n idase 15.16+2.58 3 28.9411.65D 3
N-acetyl neuraminidase 2.0910.37 2 5.7010.25 2
D-glucose-6-su lfatase 2.5910.96 3 5.07r1.03" 4
N-acetyl-[3-D-g lucosamine-6-su lfatase 13.8312.14 3 30.35f0.07 2

13-D-g a lactose-3-s u lfata se 0.6310.24 4 0.57*0.33 4
B- D-ga lactose-6-su lfatase 0.20r0.28 4 0.26xA.14 4
a. nmol producVmin/mg protein, MeantSD from n measurements.
b. significant enzyme induction, determined by the one{ailed Mann-Whitney test for comparing
medians of two samples (P<0.05).
4.5.2.2 Enzyme activity location

Table 4.5.2 Enzyme activities from whole cell lysates for Bacteroides fragitisATCC 2S2Bs

a.nmo|producVmin/mgprotein,MeantSDfromnmeasuremenM

4.5.2.2 Enzyme activity location

Activities of selected Prevotella strain RS2 enzymes were assayed from periplasm and cytoplasm
preparations from cells grown on both media. Periplasm and cytoplasm extracts were made

using the procedure described in section A.2.17.3. Phosphatase (periplasmic) and malate

dehydrogenase (cytoplasmic) activities were included to confirm fractionation of cell

Enzyme Activity in galactose
qrown cellsa

n Activity in mucin
qrown cellsa

n

cr-galactosidase 6.04t1.84 I 4.45t0.7O 4
p-galactosidase 18.1618.78 I 12.6313.75 4
a-fucosidase 13.43r3.03 7 9.30+2.00 4
N-acetyl-cr-D-galactosami nidase 1.9110.51 7 1,62*0.51 4
N -acetyl-[3-D-g I ucosamin idase 77.32r't3.25 6 56.45t6.78 4
N-acetylneuraminidase 17.3718.66 6 19.5915.39 3
D-ql ucose-6-su lfatase 0.6311.00 4 0.15r0.19 4
N-acetyl-[t-D-g I ucosami ne-6-su lfatase 4.5011.36 6 ND
p-D-ga lactose-3-su lfatase 11.0414.79 I 8.75r2.93 5
B-D-galactose-6-su lfatase 8.0612.98 10 7.37+2.64 5
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compartments. Measured activities are presented in Table A.5.3. N-acetyl-p-D-glucosaminidase,

N-acetyl-p-D-glucosamine-6-sulfatase and D-glucose-6-sulfatase activities were predominantly

found in the periplasm fraction (P<0.005, using the Two-tailed paired-sample t-test for comparing

linked samples). These activities and interestingly the phosphatase activity increased when

Prevotella strain RS2 was grown with mucin (P<0.05, Mann-Whitney Utest). The B-D-galactose-
G-sulfatase in B. fragilis was detected in the cytoplasm (Table A.5.4) (P<0.01, Two-tailed paired-

sample t-test). p-D-galactose-3-sulfatase was also found in the cytoplasm for B. fragitis (D.

Rosendale, personal communication).

Table A.5.3 Activities of selected enzymes and marker enzymes in periplasm and cytoplasm
extracts for Prevotel/a strain RS2.

Enzyme Extract Activity in galactose
grown cells"

n Activity in mucin
qrown cells"

n

N-acetyl-13-D-g I ucosamin idase periplasmo 48.37t17.34 3 233.05r107.49' 7
cytoplasm 2.31!4.00 3 17.28x5.42 7

D-q I ucose-6-su lfatase periplasm' 5.8116.04 3 20.12x7.25" 8
cytoplasm 0.91t0.88 3 2.87*2.47 8

N-acetyl-[3-D-glucosamine-6-sulfatase periplasmo 16.60*3.61 3 115.76+68.22" 6
cytoplasm 0.07x0.12 3 2.62!2.36 6

phosphatase periplasmo 18.73t11.73 3 108.82138.95c 4
cytoplasm 1.05t1 .81 3 4.94*4.17 4

malate dehydroqenase periplasm 2.57r0.93 3 0.74*0.48 5
cytoplasmo 5.3310.73 3 4.35x2.23 5

a. nmol producVmin/mg protein, MeantSD from n measurements.
b. predicted cell location of enzyme, determined by the two-tailed paired-sample t test (p<O.OO5).
c. significant enzyme induction, determined by the one-tailed Mann-Whitney test for comparing 

'

medians of two samples (P<0.05).

Table A.5.4 l3-D-galactose-6-sulfatase activity of periplasm and cytoplasm extracts for
Bacteroides fragilis ATCC ZS2BS.

Enzyme Extract Activity in mucin
Grown cells'

n

|3-D-ga lactose-6-su lfatase periplasm 0.005r0.009 3
cytoplasmo 13.32t2.86 3

nmol product/min/mg protein, Mean*SD from n measurements.a.
b. predicted cell location of enzyme, determined by the twotailed paired-sample t test (P<0.01).
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A.5.3 pH activity profiles of selected enzyme activities for Prevotel/a strain RS2 and Bacteroides

fragilis ATCC 25285

Enzyme activity is dependent on pH. pH determines the ionisation of catalytic amino acid(s)

and/or ionic substrate(s) and to a limited degree the structural conformation of an enzyme.

pH activity profiles of selected enzymes from Prevofel/a strain RS2 and Bacteroides fragitis ATCC

25285 were determined. Selection was based on levels of enzyme activity found in section A.5.2.

Prevotella strain RS2 cells were grown on 0.07o/o galactose plus 0.25% pig gastric mucin basal

medium to allow enzyme induction. Bacteroides fragilis was grown in 0.2o/o galactose basal

medium because no enzyme induction in mucin medium was found (section A.5.2). Cell lysate

supernatants were prepared as described in section A.2.17 .2 in 10 mM Tris,HCl (pH 7 .9.
Aliquots were diluted in equalvolume of four buffers covering the pH range 4.0 to 9.0 (Fig. A.5.1

and A.5.2). The buffers and corresponding pH values were 0.3 M acetate (pH 4.0, 4.5 and 5.0),

0.3 M succinate (pH 5.0, 5.5, 6.0 and 6.5), 0.3 M imidazote (pH 6.S, 7.0 and 7.S), 0.3 M

phosphate (pH 7.5 and 8.0) and 0.3 M Tris.HCl (pH 8.0, 8.5 and 9.0). Buffers were chosen based

on their pKa values (acetate pKa 4.76; succinate pKa(kz) 5.64; imidazole pKa 6.95; phosphate

pKa(k2) 7.2; Tris.HCl pKa 8.08), Extract mixtures were equilibrated on ice for 30 min before

assaying. Enzyme assays for the selected activities were performed as described in sections

4.2.20.1.4, A.2.20.1.5, A.2.20.1.6 and A.2.20.1.8, at the pH values specified above, for 20 min.

The pH activity profiles, pH optimum and activity ranges (region attaining at least 500/o of maximal

activity) for the selected enzymes from Prevotel/a strain RS2 and B. fragitis ATCC 25285 are

shown in Fig. A.5.1 and Fig. A.5.2 respectively and listed in Tables A.5.5 and 4.5.6.

Optimum pH activities ranged from pH 5.5 (8. fragilis N-acetyl-B-D-glucosaminidase and cr-

galactosidase: Prevotel/a strain RS2 a-galactosidase) to pH 7.5 (8. fragilis B-galactosidase)
(Table A.5.5 and 4.5.6). However, most were less than pH 6.5. The profiles exhibited broad pH

ranges of up to 3 pH units but not less than 2 pH units. Several pH buffers were found to inhibit

enzyme activity. These were imidazole (Prevofel/a strain RS2 p-galactosidase, a-galactosidase,

N-acetyl-p-D-glucosaminidase, cr-fucosidase and B. fragilis cr-fucosidase activities), Tris.HCl (8.

fragilis p-galactosidase activity) and phosphate (8. tragilis p-D-galactose-3-sulfatase, p-D-

galactose-6-sulfatase and N-acetyl-a-D-galactosaminidase activities). Prevotel/a strain RS2 F-D-

galactose-3-sulfatase and B-D-galactose-6-sulfatase pH activities were determined. However,

these are not shown because the measured activities were statistically too low to accurately

determine a profile. The pH profile for the Prevotella strain RS2 N-acetyl-B-D-glucosamine-6-
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Fig A.5.1 Prevotella strain RS2 pH profiles

Activities are nmol pNP produced per minute per mg protein. Standard deviations (error
bars) calculated from two separate experiments. Buffers used to cover the pH r'ange 4 - 9
are: acetate (+); succinate (-+ ); imidazole (-+1' phosphate (-,+) and Tris.HCl
(-#).
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A. Bacteroides fragilis N-acetyl-p-D-
glucosaminidase pH profi le
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pH profile

fi
tt\l\

?zsg
o
hzo
CD

E15.E

Ero
Ec
-6

:>

{o

e14'6
812
CL

o10
E
E8
F
;6
Et
?z
Eo

3 roo
o
oh80
CD
tr
E60.E

E40
Ec
;20'5

Eo

e16
x14
cd12
ot
€rog
E8
EoE9+
$z
Io

89

- =E.*
789

pH

E. Bacteroides fragilis N-acetyl-
neuraminidase pH Profile

B. Bacteraides fragilis p-galactosidase

PH Profile

--*
456789

pH

Bacte roide s fragilis cr-galactosidase

PH Profile

pH

F. Bacteroides fragilisN-acetyl-a-D-
galactosaminidase PH Profi le

Eg
fiao-7
ot
E6
Es
f+
E3c
;2'5 1

po

D.

456

Kxr
-- -H789

pH
;,;,

pH

e3s'6

E30
CL
or25 l

E

456



241
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Fig A.5.2 Bacteroides fragilis ATCC 25285 pH profiles

Activities are nmol pNP produced per minute per mg protein. Standard deviations (error
bars) calculated from two separate experiments. Buffers used to cover the pH range 4 - 9
are: acetate (-+-); succinate (+ ); imidazole +); phosphate (+*) and Tris.HCl
H*-).
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sulfatase has been reported previously (Wlkinson and Roberton, 1988) (pH optimum 7.5 and

activity range 7.0 - 8.25).

Table A.5.5 pH profile summary data for Prevotella strain RS2

Enzvme activitv ranqeo oH optimum buffer inhibition
cr-qalactosidase 4.0 - 6.75 5.5 imidazole
13-galactosidase 4.75 - 7.5 7.0 imidazole
cr-fucosidase 5.0 -7.75 6.5 imidazole
N-acetvl-B-D-qlucosamin idase 5.0 - 8.0 6.0 imidazole
a. Activity range encompasses the region attaining greater than 50% of enzyme activity.

Enzvme activity ranqe" pH optimum buffer inhibition
cr-galactosidase 5.25 - 7.5 5.5
B-galactosidase 5.0 - 8.0 7.5 Tris.HCl
cr-fucosidase 5.25 - 7.5 6.0 imidazole
N-acetvl-cr-D-qalactosaminidase 5.25 -7.5 6.0 phosphate
N-acetyl-13-D-g I ucosa m i n idase 5.25 -7.75 5.5
N-acetvlneuraminidase 5.0 - 7.5 6.0
[t - D-g a I a cto se- 3-s u lfata se 5.0 - 8.0 7.0 phosphate
B- D-g a la ctose-6-su lfatase 5.25 - 8.0 7.0 phosphate
a. Activity range encompasses the region attaining greater than 50% of enzyme activity.

Table 4.5.6 pH profile summary data for Bacteroides fragilis ATCC 25285

A.5.4 Discussion

This appendix describes the activities of enzymes predicted to break glycosidic linkages and

sulfate ester bonds in mucins for Prevotel/a strain RS2 and Bacteroides fraglls ATCC 25285.

Some enzymes for Prevotel/a strain RS2 were found to be induced when cells were grown on

mucin medium compared to medium containing simple sugar. No induction was found for L
fragilis ATCC 25285. Selected activities for Prevotel/a strain RS2 were transported to the

periplasm. pH activity profiles for some enzyme activities were determined.

The model enzyme substrates used during this research encompass most of the potential sites for

enzymatic degradation found on mucin oligosaccharide side chains. These sites are illustrated in

Fig. A.5.3 for three mono-sulfated mucin oligosaccharide sequences. Potential sites not shown

have been discussed in section 1.5. The ability that these artificial substrates have to mimic
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a.

b.

,r, t}

HSO3-6-GalB1-3

6
U

G lcNAcB 1 -3 Ga I NAc-a-O-Ser/Th r-R

25
{ltl

HSO.,-3-cal Bl-4 GlcNAc Bl-6
4+l

Fucal -3

c.

\eG
GalNAc-o-O-Ser/Thr-R
/e5

Galpl -3
/+3

NeuAca2-3

HSOl
o\+ 7

Gal Bl-4 GlcNAc Bl-6
\+6

Gal NAc-cr-O-Ser/Th r-R
/e5

Gal B1-3

Fig. A.5.3. Structures of mono-sulfated mucin oligosaccharide chains that might be degraded
by sequential actions of bacterial exo-enzymes.

(a) Terminal galactose-6-sulfate (Mawhinney et a\,1987), (b) terminal galactose-3-sulfate
(Capon et al, 1997), and (c) internal N-acetyl-p-D-glucosamine-O-sulfaie (Lo-Guidice ef a/,
1994). Potential cleavage sites for enzymes measured in Tables A.5.1 and A.5.2 include (1) p-
D-galactose-6-sulfatase, (2) p-D-galactose-3-sulfatase, (3) N-acetylneuraminidase, (4) cr-
fucosidase, (5) f3-galactosidase, (6) N-acetyl-p-D-glucosaminidase, and (7) mucin-desulfating
sulfatase (N-acetyl-B-D-glucosamine-6-sulfatase). There is presently no information on
whether enzyme (7) in Prevofel/a acts on internal as well as external sulfated sugar. Sites for
cr-galactosidase cleaving terminala-galactose in B-secretors, and N-acetyl-c-D-
galactosaminidase cleaving terminal N-acetyl-cr-D-galactosamine in A-secretors, are not shown
in these examples.

1l

5
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physiological mucin sites determines the degree of interpretation needed to be given to these

results. Since other large complex molecules (host or dietary) present in the digestive tract

contain moieties also present in mucin oligosaccharide side chains (e.9. N-acetyl-0-D-

glucosamine - hyaluronic acid; B-D-galactose - keratan sulfate; N-acetyl-B-D-glucosamine-6-

sulfate - keratan sulfate, heparan sulfate) the observed enzyme activities are onty potentially

mucin-specific. However, for Prevotella strain RS2 some of the activities (p-galactosidase, N-

acetyl-cr-D-galactosaminidase, N-acetyl-B-D-glucosaminidase, glucose-6-sulfatase (N-acetyl-B-D-

glucosamine-6-sulfatase) increased during groMh on mucin, suggesting mucin specificity. No

corresponding increases for B. fragilis were found. In order to determine exact specificities of

these enzymes, the enzymes will need to be purified then tested appropriately with endogenous

substrates.

Each of the enzyme activities found for Prevotel/a strain RS2 and B. fragilis ATCC 25285 are

likely comprised from more than one isoenzyme, each having specificity toward the same model

substrate. The assumption is based on the observation that the genus Bacteroides is often found

to possess multiple enzymes (isoenzymes) catalysing single metabolic pathway steps (Salyers ef

al 1993), Enzymes with speciflcity toward the same subunit(s) yet from different polysaccharides

(substrates) would also contribute to enzyme multiplication (see above). Such multiplication for

Prevotella strain RS2 and 8. fragilis may be shown by the broad pH profiles exhibited by some of

the enzyme activities. lsoenzymes usually differ in pl values, pH optimums, size and sometimes

cell location.

The enzyme activities measured for Prevotel/a strain RS2 are consistent with those predicted

previously by biochemical analyses (Stanley et al, 1986). However, the levels of activity did not

correlate significantly to amounts of carbohydrate or sulfate removed. Stanley ef al (1986)

measured the extent of decrease of mucin carbohydrate (fucose, galactose, N-acetylglucosamine,

N-acetylgalactosamine, neuraminic acid) and sulfate following Prevotella strain RS2 growth on pig

gastric and colonic mucins.

Enzyme activities for B. fragilis ATCC 25285 are comparable to those reported for B. fragitis

NCDO 2217 (Macfarlane and Gibson, 1991) and to those determined biochemically for B, fragitis

ATCC 25285 (Roberton and Stanley, 1982). However, B. fragitis ATCC 25285 N-acetyl-B-D-

glucosaminidase activity was 50 times greater (galactose medium) and 8. fragilis NCDO 22i7 N-

acetyl-cr-D-galactosaminidase activity was eight times greater (mucin medium). These exceptions

are probably due to differences in enzyme quantities (expression rates) and specificities toward

the model substrates. A quantitative comparison of B. fragilis ATCC 25285 extracellular enzyme



245

activities (Berg et al, 1978; Berg el a/, 1980) and cell associated activities reported here proved

inconclusive. lt is unclear whether the cell associated enzyme activities are from the same

proteins in the process of being exported or are mutually exclusive or the extracellular activities

measured are background activities from lysed cells. Further work is needed.

Potential mucin-specific glycosidase activities have been correlated, to some extent, to the

predominance of oligosaccharide sugar linkages found within the host from which it was isolated.

Bacterial strains producing blood group B-degrading activity (cr-(1-3)-D-galactosidase) were found

at larger population densities compared to other comparable bacteria in B-secretor hosts (Hoskins

et a\,1985). The activities measured tor B. fragilisATcC 25285 and Prevotel/a strain RS2 show

the ability to degrade all terminalA, B and H sugar linkages (N-acetyl-cr-(1-3)-galactosamine, cr-

(1-3)-D-galactoside and cr-(1-2)-L-fucoside respectively). However, B. fragitisATCC 2S2Bs

activities were higher compared to Prevotella strain RS2 activities.

Molecular analyses of culturable and non-culturable bacteria in the human colon suggest both

Bacteroides and Prevotella are present in large numbers (Suau et al, 1999). Whether their

success is attributable to their ability to utilise mucin as an energy source is speculative. Both

Prevotella strain RS2 and B. fragilis ATCC 25285 were shown here to possess allthe enzyme

activities necessary to breakdown most mucin oligosaccharide chains. Significantly, both

possessed sulfatase activities, although at differing levels, which effects desulfation, the rate-

limiting step in mucin degradation.

The four sulfatase model substrates used during this work represent three sulfated sugar moieties

identified in mucins (Capon et a|,1997; Capon et a|,1992; Sangadala et a/, 19g3; Mawhinney ef

al, 1987; Slomiany and Meyer, 1972). Prevotella strain RS2 and B. fragitisATCc 25285 p-D-

galactose-3-sulfatase activities are the first to be measured in mucin-degrading bacteria, while B-

D-galactose-6-sulfatase activities are the first to be attributed to individual mucin-degrading

bacteria. $-D-Galactose-6-sulfatase activity had previously been detected in faecal extracts using

[3H]lactitol-6-sulfate as an artificial substrate (Corfield et at,1987). Unfortunately, 13-D-galactose-

6-sulfatase activity was not assayed in the culture supernatant for B. fragitisATCC 2S2BS, so it is

unclear whether this bacterium would have contributed to the faecal extract activity found.

Recent studies (2D-gel electrophoresis) have shown Prevotella strain RS2 to both increase and

decrease levels of periplasmic proteins when grown in mucin medium compared to galactose

medium (J. Rho personal communication). Some of the potential mucin-degrading activities

measured for Prevotel/a strain RS2 in this appendix (13-galactosidase and N-acetyl-a-D-
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galactosaminidase and the periplasmic enzymes N-acetyl-B-D-glucosaminidase and N-acetyl-tJ-D-

glucosamine-6-sulfatase) increased statistically following growth on mucin medium. The observed

induction in activity suggests these enzymes are probably involved in mucin breakdown. ln

comparison, enzyme activities tor B. fragilts ATCC 25285 were not induced. Similar enzyme

expression was found for B. fragilis NCDO 2217 when it was grown in different mucin-sugar

media (Macfarlane and Gibson, 1991). Based on observed enzyme expression and B. fragitis

ATCC 25285 ability to ferment dietary and host polysaccharides (Salyers et al,lg77b), B. fragitis

ATCC 25285 is predicted to utilise low levels of a variety of polysaccharides opportunistically in

vivo. By contrast, Prevotella strain RS2 which increase levels of enzyme activities when substrate

was available would likely degrade mucin selectively in vivo. This is in part shown by the fact that

Prevotella strain RS2 grows and breaks down mucin better than B. fragitis ATCC 2SZB1

(Rosendale, 1997). However, increased growth on mucin may be due to other yet unidentified

factors, such as binding and up-take mechanisms. Constitutive production of key nutritional

enzymes has been suggested to confer a selective advantage over non-constitutive strains in

chemostat cultures (Dykhuizen and Davies, 1980). A similar advantage is proposed for mucin-

degrading bacteria in the colon (Hoskins ef al 19S5). However, it is risky to extrapolate from

these results what is actually happening in vivo.

f nterestingly, the periplasmic phosphatase (marker enzyme) activity for Prevotel/a strain RS2 was

also found to increase in the presence of mucin. The role that this enzyme might have in mucin

metabolism is not known. However, periplasmic phosphatases are thought to provide a source of
inorganic phosphate for the formation of dATp during metabolism.

pH profiles determined in this work showed a relatively broad pH range, suggesting more than

one enzyme is contributing to the observed activity. pH optima are consistent with those

expected for cell associated enzymes compared to those excreted into the reducing environment

outside the cell. No correlation between cell location (cytoplasm, periplasm) and pH optima could

be deduced from this work. During the course of pH profile analysis several buffers (imidazole,

Tris, phosphate)were found to inhibit some enzyme activities for Prevotel/a strain RS2 and B.

fragilis ATCC 25285 (Tables A.5.5 and 4.5.6). The mechanisms by which the inhibition had

occurred are not known. However, imidazole which is shown to inhibit a range of enzyme

activities (e.9. histidine decarboxylase, lysozyme) (Zollner, 1989) is thought to perform an

elimination/acylation inhibition reaction (Silverman, 1988). Phosphate is a known competitive

inhibitor of some sulfatases (Roy, 1971).

some of the work in this appendix has been pubtished (wrightet at,2ooob).
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Appendix 6: PREPARATION OF AFFIN|TY MATRTX GST-SEPHAROSEq'CL-48

Glutathione S-transferase (GST) Sepharose@ CL-48 was used to remove anti-GST antibodies

present in serum isolated from rabbits immunised with GST-fusion proteins (section A.2.14).

Synthesis of GST-Sepharose@ CL-48 was performed based on the procedure by Koch-Schmidt

and Mosbach (1977). Steps requiring activation of Sepharose@ CL-48 by cyanogen bromide

(CNB0 were performed by Assc. Prof. D. Christie. Procedures were carried out at 4"C unless

otherwise stated.

GST protein was synthesised by recombinant expression of vector pGEX-2T in E. coti(section

4.2.13.2). Soluble GST (cell lysate supernatant) was purified by glutathione-Sepharosee

affinity chromatography (section A.2.19.5.1). Purity was confirmed by SDS-PAGE (section

4.2.12.3) (not shown). Purified GST was then equilibrated in 0.1 M sodium carbonate, pH 8.3,

0.5 M NaCl (dialysis, 15 volumes) for coupling to Sepharose* CL-48.

Washed hydrated Sepharose'o CL-48 (5.5g) was dissolved in 1.33 M sodium carbonate, pH

10.9 (16.5 mL). CNBr (2glmL in acetonitrile) was added (0.75 mL) and mixed for 5 min to

activate Sepharoseo CL-48. The activated Sepharose* CL-48 (5.5g) was washed with 0.1 M

sodium carbonate, pH 9.5 (170 mL), then with water (170 mL), and finally with 0.1 M sodium

carbonate, pH 8.3 (170 mL). Activated Sepharoseto CL-48 (5.5g) was then dissolved in 0.1 M

sodium carbonate, pH 8.3, 0.5 M NaCl containing 1.9 mg/mL GST (9.5 mL), and mixed for 16 h

at4"C. Sepharose'" CL-48 coupled GST was finally washed (170 mL PBS) and dissolved in

PBS containing 0.02% sodium azide (10 mL). Before chromatography GST-Sepharose"l CL-

48 was washed with 0.5 M NaClto remove residual non-covalently bound GST.

This procedure achieved a coupling yield of 80.4% (percent bound GST of total GST added)

which corresponded to 2.63 mg GST per gram Sepharose.o CL-48.



APPENDIX 7l

PREPARATION OF

HYDRO')(YAPATITE



248

Appendix 7: PREPARATION OF HYDROXYAPATITE

Hydroxyapatite was used during this research to separate proteins by column chromatography.

The method required the synthesis of 'Brushite' (CaHPOr .2HzO) before its conversion to

Hydroxyapatite (Car o(PO+)o(OH)z).

Brushite was synthesised by slowly adding (250 ml/h) 0.5 M CaCL2 (2L) and O.S M Na2HpO4

(2L) into a beaker (5L) containing 1 M NaCl (0.2L). The mixture was stirred gently to avoid

sedimentation throughout additions. The precipitate (Brushite) (-2L) was allowed to setle
before washing two times with distilled H2O (4L) and suspension in distilted H2O (4L).

The Brushite was then converted to Hydroxyapatite by adding 40olo NaOH (0.1 L) and heating
(100'C, t h) with gentle stirring. The precipitate was washed with distilled H2O (4L), allowed to

settle (10 min) and the upper clear layer discarded. To limit the amount of fine material that

may clog future columns during chromatography, the preparation was remixed and the

supernatant removed after 2 cm of precipitate had settled. The precipitate was again washed

with distilled H2O before heating (100'C,5 min) in 10 mM sodium phosphate, pH 6.8 (2L). This

was repeated twice more for 15 min with fresh 10 mM sodium phosphate, pH 6.8 (2L). The

precipitate (Hydroxyapatite) (-260 mL) was stored in 1 mM sodium phosphate, pH 6.8 at 4"C

for up to 1 year. Before column chromatography, an equal volume of hydroxyapatite was

mixed with buffer equilibrated Sephadex G25 in order to improve column flow properties.
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APPENDIX 8: PARTIAL PURIFICATION AND CHARACTERTSATTON OF A II-D-GALACTOSE-
O-SULFATASE FROM Bacteroides fragitis ATCC ZS29S.

A.8.1 lntroduction

A body of evidence suggests that sulfated sugar residues, present in mucin oligosaccharide

chains, rate-limit mucin degradation by bacterial glycosidases, proteases, neuraminidases efc
(Mikani-Takagaki and Hotta, 1979; Roberton and Wright 1997; Nieuw-Amerong en et al,l gg8).

Sulfatases which can remove sulfate from mucin would therefore decrease the protective

properties of mucin. A number of mucin-specific sulfatases with a range of specificities have

been identified in bacteria (Wilkinson and Roberton, 1988; Wrightef a/,2000b; Tsai etal, 1991;

Jansen et a|,1999) and fecalextracts (Tsai et al,1992; Corfield et al,1g87) (section 1.5.2).

However, only the N-acetyl-p-D-glucosamine-6-sulfatase from Prevotella strain RS2 has been

purified to homogeneity and extensively characterised to date (Wilkinson and Roberton, 1988;

Roberton et al, 1993; Wrighl et a\,2000a). Previously, in this laboratory, a B-D-galactose-6-
sulfatase was identified in the mucin-degrading bacterium Bacteroides fragilisATcc ZSZgs

(Rosendale , 1997; data in section A.5.2). As the Bacteroides genus is prominent in the colon
(Moore et al, 1978) and B-D-galactose-6-sulfatase is a novel enzyme yet to be investigated in a

mucin-degrading bacterium, this enzyme was characterised further.

This appendix describes the partial purification of a B-D-galactose-6-sulfatase from Bacte roides

fragilis ATCC 25285. A range of chromatography procedures were performed. Biochemical

analyses including enzyme stability, specificity, inhibition, pH profile, possible induction following
growth on mucin and location in the cellwere determined. Note, only specific results and

relevant conclusions are presented in this appendix.

Results

A.8.2 Partial purification of the p-D-galactose-6-sulfatase

This section describes the development and partial purification of an active p-D-galactose-6-

sulfatase. Several purification techniques encompassing a range of separation strategies were

investigated. A purification scheme based on the merit of each purification technique is

described.
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4.8.2.1 Purification development

Table A.8.1 summarises the purification techniques used to resolve the B-D-galactose-6-
sulfatase from Bacteroides fragilis ATCC 25285. Anion exchange chromatography was the best

technique attaining on average a 12.5 fold increase in relative activity for DEAE Sepharoseo CL-

48 and 17.0 fold for POROS@ HQ2o. Other methods Sepharose* CL-48 gel exclusion

chromatography (2.3 fold), Sephacryl' 5300 gel exclusion chromatography (1.3 fold) and

hydroxyapatite/Sephadex''' G25 absorption chromatography (2.5 fold) also increased relative

activity. These methods retained greater than 32o/o of total p-D-galactose-6-sulfatase activity. ln

comparison, less than 1 1% was recovered following Sartobind@ S15 and Phenyl Sepharoset" CL-

48 purifications. From these results, an optimal purification scheme was deduced, The

procedure incorporates sepharoseo cL-48, DEAE sepharose't cL 48 (pH 7.4),

hyd roxyapatite/Sephadex G25 and pOROS@ HQZO technolog ies.

Although replaced by Sartobind@ S15 chromatography in the purification experiment described

below (section A.8.2.2), hydroxyapatite/Sephadext G2S was shown to separate B-D-galactose-6-

sulfatase activity into two regions (Fig. A.8.1), inferring the presence of two [i-D-galactose-6-
sulfatase isoenzymes in Bacteroides fragilis ATcc 2s2gs. An example of a

hydroxyapatite/Sephadexo G25 experiment is shown in Fig. A.8.1. Hydroxyapatite/Sephadext!

G25 chromatography was performed as described in section A.2.19.4 using conditions listed in

Fig. A.8.1 legend. p-D-galactose-6-sulfatase activity separated into two almost equal portions,

eluting at approximately 35 and 140 mM Na2HPOa corc€ntrations. Notably, other glycosidase

activities (B-D-galactosidase, N-acetyl-13-D-glucosaminidase and a-L-fucosidase) were separated

from both g-D-galactose-6-sulfatase activity regions using this technique.

4.8.2.2 Partial purification of the p-D-galactose-6-sulfatase

Several attempts were made to purify to homogeneity the p-D-galactose-6-sulfatase from

Bacteroides fragilis ATCC 25285. The purification procedure below, developed in section

A.8.2.1, was performed to attain amounts of p-D-galactose-6-sulfatase activity for biochemical

analysis and to identify a SDS-PAGE band corresponding to the enzyme. Purification of the l3-D-

galactose-6-sulfatase from Bacteroides fragitis ATCC 25285 using substrate pNp-Gal-6-50+ is

summarised in Table A.8.2. During the purification procedure, background enzyme activities (p-

D-galactose-3-sulfatase, N-acetyl-p-D-glucosamine-6-sulfatase, B-D-galactosidase, a-D-
galactosidase, N-acetyl-B-D-glucosaminidase, N-acetyl-p-D-galactosaminidase, a-L-fucosidase
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Table A.8.1 Summary of purification development

Purification type Purification
techniqueu

Mean fold
purificationb

Mean percent of
total activity
remaininq"

n Commento

Salting-out Ammonium sulfate
precipitation

0.6510.31 41.4t17.6 5 activity in 4O-70o/o
saturated fraction

Size exclusion Sephacryl'! S300 '1.3x0.2 32.5t2.2 2 eluted at mean
K," of 0-19

Sepharose" CL-48 2.3t0.7 36.8*4.9 4 eluted at mean
K" of 0.32

lon exchange DEAE-Sepharose'"'
cL-48 (pH 7.4) 12.5t4.4 42.2x23.0 6

eluted with
-28.4 mM NaCl.
no bindinq at pH 6.2

POROS'HQ2O
(pH 7.4\

17.0t12.7 38.2111.0 ? eluted at mean -4.3
mS (-44 mM NaCl)

CM-Sepharose"
CL-48 (pH 5.02,
5.54, 5.96, 7.12)

ND ND 4
did not bind to cation
exchanger at stated
pH values

Sartobind@ S15
(pH7.4)

0.19r0.03 10.7r3.3 2 eluted at mean
-13.4 mS (-140 mM
NaCl)

Hydroxyapatiteu Hydroxyapatite/
Sephadex8 G25
(HA/G25)

2.5r0.8 31.9J10.8 3
lsoenzymes eluted
at -35 and 130 mM
phosphate for 5 mL
HNG25 column

Hydrophobic
interaction

Phenyl-
Sepharose'&
CL-48

0.24 1.0 1

eluted at -90 mM
(NH4)2504.
did not bind using
3.5 M NaCl

a. Purification of p-D-galactose-6-sulfatase activity by the techniques listed was performed as
described in sections A.2.18, A.2.19.1, A.2.19.2, A.2.19.3, A.2.1 9.4. A.2.19.6 and A.2.19.7. S or
20 mM Tris.HCl, pH 7 .4, 10 mM f3-mercaptoethanol buffer was used for purifications Sephacryl@
5300, Sepharose'i CL-48, DEAE-Sepharose"' CL-48 and hydroxyapatite/Sephadexr' G25; 5 mM
Tris.HCl, pH 7.4, 10 mM p-mercaptoethanol buffer for POROS@ HQ2O and Sartobind@ 515; 0.5 M
(NH4)2SO4, 25 mM imidazole, pH 7.4, 10 mM B-mercaptoethanol buffer for Phenyl-Sepharose* CL-
48.
b. Mean fold purification t standard deviation from n experiments. Fold purification was
determined by comparing relative activities (nmol/min/mg protein) before and after the stated
purification step. A number greater than 1 indicates an increase in relative activity. ND - no data
available.
c' Mean percent of total activity remaining t standard deviation from n experiments. Percent total
activity was determined by comparing total activity (nmol/min/total volume) before and after the
stated purification step. A number less than 50% indicated greater than two fold reduction in total
activity.
d. K"u - partition coefficient determined for each gel filtration experiment.
e. Bound B-D-galactose-6-sulfatase could also be eluted with 0.2 M sodium fluoride but not with
1 M NaCl. Sodium fluoride inhibited p-D-galactose-6-sulfatase activity more than sodium
phosphate. Values for mean fold purification and mean percent of total activity remaining were
calculated using the sum of both putative isoenzyme values.
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Fig. A.8.1 Hydroxyapatite/Sephadex G25 chromatog.aph of the fractionated DEAE
Sepharose, pH 7 .4, p-D-galactose-6-sulfamse active fracti ons.

Fractions were assayed for protein (absorbance 280 oilt,-*- ), phosphate concentration
(mol/L, 

- 
(determined using fraction conductivity rmMHO) and calibration curve (not

shown)) and enzyme activity (pNPGal-6-SO+, * (section A.2.20.1.a); pNPGal-3-So4, -+-
(section A.2.20.1.5); pNPGlcNAc€-SOo,--€- (section A.2.20.1.2); pNPFGat, # {section
A.2.20.1.6); pNPcrGal, -# (section A.2.20.L6); pNPGlcNAc, +- (section A.2.20. 1.6);
and pNPcFuc,+ (section A.2.20.1.6). Activity urrits are nmol p-nitrophenol released per
min pertotalvolume of fraction. pNPGal€-SO4 acthre regions (13-22and 31-37) are
shaded. Loaded sample (DEAE-Sepharose, pH7.4 purified p-D-galactose-6-sulfatase
fraction) contained approximately 53.19 nmol/min/m118-D-galactose-6-sulfatase at 0.263 mg
protein/mL but lacked p-D-galactose-3-sulfatase acti,rity. Chromatography parameters were:
fraction size 5 mL (fractions 1-9), 2.5 mL (fractions 10a6); flow rate 5.42 mLtcr#/h; running
buffer 5 mM Tris.HCl pH7.4,10 mM p-mercaptoethernol; loaded sample volume 27 mL; initial
wash volume 7.5 mL running buffer; salt gradient, 0 .0.4 M NqHPOo in 80 mL running
buffer; finalwash volume 23 mL 0.4 M NqHPO4 in running buffer.

Hydroxyapatite/Sephadex G25 column: bed volume 5 cnf; internal diameter 1.3 cm.
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Table A.8.2 Purification summary of B-D-Galactose-6-sulfatase activity trom Bacteroides
fragilis ATCC 25285

a. Purification fold estimated by comparing relative activities to that of cell free extract.
b. Recovery estimated by comparing total activities to that of cell free extract.
9 Ih" material represents fractions 17-23 (upper row) and fractions 24-28 (lower row) from the
POROS* HQ20 chromatograph.

and N-acetylneuraminidase) were determined as shown in Table A.8.3. Purification steps were
performed at pH 7.4 and 0 to 4'C where possible. Bacteroides fragitis ATCC 2S2BS was grown

in 0.2% D-galactose basal medium (500 mL) (section A.1 .4.1.2) to beginning of stationary phase.

Cells were harvested by centrifugation and a cell lysate extract prepared by French pressure cell

(section A.2.17 .1). All subsequent purification steps used SmM Tris.HCl, pH 7.4,10 mM B-

mercaptoethanol buffer. Cell lysate was separated by Sepharose@ CL-48 chromatography

(section A.2.19.1) using conditions listed in Fig. A.8.2 legend. Three separate Sepharose@ CL-

48 column runs were required to fractionate the cell lysate extract. The Sepharose@ CL-48
chromatograph for one such experiment is shown in Fig. A.8.2. p-D-galactose-6-sulfatase activity

eluted as a single peak (fractions 20-30, Fig. A.8.2).

Combined Sepharose@ CL-+B fractions (from three experiments) were concentrated by

ultraflltration (section A.2.21.1) and the proteins separated by DEAE-Sepharose@, pH7.4, anion

Purification
method

Total activity
(nmol/min/
total volume)

Total protein
(mg protein)

Relative activity
(nmol/min/mg
protein)

Purification
fold"

Recovery of
enzyme
activitv (%)o

Cellfree extract 1447.2 241.2 6.0 1 100
Sepharose CL-
48 pooled 20-30
fractions

596.4 49.7 12.0 2 41.2

DEAE-sepharose
fastflow pooled
3441fractions

130.2 0.752 173.2 28.9 9.0

POROS'HQ2O
pooled 17-23
fractions"

69.5 0.077 902.0 150.3 4.8

Sartobind* S15
pooled 28-43
fractions

-9.0 <0.045 >200 33.3 -0.6

POROS- HQ2O
pooled 24-28
fractions"

14.2 0.075 189.6 31.6 1.0

Sartobind- S15
pooled 28-43
fractions

-1.1 <0.035 >30 5.0 -0.1
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Fraction number

Fig. A.8.2 Sepharose CL-48 chromatograph of Bacteroides fragilisATCO 25285 cellfree extract

Fractions were assayed for protein (absorbance 280 nm,-+). Enzyme activity was determined
as pNP released in the presence of auxillary enzyme and substrate as shown: pNPGai-6-SO4,
* (section A.2.20.1.a); pNP Gal-3-SO4,{- (section A.2.2O.1.5); pNP GlcNAc-6-SO4,4F
(section 4.2.20.1.2); pNP p-Gal, * (section A.2.20.1.6); and pNPGlcNAc,-+ (section
4.2.20.1.6). Activities are nmol p-nitrophenol released per minute per totalvolume of fraction.
pNPGal-6-SOa active fractions (20-30) pooled for DEAE-sepharose, pH7.4 analysis are indicated
by shading. The chromatograph data is one of three experiments. Chromatography parameters
were: fraction size 3 mL; flow rate 6.4 mUcn€/h; running buffer 5 mM tris.HCl, pH7.4,10 mM F-
mercaptoethanol; loaded sample volume 7.0 mL (-4.4o/" bed volume). Sepharose CL4B column:
bed volume 160 cm3; internal diameter 1 .5 cm: void volume 51.5 mL"
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exchange chromatography, as described in section A.2.19.2 using conditions listed in Fig. A.8.3

legend. The experimental data (Fig. A.8.3) shows p-D-galactose-6-sulfatase activity eluting as a

single peak (fractions 34-41).

DEAE-Sepharose@ CL-48, pH 7 .4, fractions 34-41were combined, dialysed (100 volumes of S

mM Tris.HCl, pH7 .4, 10 mM B-mercaptoethanol buffer, section A.2.22) and concentrated (section

A.2.21.1). The extract was then separated by POROS@ tiQz0 anion exchange perfusion

chromatography as described in section A.2.19.6 using conditions listed in Fig. A.8.4 legend. The

POROS@ HQ2o chromatograph for the DEAE-Sepharose@ CL-48 34-41 fraction is shown in Fig.

4.8.4. Bound p-D-galactose-6-sulfatase activity appeared to elute as two overlapping peaks,

one containing background p-D-galactosidase activity (fractions 17-23, Fig. A.8.a) and the other

background N-acetyl-p-D-glucosaminidase activity (fractions 24-28, Fig. A.8.4). Aliquots of

fractions 20 and 25 were saved for SDS-PAGE analysis (see below). The two overlapping B-D-

galactose-6-sulfatase activity peaks may correspond to putative B-D-galactose-6-sulfatase

isoenzymes proposed previously from hydroxyapatite/Sephadex@ G25 analysis (section A.9.2.1;

Fig. A.8.1).

Both POROS@ HQ2O pooled (17-23;24-28) active fractions were dialysed (100 votumes of 5 mM

Tris.HCl, pH7.4,10 mM p-mercaptoethanol buffer, section A.2.22) and concentrated (section

A.2.21.1) before separation by Sartobind@ S15 chromatography. Fractionation by Sartobind@

515 was performed as described in section A.219.7 and Fig. A.8.5 legend. Sartobinf StS
chromatographs for POROS@ HQ20 fractions 17-23 and fraction s 24-ZB are shown in Fig. A.g.5a

and Fig. A.8.5b respectively. B-D-galactose-6-sulfatase activity (from POROS@ He2O fractions

17-23) continued to co-elute with l3-D-galactosidase activity following Sartobind@ S15

chromatography (fractions 28-43, Fig. A.8.5a). However, B-D-galactose-6-sulfatase activity (from

POROS@ HQ2O fractions 24-28) was separated from N-acetyl-p-D-glucosaminidase activity

(fractions 30-43, Fig. A.8.5b). Both f3-D-galactose-6-sulfatase activity peaks (Fig. A.B.5a and

A.8.5b) eluted similarly at -0.14 M NaCl. Aliquots of fractions 32 and 36 forSartobind@ 515
separated POROS@ HQ2O fractions 17-23 and fraction 35 for Sartobind@ SIS separated

POROS@ HQ2O fractions 24-28 were saved for SDS-PAGE analysis. Note, all fractions contain

B-D-galactose-6-sulfatase activity except fraction 36 which has additional p-D-galactosidase

activity. The complete purification procedure is summarised in Table A.8.2. Note, protein

estimations for pooled Sartobind@ S15 fractions are approximate due to low levels of protein and

limits of protein assay. Enzyme activities measured in pooled fractions during purification

experiment are shown in Table A.8.3.
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Fig. A.8.3 DEAE-Sepharose fastflow chromatograph of the fractionated pooled Sepharose

CL-48 fractions 20-30 (see Fig. A.8.2).

Fractions were assayed for protein (absorbance 280 Dfir,# ) and NaGl concentration (mol/L,

- 
(determined using fraction conductivity (mMHO) and calibration curve (not shown)).

Enzyme activity was determined as pNP released in the presence of auxillary enzyme and
substrate as shown: pNP Gal-6-SO4+- (section A.2.20.1.a); pNP Gal-3-SOo -> (section
A.2.2O.1.5); pNPGlcNAc-6-SOo+- (section A.2.20.1.2); pNP pGal-{,- (section A.2.20.1.6); anO
pNPGfcNAc* (section A.2.20.1.6)). Activities are nmol p-nitrophenol released per min per total
volume of fraction. pNPGal-6-SOa active fractions (3441) pooled for POROS@ HQZO analysis are
shaded. Chromatography parameters were: fraction size 15 mL (fractions 1-10),4 mL (fractions
11-14),2 mL (fractions 15-73); flow rate 8.21 mUcnfn; running buffer 5 mM tris.HCl pH7.4,10
mM B-mercaptoethanol; loaded sample volume 97.5 mL; initialwash volume 16 mL running buffer;
salt gradient, 0 - 0.2 M NaCl in 90 mL running buffer; finalwash volume 15 mL 1.0 M NaCl in
running buffer. DEAE-sepharose fastflow column: bed volume 11.4 cnf; internaldiameter 1.1 cm.
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Fig. A.8.4 POROS@ HQ20 chromatograph of fractionated DEAE-Sepharose fast flow fractions
34-41, after pooling, concentration and dialysis (see Fig. A.8.3).

Fractions were assayed as in Fig. A.8.3, using auxiliary enzyme and substrates: pNPGai-6-SOa
(-+ , section A.2.20.1.4); pNPGal-3-SO4 (-+ , section A.2.20.1.5); pNPF-Gal (*- ,

section 4.2.20.1.6); pNP GlcNAc (-+ , section A.2.20.1.6). Activities are nmol p-nitrophenol
refeased/min/totalvolume of fraction. pNPGal-6-SOa active fractions (17-23 ard24-28) pooled
for Sartobind S15 analysis are shaded. Fractions 20 and 25 used for SDS-PAGE analysis are
indicated. Protein (-- , absorbance 280 nm) and conductivity (- , mS) data obtained
from BIOCAD measurements. Chromatography parameters were: fraction size 1 mL; florv rate
1807.2 mUcm2/h; running buffer 5 mM Tris.HCl pH7.4,10 mM p-mercaptoethanol; injected
sample volume 0.82 mL (concentrated DEAE-sepharose fractions 3441); initialwash volume
10 CV running buffer; salt gradient, 0 -0.3 M NaCl in 25 CV running buffer; finalwash voiilme
20 CV 1.5 M NaCl in running buffer. POROS' HQ20 column: bed volume 1.662 cnP; rntemal
diameter 0.46 cm.
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Fig, A.8.5 Sartobind@ S15 chromatographs of fractionated pooled concentrated dialysed
POROS@ HQ2O fractions (a) 17-23 and (b) 24-28 (see Fig, A.8.4).

Fig. A.8.5a. Separation on Sartobind@ 515 of pooled POROS@ HQ20 fractions 17-23 after
dialysis and concentration. Fractions that desulfated pNPGal-6-SO4 (fractions 28-43) were
pooled for enzyme analysis (shaded). Fractions 32 and 36 used for SDS-PAGE analysis are
indicated. Fig. A.8.5b. Separation on Sartobind@ 515 of pooled POROS@ HQ2O fractions
24-28 after dialysis and concentration. Fractions that desulfated Gal-6-SOo (fraclions 3043)
were pooled for enzyme analysis (shaded). Fraction 35, used for SDS-PAGE analysis, is
indicated. All fractions were assayed for desulfation of pNPGal-6-SOo (-+ , section
4.2.20.1.4); pNPGal-3-SO4 (+, section A.2.20.1.5);and glycosidic cleavage of pNPp-Gal

t# , section A.2.20.1.6); and pNPGlcNAc (-+ , section A.2.20.1.6). Activities are nmol
p-nitrophenol released/min/total volume of fraction. Protein ( * , absorbance 280 nm) and
conductivity ( 

- 
, mS) data_obtained from BIOCAD measurements. Chromatography

parameters for both Sartobind@ 515 experipments were: fraction size 0.5 mL (fraCtions were
not cof lected between column volumes (CV) 0 - 4 and 79 - 97); flow rate 30 mUh: running
buffer 5 mM Tris.HCl pH 7 .4, 10 mM p-mercaptoethanol; injected sample volume 0.1 mL 

-

(POROS@ HQ2O fractions 17-23),0.1 mL (POROS@ HQ2O fractions 24-28); initiatwash
volume 10 CV running buffer; salt gradient, 0 - 0.2 M NaCl in 50 CV running buffer: final
wash volume 10 CV 1.5 M NaCl in running buffer. Sartobin@ 515 microporous membrane
absorber: filter volume 0.3 mL; pore size 0.07 pm.
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To determine purity of the POROS@ HQ20 and Sartobind@ S15 preparations, an aliquot (-6.5 pg

protein POROS@ HQ20; -2.5 pg protein Sartobind@ 515) were dialysed (S00 volumes water),

concentrated (section A.2.21.4) then separated by SDS-PAGE (section A.2.12.3). Proteins were

stained first with Coomassie blue (section A.2.12.3.1) (not shown) then with silver nitrate (section

A.2.12'3.2) (Fig. A.8.6). Two bands (61.0 and 53.3 kDa) were common in all fractions (lanes

H20, S32, 536, H25, S35, Fig. 4.8.6), suggesting one or both correspond to the p-D-galactose-6-

sulfatase (Note, fractions were reduced prior to electrophoresis). Further, a -103.3 kDa band

present in fraction 536 (Fig. 4.8.6) but not fraction S32 suggested it corresponded to B-D-
galactosidase activity present in 536. The remaining bands detected in fraction S3S (-121.1,

76.6, 45.5 kDa, Fig. A.8.6) may correspond to inactive N-acetyl-p-D-glucosaminidase or yet

unidentified proteins. Intensity of silver stain is not quantitatively related to protein concentration.

A.8.3 Characterisation of the p-D-galactose-6-sulfatase

Some of the work presented in this section was performed before the B-D-galactose-6-sulfatase
purification described in section A.8.2.

A.8.3.1 Extraction of B-D-galactose-6-sulfatase activity from Eacfe roides fragitisATCC ISZB'

To determine the best method for isolating soluble non-denatured p-D-galactose-6-sulfatase

from Eacferoides fragilis ATCC 25285, three methods were investigated. French pressure cell
breakage (section A.2.17.1), ultrasonication (section A.2.1 7 .2) and a modified method involving

treatment of cells with EDTA and lysozyme (to weaken cell walls) (section A.2.17.3) followed by
ultrasonication (section A.2.17.2). Equal amounts of freshly harvested Bacteroides fragilis ATCC

25285 cells (section A.2.17) were used to test breakage efficiency by each method. Summary of
activities and soluble protein yields is presented in Table A.8.4. French pressure cell breakage

released the greatest amount of protein (156.8 mg protein per g cell) with least relative B-D-
galactose-6-sulfatase activity (5.55 nmol/min/mg protein). Conversely, ultrasonication released

the least amount of protein (97.5 mg protein/ g cell) but showed the greatest relative activity
(6.82 nmol/min/mg protein). Cell breakage by ultrasonication was performed in preference of
other methods except purification studies, even though it yielded only T6To of the enzyme
released by French pressure cell, because of the ease of use and higher specific activity.
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Fig. 4.8.6 SDS-PAGE analysis of POROS@ HQ20 (20 and 25) and Sartobindo S1s (32, 36 and
35) fractions.

SDS-PAGE performed as described in section A.2.12.3.10 % acrylamide gel was first stained
with Coomassie blue (not shown) then silver (above, section A.2.12.3.2\. A portion of
POROS@ HQ20 (H20, H25) (0.5 mL, -6.5p9) and Sartobind@ 515 (S32, S96, SgS) (0.5 mL,
:2.spg) fractions was dialysed (600 volumes water) (section A.2.22), concentrated by
lyophilization (section A.2.21.4) and dissolved in -5 pL water before separation by SDS-PAGE.
Refer to text and chromatographs Fig. A.8.4 and Fig. A.8.5 for fraction description. Bands a, b,
c, d, e and f (-12'l .4, -103.3, -76.6, -61.0, -53.3 and -45.5 kDa respectively) present in the
most pure fractions (Sartobin@ S15 (S32, 536, S35)) are indicated. Asterisk denotes band(s)
proposed to correspond to th e p-D-Galactose-6-sulfatase.
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Table A.8.4 Effect of cell lysis method on p-D-galactose-6-surfatase yield

Cell Lysis Type" French Pressure Ultrasonication EDTA/lysozyme+
ultrasonication

p-D-galactose-6-
sulfatase activity
(nmol pNP/min/mo)

).)) 6.82 5.66

Soluble protein
(mg protein per g
cellwet weight)

1s6.8 97.5 r06.0

a. Refer to text for description of cell lysis methods.

4.8.3.2 Stability of p-D-galactose-6-sulfatase activity

Stability of B-D-galactose-6-sulfatase activity using standard buffer conditions (B-

mercaptoethanol, protease inhibitor, neutral pH) for different storage temperatures was

determined.

A Bacteroides fragilis ATCC 25285 cell lysate extract was prepared as described in section

4.2.17.2 in 20 mM imidazole pH7.4,10 mM p-mercaptoethanol, O.OQ2o/o DFP. The preparation

was aliquoted (1 00 prl) and stored at 20, 4, -20 and -80"C. Aliquots were assayed at 0, 1 , 7 , ZB

and 84 day intervals for B-D-galactose-6-sulfatase (section A.2.20.1.4) activity. Enzyme

activities are shown in Fig. A.8.7. Optimum storage of p-D-galactose-6-sulfatase activity

occurred a 4'C and -80'C. However, only 50 % of original activity was retained after 28 days.

Aliquots stored at 20 and -20"C decreased significanfly after day 7.

A.8.3.3 Reaction rate of B-D-galactose-6-sulfatase activity

The linearity of the p-D-galactose-6-sulfatase reaction using specified assay conditions was

determined. Enzyme reactions contained 0.96 nmol/min p-D-galactose-6-sulfatase activity

(Bacteroides fragilis ATCC 25285 cell lysate, section A.2.17.2),0.16 pmol pNp-Gal-6-SO4

substrate,20 mM imidazole, pH7.4, and 10 mM p-mercaptoethanol and were performed as

described in section A.2.20.1.4. ldentical reactions were stopped at 5 min. intervals up to and

including 40 min. p-D-galactose-6-sulfatase activity increased lineady up to 40 min (data not

shown). Quantitative measurements of pNP-Gal-6-504 activity were subsequenfly performed in

this range.
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A.8.3.4 Induction and localisation of p-D-galactose-6-sulfatase in Eacfe roides fragilisATCc

25285.

B-D-galactose-G-sulfatase activities measured in Appendix 5, show that the p-D-galactose-6-

sulfatase was expressed at similar activities when cells were grown in mucin medium as

compared to medium supplemented with galactose (Table A.8.5). Activities were localised
predominantly to Bacferoides fragilis ATcc zszls cytoplasm (Table A.9.6).

Table A.8.5 B-D-galactose-6-sulfatase activity from whole cell lysates of Bacteroides
fragilisATCC 2S2BS.

a. nmol producVminimg protein, MeantSD from n measurements.

Enzyme Activity in galactose
grown cells"

n Activity in mucin
grown cellsa

n

$-D-ga la ctose-6-sulfatase 8.06*2.98 10 7.3712.64 5

Table A.8.6 F-D-galactose-6-sulfatase activity of periplasm and cytoplasm extracts for
Bacteroides fragilis ATCC ZS2BS.

Enzyme Extract Activity in mucin
Grown cells"

n

B -D-galactose-6-su lfatase periplasm 0.00510.009 3
cytoplasm" 13.3212.86 3

a. nmol producVmin/mg protein, MeantSD from n measurements.
b. predicted cell location of enzyme, determined by the two{ailed paired-sample t test (p<0.01).

A.8.3.5 pH activity profile of p-D-galactose-6-sulfatase activity in Bacteroides fragilisATcc

25285

The pH activity profile for the p-D-galactose-6-sulfatase from Bacteroides fragitisATCc 2'2gs
was determined previously (section A.5.3), Refer to section A.5.3 for method description. The
pH profile is shown in Fig. A.8.8. pNP-Gal-6-SO4 activity had an apparent pH optimum at 7.0

with greater than 50o/o of activity between pH 5.25 and 8.0. Interestingly, significant inhibition of
the activity by phosphate buffer was evident.

A.8.3.6 Enzyme kinetic analysis

Michaelis-Menton constant (K') and maximum reaction velocity (V,.n"*) were determined for the i3-

D-galactose-6-sulfatase from a cell free extract preparation using conditions described in section
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4.2.20.1.4 at pH 7.4. Kn and V'", values calculated using the Cornish-Bowden plot were

1.1010.93 mM and 0.55i0.41 pmol/min/mg protein respectively.

A.8. 3. 7 Specifi city analysis of B-D-galactose-6-su lfatase activity

Enzyme specificity toward D-galactose-6-sulfate for partially purified p-D-galactose-6-sulfatase

was determined. D-Galactose-6-sulfate (0.12 pmol) was treated with p-D-galactose-6-sulfatase

(purified by hydroxyapatite/Sephadex G25, DEAE-Sepharose CL-48, Phenyl Sepharose:0.017
nmol/min/reaction) (section A.8.2) as described in section A.2.20.2.8 and Fig. A.B.g legend.

Note, no p-D-galactose-3-sulfatase activity was present in the p-D-galactose-6-sulfatase active

fraction. Enzyme reactions including zero time control (ie. assay reaction stopped at time zero)

and appropriate standards were then separated by paper chromatography (section A.2.20.2.g)

and the reducing sugars stained (section A.2.2A.2.8.1). The chromatogram is shown in Fig.

A.8.9. As expected the 11-D-galactose-6-sulfatase desulfated D-Gal-6-SOc (lane 2, Fig. A.g.9).

The p-D-galactose-6-sulfatase was shown not to be an arylsulfatase as no activity toward pNp-

SOq was found for a Bacterordes fragilisATCC 25285 cell lysate extract (section A.2.17.2). A
Klebsiella pneumoniae cell lysate extract, which exhibited arylsulfatase activity was used as a
positive control (data not shown).

A. 8. 3. 8 | nhibition studies on l3-D-galactose-6-sulfatase activity

A range of compounds were investigated to determine their inhibitory effect on p-D-galactose-6-

sulfatase activity. Inhibition reactions were performed using pNP-Gal-6-SOa substrate (1 mM)

and partially purified p-D-galactose-6-sulfatase (DEAE-Sepharose CL-48, pH 7 .4: section
4.8'2.1). Reactions were set-up lacking substrate (pNP-Gal-6-SO4) as described in section

4.2.20.1.4. Inhibitors were added at concentrations specified in Table A.8.7. The

enzyme/inhibitor mixture was pre-incubated for 90 min at 0"C before substrate was added to
start reaction. Reactions were continued as described in section A.2.20.1.4. Activities as
percent of controls (where the putative inhibitory compound was not added) are shown in Table

A.8.7. Not all compounds tested inhibited p-D-galactose-6-sulfatase activity. Those that did

inhibit activity significantly were Na2HPO4, EDTA, NaF and iodoacetamide. Interestingly, EDTA
inhibition was reversed when MgCl2 and CaClz were added. Non-significant inhibition was found
when Gal-6-SOa was added. A preparation of pig gastric mucin (Appendix 3), pGMt, was not
inhibitory at 0.3%(w/v).
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Fig. A.8.9 Paper chromatography analysis of action of partially purified p-D-galactose-6-
sulfatase on galactose-G-sulfate

Enzyme reactions were performed as described in section A.2.2O.2.8. p-D-Galactose sugar
generated by p-D-galactose-6-sulfatase activity on p-D-galactose-6-SOo is shown by black
triangle. Background signals from buffer consitituents or enzyme are indicated (arrow in
margin). B-D-galactose-6-sulfatase was purified by chromatography steps using
Hydroxyapatite/Sephadex G25, DEAE Sepharose, pH7.4, and then Phenyl Sepharose. The
semi-purifi ed enzyme fraclion lacked p-D-galactose-3-sulfatase activity.
lane I - partially purified p-D-galactose-G-sulfatase;
lane 2 - p-D-galactose-6-SOa (0.12 pmol) treated with partially purified p-D-galactose-G-
sulfatase;
lane 3 - zero time control of B-D-galactose-6-SC.4P.12 pmol) with partially purified B-D-
galactose-6-sulfatase ;

lane 4 - p-D-galactose-6-SO4 (Gal6S) standard (0.12 pmot);
lane 5 - p-D-galactose (Gal) standard (0.12 pmol).
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Table A.8.7 Effect of selected compounds on B-D-galactose-6-sulfatase activity

Compound Concentration
(mM)

Percent
activitv

Compound Concentration
(mM)

Percent
activitv

Gal-6-S0r 2.5 94.3 EDTA
(+50mM MgCl2)
(+50mM CaClz)

25 26.1
1.25 99.6 25 65.1

0.625 100 25 77.3
PGMt 0.3% (wiv) 100 EGTA 10 100

0.15% (w/v) 100 NaF 100 1.1
NazHPOa 125 46.0 50 22.4

62.5 56.8 10 45.6
15.625 70.7 L-cvsteine 5 100
0.625 100 L-methionine 5 100

NazSO+ 50 100 iodoacetamide 10 62.5
Na:lcitrate 10 100 Triton X-100 0.5% (v/v) 100

SDS 1 100 0.25o/o fulv\ 100
0.1 100 imidazole 50 100

NaCHsCOO 50 100 10 100

p-D-Galactose-6-sulfatase activity values are expressed as percentages of controls in which
the putative inhibitory compound was not added. Concentrations of compounds are those
during the enzyme reaction. Abbreviations: Gal-6-SOa - galactose-6-suifate; pGMt - pig
gastric mucin trypsinised; NazHPO+- disodium hydrogen phosphate; Na2SOa - sodium sulfate;
Na3citrate - sodium citrate; SDS - sodium dodecylsulfate; NaCH'COO - sodium acetate;
EDTA - ethylenediaminetetra-acetic acid; Mgcl2- magnesium chloride; cacl2 - calcium
chloride, EGTA - ethyleneglycol-bis-(B-aminoethylether) N,N'tetra acetic acid; NaF - sodium
fluoride.

A.8.4 Discussion

This appendix describes for the first time the preliminary characterisation and partial purification

of a B-D-galactose-6-sulfatase from Bacteroides fragitisATCC 2S2BS. preliminary studies

investigating enzyme stability, reaction rate, pH optimum, cell lysis, induction and localisation
within B. fragilis ATCC 25285 have been determined. A procedure for the partial purification of
active 13-D-galactose-6-sulfatase was described. Specificity and inhibition studies for partially-

purified enzyme were undertaken.

The purification procedure described in this work suggests the non-arylsulfatase p-D-galactose-

O-sulfatase from B. fragilis ATCC 25285 corresponds to a 53.3 and/or 61.0 kDa protein band(s)
on SDS-PAGE. The molecular sizes of these bands are comparable with aryl and non-
arylsulfatases from other prokaryotes (ie. 51 .4 -72.2 kDa) reported in the literature (prevoteila

strain RS2, 58 kDa N-acetylglucosamine-6-sulfatase; K/ebsie lla aerogenes, 51.4 kDa
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arylsulfatase', Escherichia coli,60.7 kDa arylsulfatase; Pseudomonas aerog,nosa,60.0 kDa

arylsulfatase) (Wright, 1995; Rosendale, 1997), including putative sulfatases from open reading

frames in bacterial genome sequences. However, the bands do not correspond to the human

fecal mucin-desulfating sulfatase (15 kDa) reported by Tsai et al (1gg2) or the glycosulfatase (30

kDa) exhibiting co-activity toward D-galactose-6-sulfate, from the mucin-degrading bacterium

Helicobacter pylori(Slomiany et al, 1992). These later sulfatases are exceptional and do not

appear to fit into the proposed sulfatase family (Tomatsu et ai, 19gl ).

Interestingly, the native molecular weight for the p-D-galactose-6-sulfatase appears to be much

larger than the observed SDS-PAGE band sizes. This was shown by size exclusion

chromatography whereby the p-D-galactose-6-sulfatase eluted near the void volume following

Sephacryl@ S30O (ka" 0.19) (Sephacryl@ 5300 globular protein separation range, 10 - 1 ,500 kDa).

No definitive estimation of native B-D-galactose-6-sulfatase size was performed by gel filtration

analysis during this work. An explanation for the molecular size difference may include

oligomerisation of the 53.3 and/or 61.0 kDa bands into homo- or heteromers. Several sulfatases
have been shown to form multimers, including the prokaryote Prevotel/a strain RS2 homodimer

N-acetylglucosamine-6-sulfatase (111 kDa homodimer cf. 58 kDa monomer) (Roberton et a/,

1993) and human heterodimer N-acetylgalactosamine-6-sulfatase (1S + 40 kDa monomers)
(Tomatsu et al, 1991). Further work is required to show if the 53.3 and/or 61 .0 kDa bands can

oligomerise. Another explanation might include the formation of a B-D-galactose-6-sulfatase
multi-enzyme complex similar to that reported for the human N-acetylgalactosamine-6-sulfatase

(Pshezhetsky and Potier, 1996). This enzyme, which exhibits p-D-galactose-6-sulfatase activity,

combines with B-D-galactosidase, cathepsin A and neuraminidase enzymes in the lysosome

forming a 1-27 MDa complex. lnterestingly, a p-D-galactose-6-sulfatase fraction reported here,

co-eluted with p-D-galactosidase activity following a range of chromatography strategies.

Further, other glycosidases (cr-fucosidase, ct-D-galactosidase, p-D-glucosidase) (Berg, lggl) are
similarly located in the cytoplasm of B. fragitisATCC 25285, and are potential candidates for
association with the p-D-galactose-6-sulfatase. Multi-enzyme complexes in prokaryotes have

been reported and include the pyruvate dehydrogenase multi-enzyme complex (de Kok ef a/,

1998) and cellulosome (Lamed et al, 1991). Again, further work will be required to demonstrate

multi-enzyme association for the 13-D-galactose-6-sulfatase.

Hydroxyapatite/Sephadex@ G25 and to a lesser degree POROS@ He2O chromatography
analysis indicated the existence of at least two p-D-galactose-G-sulfatase isoenzymes in B.

fragilis ATCC 25285. Such duplication of enzymes for a single reaction is common in
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polysaccharide degrading bacteria (Salyers et a\,1993). For example, duplication of g-

fucosidase activity in B. fragilis strain B 70 has been reported (Berg ef a/, 1g80).

Inhibition studies performed during this work have identified a number of compounds able to

inhibit B. fragilisATCC 25285 B-D-galactose-6-sulfatase activity. Notable inhibition was

exhibited by disodium hydrogen phosphate, sodium fluoride and EDTA, but not disodium sulfate.

Lack of inhibition by sulfate ion suggests the l3-D-galactose-6-sulfatase is a type 1 sulfatase

based on the broad classification by Roy (1971). Other but not all sulfatases are similarly

inhibited by phosphate and fluoride anions (Roy, 1971). Inhibition by EDTA and subsequent re-

activation by calcium and magnesium divalent cations is consistent with crystallographic findings

for arylsulfatase B (Bond et al, 1997) that a calcium cation is essential for catalysis. The calcium
ion is explicitly required for co-ordination of the substrate sulfate in the active centre cleft (Bond

et al, 1997). Because of this requirement, it is likely the mechanism of catalysis (ie. hydrolysis of
the sulfate ester) for the B. fragilis ATCC 25285 p-D-galactose-6-sulfatase parallels that for
arylsulfatase B (Bond et al, 1997). And for this reason, posltranslational modification of an

active site cysteine or serine to a formylglycine derivative (Szameit et al, i9g9) in the p-D-

galactose-6-sulfatase can be expected to occur.

Paper chromatography has been used to demonstrate that partially purified ti-D-galactose-6-
sulfatase using pNP-galactose-6-sulfate as model substrate could desulfate D-galactose-6-

sulfate. No evidence was provided to indicate that this enzyme can remove sulfate from B-D-
galactose-6-sulfate residues present on the mucin oligosaccharide chains. In fact, lack of
induction of B-D-galactose-6-sulfatase activity by mucin (PGM0 suggests it has no direct

involvement in mucin-desulfation. However, other activities (p-D-galactosidase, cr-D-

galactosidase; N-acetyl-p-D-glucosaminidase, neuraminidase, cr-fucosidase), which can

potentially degrade mucin oligosaccharide, also do not increase despite B. fragilisATcc 2'2gs
growth on mucin (section A.5.2.1). Expression of polysaccharide-degrading activities in B.

fragilis ATCC 25285 therefore appears constitutive, which is in contrast to some chondroitin
sulfate and starch degrading enzymes in Bacteroides thetaiotaomicron (Salyers ef a/, 19g3).
The Bacterordes genus is prominent in the human colon and accounts for approximately 25% of
allculturable isolates (Moore et a\,1978). lt is not certain if the lactitol-o-sulfatase (lactitol-6-

sulfate: D-galactose-6-sulfate-(p1-4)-D-glucotol) identified by Corfield et al(1987) in human fecal

extract corresponds to a degradation product of the B. fragitis ATCC 2S2BS B-D-galactose-6-
sulfatase described here. Further work is required. Other substrates that B. fragilisATcc ZS2gs

B-D-galactose-6-sulfatase may have activity toward include D-galactose-6-sulfate residues
present in glycosaminoglycans dermatan sulfate, keratan sulfate I and ll. Again further
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experiments are needed to identify B. fragilis ATCC 25285 p-D-galactose-6-sulfatase

physiological substrates in the colon.

The work in this appendix is not published.
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APPENDIX 9: DETERMINATION AND ANALYSIS OF A 165 rDNA SEQUENCE FROM
Prevotella strain RS2

A.9.1 Introduction

Prevotella strain RS2 was isolated anaerobically from the mucosal surface of pig colon (Stanley ef
a/, 1986). This bacterium was selected for future studies because of its ability to ferment and

desulfate pig gastric mucin extensively in vitro. Initial biochemical studies by prof. A. B.

Onderdonk suggested isolate RS2 to be most similar to the bacterium Bacteroides

melaninogenica. The Bacteroides genus has since been divided into three genera, Bacteroides

sensu stricto, Prevotella and Porphyromonas. The proposed changes were based on

physiological and biochemicalcharacteristics (Shah and Collins, 1990) and later by 165 rRNA

comparative sequence analyses (Paster, 1994). Bacteroides melaninogenicawas reclassified to

Prevotella melaninogenica and accordingly Bacteroides strain RS2 was changed to prevotella

strain RS2. Prior to this study no information about the gene sequence encoding the 165 rRNA

for Prevotel/a strain RS2 was known.

The 3' end of 165 rRNA is important in recognition of Shine-Dalgarno sequences found upstream
(6 to 13 nucleotides) of the initiating AUG codons. The degree of complementarity between these

sequences and the extent to which the mRNA domain is free of intramolecular constraint is

thought to determine the efficiency of translation initiation (Gold et a/, 1g81).

ln this appendix, a 165 rDNA region ol Prevotella strain RS2 was amplified from genomic DNA

using Eubacterium specific 165 rDNA primers. The fragment was sequenced and compared to

homologous sequences recorded in the databanks. Prevotella strain RS2 was shown to be

related to other Prevotella sp. A phylogenetic tree compiled using parsimony and maximum

likelihood analyses was determined. The DNA region immediately downstream of the amplified

165 rRNA gene was isolated by inverse PCR and sequenced This region is responsible for
recognition of Shine-Dalgarno sequences during protein translation and was compared to putative

Shine-Dalgarno sequences identified in Prevotella strain RS2 (Chapter 2) for complementarity.
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Results

4.9.2.1 Amplification and sequencing of the gene encoding a 165 rRNA from Prevotel/a strain

RS2

The gene encoding a 165 rRNA of Prevotella RS2 was amplified by the PCR (section A.2.g.S)

from genomic DNA using primers PB36(f) and PB38(r) (Table A.1 .10). The amplified product (1 .S

kb, Fig. A.9.1a)was cloned into pCR2.1 (section A.2.10), and a positive recombinant sequenced

on both DNA strands (section A.2.11.3) A summary of the sequencing strategy including internal

sequencing primers is presented in Fig. A.9.2b (nucleotides 1-1493). The method is based on

that described by Saul ef a/ (1993). The contiguous nucleotide sequence (1493 nucteotides) for

the Prevotel/a strain RS2 16S rRNA gene is shown in Fig. A.9.2c. This sequence has been

submitted to GenBank at AY158021.

4.9.2.2 Comparative and phylogenetic analysis of the Prevotella strain RS2 165 rDNA sequence

The 165 rDNA nucleotide sequence for Prevotel/a strain RS2 was compared to sequences

recorded in GenBank using BI-AST (Altschul et a\,1997) provided through the NCBI website

(http//www.ncbi.nlm.nih.gov/) and at the Ribosomal Database project ll

(http://www.rdp.cme.msu.edu/RDP). Prevotel/a strain RS2 exhibited close homology to two

sequences, an uncultured bacterium clone p-3951-23G5 (OTU344) (99.ZYo identity over a 1448
nucleotide alignment) (AF371897, Leser et al, 20Q2) and a bacterium mpn-isolate group 4 (gg.4o/o

identity over a 1339 nucleotide alignment) (AF357552, unpublished). Less than g7o/o similarity

was found to other 165 rDNA sequences.

A multiple alignment of near full length 165 rDNA sequences for Prevotel/a strain RS2, clone p-

395'1-23G5 (OTU344) and selected sequences representative of the Prevotel/a cluster within the

Cytophaga-Flexibacter-Bacteroides (CFB) bacterialdivision (Ribosomal Database Project ll) was

constructed using CLUSTAL-X1.81 (Thompson ef al, 1997) (not shown). The sequence alignment

was used for phylogenetic analysis. An initial phylogenetic tree was generated using Neighbor-

Joining (Saitou and Nei, 1987). This was then refined using Maximum Likelihood and the Tree

Bisection Reconnection (TBR) branch swapping algorithm. The Hasegawa, Kishino, yano (HKy)

(1985) + f model of evolution was used with the base frequencies, transition:transversion ratio

proportion of invariant sites and gamma shape parameter estimated from the starting tree. The

resulting tree topology was evaluated using bootstrap analysis (Felsenstein, 1985). Bootstrap

confidence levels were calculated with 1000 replicates and 100 random additions on each
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Pvull Msel

Fig. A.9.1 Amplification of (A.) 165 rDNA and (B.) inverse PCR genomic walk downstream of
16S rDNA

A. Ampliftcation of a 165 rRNA gene from Prevotella strain RS2 genomic DNA. PCR reactions
lanes 2, 3 and 4 contained 10 mM Tris.HCl, pH 8.8, 50 mM Kcl, 0.001% gelatin, 0.2 mM
{flTPs, 16.2 pmollreaction PB36(f) primer (Table A.1 .1 0), 18.1 pmol/reaction PB38(r) primer
(Table A.1 .10) and 0.5 units/reaction Ampli Taq DNA polymerase. Reactions lanes'i ind 4
contained 1.5 mM MgCl2 while reaction lane 3 contained 2.0 mM MgCl2. To reactions lanes
2 and 3, 1 pL of Prevotella strain RS2 genomic DNA preparation (section A.2.7.S.3) was
added. Reaction lane 4 contained no genomic DNA and was used as negative control. All
reactions were cycled [(94'c, 4 min); (94"c 1 min., 45"c 1 min.,72'c 2 min.) x30: (72"c, 4
min.)1. Lane 1 - 0.5 pg tr. Hind lll DNA ladder. The 1.5 kb 16S rDNA amplification product is
indicated by filled triangle. 1% agarose gel in I xTAE electrophoresis buffer.

B. lnverse PCR genomic walk downstream of the 163 rDNA product. tnverse PCR reactions
lanes 6 and 8 were performed according to the method described in section A.2.9.6.
Reactions in lanes 7 and 9 were similar except 2 mM MgCl2 was used. Lanes 6 and 7
inverse PCR reactions cortained primers PB39(f)/PB37(r) and Pvuttcircularised template.
Lanes 8 and 9 inverse PCR reactions contained primers PB39(f)/P837(r) and Mse/
circularised template. Lane 10 was control, similar to reaction in lane 6, except that
circularised DNA template was not added. Lane 5 contained 1 pg of 1 kb DNA ladder. The
0.7, 0.8 and 1 .4 kb Pvull inverse PCR products are indicated by filled triangle. No bands were
found for the Mse/ inverse PCR. 1.5o/o agarose gel in 1x TAE eiectrophoreiis buffer.
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Fig. A.9.2 Analysis of 165 rDNA and inverse PCR genomic walks

A. Diagramatic representation of the amplified 16S rRNA gene and inverse PCR products.
Pvutl (Pv) restriction site required for genomic DNA digestion and circularisation for inverse
PCR is shown. Inverse PCR walk primers PB37(r) and PB39(f) are indicated. DNA
sequence known before inverse PCR walks are boxed, sequence obtained after walks are
indicated by lines between boxes.
B. Sequencing strategy for the 163 rDNA amplification product and genomic walk
segments. Arrows represent direction of sequence contig and length. Consensus arrow
was compiled from contigs 1 to 12.
C. Nucleotide sequence of the amplified 16S rRNA gene and the two inverse PCR
genomic walks. Primer sequences are underlined. Restriction site sequences required for
inverse PCR genomic walks are in bold. Numbers in margin are nucleotide positions within
sequence.
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c.
AGGGTTTGATCATCGCTCAG GATGAACGCTAGCTACAGGCTTAACACATGCAAGTCGAGGGGAAACGACATT "12

PB35(f)
GGAAGCTTGCTTCCTTTGGGCGTCGACCGGCGCACGGGTGAGTAACGCGTATCCAACCTTCCCGCAAGTAAG !44
GGATAACCCGTAGAAATGCGGCCTAATACCTTATGTTTTCCTTAGATGGCATCTGATGAGGAACAAAGATCC 216
GTCGCTTGCGGATGGGGATGCGTCTGATTAGTTAGTCGGCGGGGTAACGGCCCACCGAGACGACGATCAGTA 288
GGGGTTCTGAGAGGAAAGTCCCCCACATTGGAACTGAGACACGGTCCAA ACTCCTACGGGAGGCAGCAGT GA 360

HDA1(f)
GGAATATTGGTCAATGGGCGGAAGCCTGAACCAGCCAAGTAGCGTGCAGGACGACGGCCCTATGGGTTGTAA 432
ACTGCTTTTATGCGGGGATAAAGTGGGCCACGTGTGGCCTTTTGCAGGTACCGCATGAATAAGGACCGGCTA 504
ATTCCGTGCCAGCAGCCGCGGTAATAC GGAAGGTCCGGGCGTTATCCGGATTTATTGGGTTTAAAGGGAGCG 57 6

PB40(r)
CAGGCCGCCGGGCAAGCGTGTTGTGAAATGCAGTCGCTCAACGgCTGCACTGCAGCGCGAACTGCCCAGCTT 648
GAGTGCGCGCAACGTTGGCGGAATTCGCCGTGTAGCGGTGAAATGCTTAGATAEGGCGAAGA"ACTCCGATTG 720
CGAAGG@ACGGGTGCGTAACTGACGCTCATGCTCGAAAGTGCGGGTATCGAACA GGATTAGATACCC 792

PvUII HDA4 (r) /
TGGTAGTCCGCACGGTAAACGATGGATGCCCGCTATTCGGCCCCTGCGGTTGAGTGGCCAAGCGAAAGCGTT 864
/P842 (t\
AAGCATCCCACCTGGGGAGTACGCCGGCAACGGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGA 936
GGAACATGTGGTTTAATTCGATGATACGCGAGGAACCTTACCCGGGCTTGAATTGCAGCCGAACGATCCAGA 1 O O 8
GATGGTGAGGCCCTTCGGGGCGGCTGTGAAGGTGCTGCATGGTTGTCGTCAGCTCGTGCCGTGAGGTGTCGG 1O8O
CTTAAGTGCCATAACGAGCGCAACCC CTCTCCCCAGTTGCCATCGGGTAATGCCGGGCACTCCAGGGACACT 1 1 5 2

MseI PB37 ( r)
GCCACCGTAAGGTGCGAGGAAGGTGGGGATGACGTCAAATCAGCACGGCCCTTACGTCCGGGGCT ACACACG 1224
TGTTACAATGGCCGGTACAGAGAGCCGGGTCTGCGCAAGCAGTCTCCAATCCCAAAAGCCGGCCTCAGTTCG 12 96
PB41(f)

GACTGGGGTCTGCAACCCGACCCCACGAAGCTGGATTCGCTAGTAATCGCGCATCAGCCATGGCGCGGTGAA ]-368
TACGTTCCCGGGC CTTGTACACACCGCCCGT CAAGCCATGAAAGCCGGGGGTGCCTGAAGTCCGTGACCGCA 1 4 4 O

PB39(f)
AGGATCGGCCTAGGGCAAAAC TGGTAATTGGGGCT AAGTCGTAACAAGGTAGC

PB38 (r)

TNVERSE PCR Pvulr (0.7kb) ccTAccccAAGGTGCGcCT 1512
GGAACACCTCCTTTCTGGAGAGGATGATTATCATTACAAGAATCATTTGAGAAACGGTGCGTTTCGCACCCC 1584
TCGGCTTCTTGTCTACTGAAATCTGTTTTATGTTTCTCTATACGCGATCAGGCACAACCTCGATCCTTGGAC 1656
AGTCCTATAGCTCAGTTGGTTAGAGCGCCACACTGATAATGTGGAGGTCGGCAGTTCAAGTCTGCCTGGGAC 1 7 2 8TACAAATGGGGGATTAGCTCAGCTG 1753ffi

TNVERSE PcR Pvurr (0.8kb) ccrAccccAAccrcccccr 1512
GGAACACCTCCTTTCTGGAGAGGATGATTGTCAATCAGAAGTCTTTCAAACGGTGCGTTTCGCACCCCTCGG 1 5 84
CTTCTTGTCTACGGAATCTGTCATTCCTTGGGAACCAAGTGAAGTTGGACAAGCCATCTGCTTGCCGCCAAC ],555
CTGGCCAGGGAGCCCGCCCATGAGGGCGACGCCCCGCCGGTTCGACCCCGACGTTCTCAACCATCCCTTATA 1728
GGGAACAAGATCTTTGACATATTGACACAAGCAAGACTGTAGAGCCTGTGCAGCCGCAAGGCTGTCATAGGC ].800
GAGGTAGAGTCCCCCTTGTGGGGCTCATCCACAAAACA @ 1844

PVUII

7493
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replicate. Phylogenetic methods were performed using the PAUP (flhylogenetic Analysis Using

Parsimony) version 4.0b8 program (Swofford, lggg).

The phylogenetic tree incorporating operational taxonomic unit Prevotel/a strain RS2 is shown in

Fig. A.9.3. Bootstrap values calculated for the dendrogram (Fig, A.9.3) supported only some of

the clustered taxa with eonfidence. However, most of the taxa clustered similarly into RDp

Prevotella subgroups (http://www.rdp.cme.msu.edu/RDP) with the exception of P. dentalis DSM

3688 [X81876]. Interestingly, P. dentalis DSM 3688, Prevotella strain RS2 and clone p-3951-

23G5 (OTU344) clustered together. The tree is similar in topology to those reported by Leser ef

al, (2002) and at the RDP site (http://www.rdp.cme.msu.eduiRDP). The closest taxa to Prevotella

strain RS2 was clone p-3951-23G5 (GenBank Accession number AF371897)which is in

agreement with the BLAST search at NCBI. The grouping was supported by bootstrap.

A.9.2.3 lnverse PCR genomic DNA walking downstream of the 16s rRNA gene

Primers PB36(f) and PB38(r) were designed to highly conserved DNA regions found inside the

ends of 165 rRNA eubacteria gene sequences. An inverse PCR genomic walk downstream of

the PB36(f)/P838(r) amplified 165 rDNA fragment was performed to attain the moderately

variable 165 rDNA 3' end region responsible for recognition of Shine-Dalgarno sequences (Gold

et a|,1981). Genomic walk primers PB37(r) and PB39(f) (Table A.1.10) were designed to

opposing nucleotide sequences within the 165 rDNA fragment (Fig. A.9.2c). Inverse PCR was

attempted using two genomic DNA circularised libraries, Msel and Pvuttaccording to the method

described in section A.2.9.6. Three PCR products (0.7, 0.8 and 1.4 kb, Fig. A.9.1b) were amplified

from Pvullcircularised DNA. No bands were amplified from Msel circularised DNA. The pvutt 0.7

and 0.8 kb inverse PCR products were purified (section A.2.7.4.2), cloned into pGEIt4@-T easy

(section A.2.10) and sequenced on both DNA strands (section A.2.11.3). The 1.4 kb DNA band

was not sequenced. A summary of the inverse PCR genomic walk procedure is shown in Fig.

A.9.2a.

Authenticity of the derived contiguous nucleotide sequences was shown by overlap with the 165

rDNA PB36(f)/P838(r) amplified DNA sequence. Inverse PCR DNA sequences (nucleotides 14g4

to 1753 (0.7 kb) and 1494 to 1844 (0.8 kb)) are presented in Fig. A.9.2c. The termination position

of the 165 rRNA gene is not known. However, comparison to complete 165 rRNA gene

sequences tor E. coli, C. perfringens, S. enterica, B. subtitis and V. cholerae (derived by reverse

transcriptase of purified 165 rRNA or from genomic DNA sequence) suggested the prevotella

strain RS2 165 rRNA gene would probably terminate between nucleotide positions |SZS-1SZa

(Fig. A.9.4). By analogy (Gold et a\,1981), nucleotides 1518-1526 are expected to be responsible
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Flexibacter litoralrc ATCC 231 17 1M587841

Prevotella strain RS2 [AYl58021]

oTU 344
1AF3718971

Prevotella dentalis DSM 3688 tX81876

61 Prevotella nigrescens ATCC 25261 [116479]

oo Prevotella pallens NCTC 13042 [yi3105]

Prevotella disiens ATCC 29426 [L16499l

Prevotella corporis ATCC 33547 [116465]

Prevotella denticola ATCC 33185 [116466]

Prevotella melaninogenrba ATCC 43982 [116470
100

Prevotella veroralis ATCC 33779 [116473]

P revotella oulora AT CC 43324 lL1 64721

Prevotella albensis DSM 1 1370 tAJ01 1683

Prevotella oris ATCC 33573 [116474]

Prevotella bivia AT CC 29303 IL1 64751

Prevotella enoeca ATCC 51261 [AJ00S635]

Prevotella oralis ATCC 33269 [1i6480]

Prevoteila buccalis ATCC 35310 [116476

Prevotella buccae ATCC 33574 lL'1647V

Prevotella ruminicola ATCC 19i89 ILi6482

Prevotella brevis ATCC 19i88 [AJ011682]

Prevotella bryantii DSM 1 1371 [AJ006457;
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Prevotella tannerae ATCC 51259 [AJ005694]

Prevotella heparinolytica ATCC 35895 [116482

Bacteroides lragilis ATCC 2S2BS tM61006l

- 
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substitutions/site

Fig. A.9.3 Unrooted Maximum Likelihood tree created forPrevotel/a strain RS2 and sequences
from the CFB division of bacteria

Bootstrap values are calculated from a 1000 replicates and 100 random additions on each
replicate. Any branch lacking a bootstrap number has a value less than S0.Prevotel/a strain
RS2 and clone p-3951-23G5 (OTU 344) are in bold. Letters in margin correspond to Ribosoma
Database Project ll s{b_groupsA,. Prevoteila nigrescens (RDp reg. no. z.1s.1.z.tg);9.
lrgyotella bugcae (RDP reg. no. 2.15.1.2.12)i. Prevotella rumiiicola (RDP reg. no.
2.15:1.2.11); O. Preuotella bryantii (RDP reg: no. 2.15.1.2.10);E Prevotella tann-erae (RDp reg.
no.2.15.1.2.9); andF. Bacteroidesfragilis (RDP reg. no. 2.15.1.2.8). GenBank accession
numbers for sequences are in square brackets.
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A.

PRS2 /7
PRS2 / 8
Bsub
Cper
Ecol
Vcho
Sent

CT*GGAGAGGATGATTG L476_I542
CT*GGAGAGGATGATTA T476-T542
cT 3r777-3L829

11637-1L680
4165732-4165779

5s308- ss3s7
288970-289020

Primer PB38(r) SD recognitj-on region

B.

5' CAAUAAUACCUAAUAGCUAAUG

s' AUAAAUMCCUAACAUUAUG--

5' CUCACECEUCUAUAAUCUAUG-

ltl
3', UC@CCUCCACAAGGUCG

3' UC@CCUCCACAAGGUCG

Il
s' UCUUGEEECCACAUCAUG- - - -
5' AAACAEEECCGAUUAUG

3' mdsA

3' mdsc
3' mdsD

5' PRS/7
5' PRS/B

mdsB

apuA

induced
expression

constitutive
express j-on

3',

3',

-t

)

Fig A.9.4 Analysis of 3' region of 165 rDNA sequence for Prevotel/a strain RS2

A. Multiple sequence alignment of Prevotella strain RS2 165 rDNA 3'sequences with known 165
rRNA gene sequences. Sequence alignment made using UWGCG algorithm plLEUp. ldentical
nucleotides for at least four of the seven sequences are highlighted in inverse font. Numbers in the
margin correspond to positions in the relevant nucleotide sequence. Abbreviations: pRS2iZ and
PRS2/8 - Prevotella strain RS2 0.7 kb and 0.8 kb inverse PCR sequences (Fig. A.9.2c); Bsub -
Bacillus subfills 165 rRNA gene (AL009126); Cper - Ctostridium peffringens ioS rnrun (rrnA) gene
(84000016); Ecol - Escherichia colil65 rRNA (rrsB) gene (U00096); Vcho - Vibrio choterae 165
rRNA (165A) gene (AE003852), and Sent - Salmonella enterica subspecies enterica serovar Typhi
165 rRNA gene (ALS13382). PB38(r) primer sequence and Shine-Dalgarno (SD) recognition region
as identified in E. coli are indicated.
B. Comparison of Prevotella strain RS2 3' 165 rRNA sequences with putative Shine-Dalgarno
mRNA sequences from genes identified in Prevotella strain RS2. Refer to Chapter 2 for lene
abbreviations. Predicted gene expression (constitutive or induced) is indicated. Complementarity
between 165 rRNA and mRNA Shine-Dalgarno sequences are shown by inverse font. Initiating 

-

AUG codons are underlined.
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for Shine-Dalgarno recognition. Examination of this segment identified distinct levels of

complementarity to putative Shine-Dalgarno segments determined for Prevotella strain RS2 gene

sequences (Chapter 2) (Fig. A.9.4). Gene sequences predicted to be constitutively expressed

(mdsB and aptA) showed more complementarity while those predicted to be expressed inducibly

(mdsA, mdsC and mdsD) exhibited less complementarity.

A.9.3 Discussion

A near full length 165 rDNA nucleotide sequence with complete 3' region for Prevotel/a strain RS2

was determined. The sequence was homologous to other Prevotella sp. 165 rDNA sequences

confirming previous studies for placement of strain RS2 into the Prevotel/a genus. Interestingly,

greatest similarity (>98% identity for near full-length alignment) was found to two uncultured

bacteria, clone p-3951-23G5 and mpn-isolate group 4 isolated from pig colon and feces of post-

weaned piglets respectively. Prevotel/a strain RS2 had similarly been isolated from the surface of

pig colon in this laboratory. The uncultured clones and Prevotel/a strain RS2 shared less than

9770 similarity (for near full length alignments) to other 165 rDNA sequences. Tentatively, the

above observations suggest Prevotella strain RS2, clone p-3951-23G5 and mpn-isolate group 4

belong to a single phylotype. Comparative studies of full length 165 rDNA sequences have

shown that bacteria sharing greater than 97% sequence similarity were indistinguishable

phylotypically (Stackebrandt and Goebel, 1994). However, to confirm relatedness and possible

differentiation into phylotypic strains, further work including phenotypic, genomic, phylogenetic

and biochemical studies are required (Rosello-Mora and Amann, 2001). lt is important to note

here that only a single 165 rDNA sequence had been determined tor Prevotel/a strain RS2 in this

work. The inverse PCR amplification result suggests there may be three. Although variations

between 165 rDNA sequences within a genome is usually small, differences of up to 3olo have

been reported (Yap et a|,1999; Wang et al,1997). The close homology clone p-3951-23G5 and

mpn-isolate group 4 exhibited with Prevofel/a strain RS2 165 rDNA sequence, suggests the

possibility that these clones might also degrade mucin. Unfortunately, clone p-3951-23G5 and

mpn-isolate group 4 are uncultured 163 rDNA amplified clones, so it is impossible to determine

their phenotypes. At present no other Prevotella sp. is known to degrade mucin.

The rate and strength of translational initiation is dependant on both the degree of

complementarity between the 165 rRNA 3' region and Shine-Dalgarno sequence and the extent

to which that mRNA is free of intramolecular constraints (Gold et al, 1981). Although differences

in complementarity were observed for predicted constitutively and inducibly expressed genes in

Prevotella strain RS2, it is not known if such differences infer differing rates in vivo. Also, the
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effect of potential mRNA secondary structures would have on translational initiation is not known.

Further work is required.

The work described in this appendix has not been published. However, aspects are mentioned in

Wright et a/, (2000a).



APPENDIX 10.

INVESTIGATION OF HYALU RONIDASE

AND CHONDROITIN SULFATASE

ACTIVITY lN Prevotella strain RS2



283

APPENDIX 1O: INVESTIGATION OF HYALURONIDASE AND CHONDRoITIN SULFATASE
ACTIVITY lN Prevotella strain RS2

4.10.1 Introduction

Prevotella strain RS2 was originally selected for its ability to degrade pig gastric mucin more

extensively than other bacteria isolated from pig colon anaerobically (Stanley ef a/, 1g86). No

other metabolic activities are known about this isolate. Some Prevotella species such as p.

heparinolytica (Watanabe et al, 1998) and P. oris ATCC 33573 (Grenier and Michaud, 1993) have

been reported to degrade the glycosaminoglycans heparin and hyaluronic acid, respectively.

Both are related phylogenetically to Prevotella strain RS2 (Appendix 9). This suggested the
possibility that Prevotel/a strain RS2 may degrade other sources of host carbohydrate, such as
glycosaminoglycans, present on the colon mucosa. Such activities would presumably convey an

ecological advantage to Prevotella strain RS2 and suggest a potential mechanism of
pathogenicity or opportunistic invasion in the colon. Glycosaminoglycans (the main components

of connective tissue) are important in maintaining the integrity of host tissue extracellular matrix.

ln this appendix a study was designed to evaluate the ability of Prevotella strain RS2 to degrade

and utilise the glycosaminoglycans hyaluronic acid and chondroitin sulfate as growth substrates.

The results provide evidence (broth growth experiments and anaerobic plate assays) that

Prevotella strain RS2 does not produce or at least secrete hyaluronidase or chondroitin sulfatase

activities. Bacteroides thetaiotaomicron ATCC 29148 which can degrade hyaluronic acid and

chondroitin sulfate (Salyers et al, 1989; Salyers et a\,1977a) was used as a control. Also, an

experimental protocol was developed to identify mucinase activity in anaerobic bacteria, using a
plate assay.

Results

4.10.2 Broth growth experiments

Prevotella strain RS2 or Bacteroides thetaiotaomicron ATCC 29148 (control) were cultured

anaerobically in0.2o/o galactose basal medium (48 h) (section A.2.3.2) before inoculation (1:100)

into basal medium or basal medium containing O.2o/o galactose, or 0.25% pig gastric mucin

(PGMI), or 0.3% hyaluronic acid or 0.3% chondroitin sulfate (5 mL) (section A.1.4.1.2). The

cultures were incubated at 37"C for 12 h. Colorimetric (Klett) readings were taken at the time of
inoculation (t=0) and after 12 h (t=12). Readings are shown in Table A.10.1 . prevotella strain

RS2 grew only in basal medium supplemented with galactose or PGMI. No growth was detected
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in basal medium or basal medium supplemented with hyaluronic acid or chondroitin sulfate.

Control Bacteroides thetaiotaomicron ATCC 29148 grew significantly in all media except basal

medium alone.

Table A.10.1 Growth of Prevotella strain RS2 and Bacteroides thetaiotaomicron ATCC
29148 on basal medium supplemented with carbohydrate

Abbreviations: PGMI - pig gastric mucin (trypsinised)
HA - hyaluronic acid
CS - chondroitin sulfate

4.10.3 Modified plate assay for detection of hyaluronidase or chondroitin sulfatase activity

The modified plate assay was performed based on the method described by Grenier and Michaud

(1993). Basal medium agar or basal medium plus 0.05% galactose agar were prepared

containing either 0.3% hyaluronic acid or 0.3o/o chondroitin sulfate (section A.1 .4.2.2) (see legend

Fig. A.10.1). Plates were poured in an anaerobic chamber under 95% Nz, and 5o/o H2 atmosphere

(section 4.2.2.2) and then allowed to equilibrate for 24 h (ie. to remove traces of Oz). Plates were

spot inoculated and streaked with a 48 h culture (0.2o/o galactose basal medium) of Prevotella

strain RS2 or Bacteroides thetaiotaomicron ATCC 29148. Plates were then incubated in

anaerobic jars containing 85% Nz; 10% COz, 5o/, Hz at 37"C for 7 days. Following complete

growth hyaluronidase and chondroitin sulfatase activities were revealed by flooding plates with

10% cetylpridinium chloride (CPC) (-30 mL per plate, 17 h). CPC forms a water insoluble salt

with hyaluronic acid or chondroitin sulfate (Roden et al, 1972). Clear zones around bacterial

colonies indicated hyaluronidase or chondroitin sulfatase activity. Results after CPC treatment

are presented in Fig. A.10.1 . No obvious clear zones were found associated with Prevotel/a strain

RS2 colonies (plates 1, 2 and 4, Fig. A.'10.1). Interestingly, Prevotel/a strain RS2 exhibited growth

on basal medium supplemented with hyaluronic acid (plate 1, Fig. A.10.1) but not basal medium

Prevotella strain RS2
(Klett units)

B a cte ro i d e s thetaiotao m icro n
ATCC 29148 (Klett units)

t=0 h t=12 h t=0 h t=12 h
basal medium 10 10 12 11

basal medium +
0.2% qalactose

23 135 26 89

basal medium +

0.25% PGMI
24 198 20 124

basal medium +
0.3% HA

20 19 11 105

basal medium +
0.3% cs

20 21 10 135



0.2o/o galactose
Basal medium Basal medium

Prevotella strain RS2

B. thetaiotaomicron

Prevotella strain RS2

Hyaluronic acid

Chondroitin sulfate

B. thetaiotaomicrcn

streak spot streak spot

Fig. A.10.1 Growth of Prevotella strain RS2 and B. thetaiotaomicronATCC 29148 on basal
medium and A.2o/o galactose basal medium supplemented with hyaluronic acid and chondroitin
sulfate

Anaerobic plates were prepared and bacteria grown as described in text. Clear zones showing
hyafuronic acid and chondroitin sulfate activity after'l}o/o CPC treatment are indicated.
1- basal medium + 0.3olo hyaluronic acid;
2- O.2o/o galactose basal medium + 0.3% hyaluronic acid;
3- basal medium + 0.3o/o chondroitin sulfate;
4- 0.2o/o galactose basal medium + 0.3% chondroitin sulfate.
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(not shown) or basal medium supplemented with chondroitin sulfate (plate 3, Fig. A.10.1). This

result suggested possible hyaluronic acid utilisation. However, such growth might be explained

by Prevotel/a strain RS2 scavenging N-acetylglucosamine sugars released during medium

production. Hyaluronic acid is a dimer repeat of glucuronic acid and N-acetylglucosamine. As
shown previously (Appendix 5.2), Prevofel/a strain RS2 contains relatively high levels of N-acetyl-
p-D-glucosaminidase activity inferring its metabolism. Control bacterium Bacteroides

thetaiotaomicron ATCC 29148 produced clear zones around all colonies (plates 1, 2, g and 4, Fig.

A.10.1).

,A.10.4 Development of a modifled plate assay for identification of mucinase activity

Based on the above protocol and demonstration that the modified plate assay could be developed

to identify chondroitin sulfate activity (section A.10.3), an attempt was made to develop a plate

assay for identification of potential mucin degrading activity in bacteria. CPC has previously been

shown to precipitate mucin molecules in solution (Stanley ef a/, 1983). A modified plate assay

based on that described in section A.10.3 was performed. Trypsinised pig gastric mucin (pGMg
(0, 0.4 and 1.0 mg/mL) was used in place of hyaluronic acid and chondroitin sulfate in 0.05%
galactose basal medium. Prevofel/a strain RS2, Bacferoides thetaiotaomicron ATCC Zg14B,

BacteroidesfragilisATCC 25285 (known mucin degraders, Rosendale, 1gg7) and E. coli strain

DHSa (negative control) cultures (48 h) were spot inoculated on plates and grown (37'C, 7 days).

Following CPC treatment (section A.10.3) no clear zone around any bacterial colony was

apparent (not shown) despite growth of bacteria. However, the degree of precipitation (reduction

in translucency of plates) was lower compared to HA and CS. No further work was performed.

A.10.5 Discussion

This appendix to the best of my knowledge has demonstrated for the first time the use of the
modified plate assay by Grenier and Michaud (1993) to detect chondroitin sulfate (CS) activity in

an anaerobic bacterium (Bacteroides thetaiotaomicron ATCC 29148). Although detection of CS

activity by plate assay has been reported previously (Smith and \Mllett, 1968), this method
incorporates CPC precipitation and by analogy (Grenier and Michaud, 1gg3) should reduce

identification of false positives due to elevated protease activities. Previous methods had relied

on bovine serum albumin (BSA) and acid to precipitate glycosaminoglycans in agar plates.

Protease activity toward BSA would impair the precipitation process and thus appear positive.
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The results in this study suggest Prevotetla strain RS2 does not degrade or utilise

glycosaminoglycans hyaluronic acid (HA) or CS as growth substrates. This is despite prcvoteila

strain RS2 possessing enzyme activities N-acetyl-p-D-glucosaminidase and N-acetyl-g-D-

galactosaminidase (Appendix 5) which can potentially remove constituents of HA and CS

respectively. These two enzymes are probably exoenzymes, however. The inability to degrade
HA and CS may therefore be explained by inadequate specificity of enzymes toward these

substrates and/or the inability of the bacterium to bind and transport the macromolecules.

Only two Prevotella sp. to date have been reported to degrade glycosaminoglycan (Grenier and

Michaud, 1993; Watanabe ef a/, 1998). In contrast many Bacteroides sp. have been identified of
which several can degrade a number of glycosaminoglycan and mucin substrates (Salyers ef a/,

1977a: Riley, 1987; Scudder et al, 1986). The inabitity ol Prevotella strain RS2 to degrade HA or
CS is consistent with previous findings that Prevotetta sp. are moderately saccharolytic (r'e. having
only one of few polysaccharide utilizing pathways) (Shah and Collins, lgg0). Unfortunately it is

not known if Prevotella strain RS2 can utilise other glycosaminoglycans, not investigated here

such as dermatan sulfate and keratin sulfate. By comparison, Eacfercides sp. are mosgy

saccharolytic possessing several polysaccharide utilization pathways.

During this research an attempt has been made to develop a modified plate assay to detect

mucinase activity in anaerobic bacteria. Unfortunately this was unsuccessful as the agar-infused
mucin precipitated with addition of CPC, but no zones of clearing were detected. ln hindsight,

native (polymerised) pig gastric mucin (PGM) should have been used in place of trypsinised
(depolymerised) PGM (PGMO used here. PGM can potentially form large complex polymers and

would presumably precipitate more readily in agar. Alternatively, the plates could have been

secondarily treated with a mucin specific stain (e.g. Alcian blue) which presumably would facilitate

the detection of zones of clearing (ie. degraded mucin). Another possibility is that the mucin

degrading enzymes are cell associated, so no zone of enzyme action surrounding a colony would
be expected.

The results in this appendix are not published.
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