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Abstract

To investigate the interactions between a family 6 carbohydrate-binding module
(CBM) from Clostridium thermocellum Xyn11A (CtCBMS6) and its target ligands
and to identify the location of the ligand binding site(s) through a mutagenesis
strategy, the protein was expressed in Escherichia coli and purified to
homogeneity. CtCBM6 was shown previously to interact with xylan (Fernandes et
al., 1999) and, informed by the crystal structure, it was found that C-CBM6 was
unusual, as it contained two potential ligand-binding clefts (Clefts A and B).

Qualitative ligand specificity studies through affinity gel electrophoresis (AGE)
demonstrated that C:*CBM6 bound preferentially to xylans, interacts weakly with
B-glucan and some soluble substituted forms of cellulose. Quantitative analysis of
ligand binding by isothermal titration calorimetry showed that C+CBM6 bound
xylooligosaccharides from xylobiose to xylohexaose, with affinity increasing with
chain length. The affinity of C:CBMS6 for soluble xylan of varying degrees of
substitution was judged to be similar.

NMR spectroscopy (Dr M. Czjzek at CNRS, Marseille) indicated that
xylohexaose interacts with the two solvent exposed aromatic amino acids (Tyr-34
and Trp-92) and a polar amino acid (namely Asn-120) in cleft A of C:CBM6.
Site-directed mutagenesis revealed that hydrophobic stacking interactions and
hydrogen bonds potentiate the binding of Cf*CBM6 to xylan. Surface aromatic
residues Tyr-34 and Trp-92 of CtCBMB6 are pivotal in the interaction between this
module and its ligand, as substitution of these amino acids with alanine and
methionine resulted in an 8-fold and 50-fold respective decrease in affinity of
CtCBMS6 for oat spelt xylan, as judged by quantitative AGE. Hydrogen-bonding
interactions also made pivotal contributions to the overall binding in C:*CBM6.
Asn-120 was critical to ligand binding, as the mutant N120A showed ~130-fold
loss of binding affinity. This suggests that this residue directly participates in
ligand binding via hydrogen bonds. Collectively, mutagenesis and NMR studies
showed that cleft A can accommodate xylooligosaccharides and xylan, while cleft
B was unable to interact with target ligands.

Three hyaluronidases (HylP1, HylP2 and HyIP3) of glycoside hydrolase family 69
(GH69) were cloned from the genome sequenced organism Streptococcus
pyogenes SF370, expressed in E. coli and purified to homogeneity.
Characterisation of the N-terminally tagged HylP1 (38.4 kDa), HylP2 (42.0 kDa)
and HylIP3 (41.8 kDa) revealed activity against sodium hyaluronate with a Ky for
HylP1, HylP2 and HylP3 of 0.90, 2.07 and 4.35 ml mg”, and a ke of 1390.90,
742.01 and 1253.04 s, respectively. HylP1, HylP2 and HylP3 displayed an
optimum pH of 6.5, 6.0 and 5.5, respectively, and an optimum activity at 37 °C.
Moreover, PAGE analysis showed each enzyme was endo-cleaving.

All three enzymes have been crystallised and sufficient quality diffraction data
obtained for HylP1 and HylP3 (data collection and processing was performed by
Dr Edward Taylor). The 3D structure of HylP1 has been solved at a resolution of
1.8 A and is composed of three monomeric strands that are intertwined to form a
trimer.



CS

CSS
C-terminal
CrCBM6
CtXynllA
3D

Da

DMSO
DNA
dsDNA
DNSA
dANTP

DS

DTT
ECM
EDTA
EtBr

Abbreviations

Adenosine (DNA) / Alanine (protein)
Angstrom

Absorbance at x nm

Affinity gel electrophoresis
Ampicillin resistence
Ammonium persulphate
Adenosine triphosphate

Base pair(s)

Bromophenol blue

Bovine serum albumin

Cytosine

Degree Celsius
Cellulose-binding domain
Carbohydrate-binding module
Carbohydrate-binding module family 6
Carbohydrate esterase

Cell free extract
Carboxymethylcellulose
Chloramphenicol resistence
Chondroitin sulphate

Clear strategy screen

Carboxy terminal

Clostridium thermocellum CBM6
Clostridium thermocellum xylanase 11A
Three-dimensional

Dalton

Dimethyl sulphoxide
Deoxyribonucleic acid

Double stranded DNA
Dinitrosalicyclic acid
Deoxynucleotriphosphate
Dermatan sulphate

Dithiothreitol

Extracellular matrix

Ethylene diamine tetraacetic acid, disodium salt

Ethidium bromide
Phenylalanine
Gram(s)

Guanidine

Change in free energy
Cellopentaose
Cellohexaose
Glycosaminoglycan
Group A streptococci
Glucuronic acid
Glycoside hydrolase
Glycoside hydrolase family 69
Glycosyltransferase

il



mA
MAD
MES
min
mm
MME
MOPS
MPD
M,
MW
N
NAG
NMR
nt
N-terminal
0Dy,
ORF

p

P
PAGE

PCR
PCW

Hour(s)

Change in enthalpy
Hyaluronan/Hyaluronic acid
Hydroxyethyl cellulose
N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulphonic acid]
Hen egg white lysozyme

Hexabhistidine tag

High performance anion exchange chromatography
Heparan sulphate

Heteronuclear single quantum coherence
Internal diameter

Immobilised metal affinity chromatography
Isopropyl-p-D-Thiogalactopyranoside
Isothermal titration calorimetry

Kelvin

Association constant

Kanamycin resistance

Kilobase pair(s)

Tumover number

Catalytic efficiency

Dissociation constant

Kilodalton

Michaelis-Menten constant

Keratan sulphate

Litre(s)

Luria-Bertani medium

Metre(s)

Molar / Methionine

Milliamps

Multiple anomalous difference
Morpholinoethanesulfonic acid
Minute(s)

Millimetre(s)

Monomethylether
4-(N-morpholino)propanesulphonic acid
2-methyl-2,4-pentanediol

Relative molecular mass

Molecular weight

Asparagine

N-acetylglucosamine

Nuclear magnetic resonance
nucleotide(s)

Amino terminal

Optical density at x nm

Open reading frame

Plasmid

Plasmid DNA

Polyacrylamide gel electrophoresis
Polymerase chain reaction

Plant cell wall

il



PEG
PL
PPF
Psi

pm
RT

AS°
SAD
SDM
SDS
Se-Met
SLO
SLS
Sp.

Spe
subsp.
ssDNA

TAE
TBE
TEMED
Tet'

T7 lac
T

Tris
TAS®
TSST
UDP

Polyethylene glycol
Polysaccharide lyase
Periplasmic fraction

Pounds per square inch
Arginine

Revolutions per minute
Room temperature

Second(s)

Change in entropy

Single anomalous difference
Site-directed mutagenesis
Sodium dodecylsulphate
Seleno-methionine
Streptolysin O

Streptolysin S

Species

Streptococcal pyrogenic toxin
Subspecies

Single stranded DNA
Temperature
Tris-Acetate-EDTA
Tris-Borate-EDTA
N,N,N’,N’-tetramethylethylene diamine
Tetracycline resistance

lac operator just downstream of T7 promotor
Melting temperature
tris(hydroxymethyl)aminomethane
Change in entropy

Toxic shock syndrome toxin
Uridine diphosphate
Ultraviolet

Volt(s)

Maximum velocity

Volume per volume
Trytophan

Weight per volume

Xylose

Xylobiose

Xylotriose

Xylotetraose

Xylopentaose

Xylohexaose

Xylan-binding domain

Times gravity
5-bromo-4-chloro-3-indoyl-p-D-galactoside
Tyrosine

Molar absorptivity

Alpha

Beta

Delta

iv



LT OB T B >R

Kilo

Lambda

milli

Micro

Nano
Oscillation angle
Pico

Oscillation range
Primary
Secondary
Three prime
Five prime

18.2 MQ H,0 18.2 mega ohm water



1 General introduction

In the simplest sense, cell membranes are a carbohydrate and lipoprotein structure
that surround and separate cells (Kohorn, 2000). Every living cell contains a
membrane, often referred to as the plasma membrane. In addition, many plant and
bacterial cells contain a cell wall that surrounds the plasma membrane. The plant
cell wall (PCW), which is an integral part of the cell (Wyatt & Carpita, 1993), can
be compared to the animal extracellular matrix (ECM) because it shows
functional similarities (Kohomn 2000; Wojtaszek, 2000). Polysaccharides are
integral components of living organisms. Plant cells contain cellulose, xylan,
xyloglucan, mannan, glucomannan, arabinan, homogalacturonan,
rhamnogalacturonan, galactan and arabinogalactan and animal cells contain
chondroitin sulphate, dermatan sulphate, heparan sulphate, heparin, keratan
sulphate and hyaluronan, which are also found in microbes, such as Streptococcus
pyogenes. This thesis analyses, at the molecular level, proteins that interact with
polysaccharides, specifically a carbohydrate-binding module (CBM) that interacts
with the plant polysaccharide xylan, and three enzymes that hydrolyse the animal

and microbial polysaccharide hyaluronan.

This introduction will firstly describe the environment in which these
polysaccharides are found, i.e. the PCW, in the case of xylan, and the animal
connective tissue and microbial capsule, in the case of hyaluronan; the structures
of the polysaccharide and then the proteins that interact with these

polysaccharides.
1.1 Environments in which polysaccharides are found

1.1.1 The plant cell wall

Approximately 4 x 10'® tonnes of cellulose alone are synthesised annually as a
result of photosynthesis (Coughlan, 1985), although not all this material
accumulates because bacteria and fungi enzymically degrade PCWs to provide a
source of carbon and energy, thus playing a major role in recycling organic carbon
in the biosphere. A very important group of carbohydrates is the structural

polysaccharides located in PCWs, as these polymers are the most abundant



organic molecules in the biosphere (Warren, 1996; Simpson et al., 2000). A lack
of basic knowledge of the process of PCW hydrolysis has driven much of the
initial work into PCW hydrolases, and the role CBMs play within these enzymes

1s of great interest.

Plant cells, unlike animal cells, possess a highly structured extracytoplasmic
compartment known as the cell wall. The PCW has a number of important
functions in the plant. This semi-permeable wall is the first barrier encountered by
pathogens and other organisms; it provides mechanical support to the cell as well
as giving plant cells the capacity to withstand osmotic pressure, it physically
controls the rate of cell expansion, provides a store of food reserves and controls
intercellular transport (Brett & Waldron, 1996; Carpita, 1997). This plethora of

functions is a possible reason for the complex structure of the PCW.

The plant cell deposits its wall as a series of layers. There are two basic types of
PCW, the thin primary wall that is laid down by young and undifferentiated cells,
and the secondary walls that are thicker and are synthesised after the cell has
stopped growing (Albersheim et al., 1994; Cosgrove, 1997). The composition of
the primary cell wall comprises cellulose, hemicellulose, pectin and glycoproteins.
The secondary cell wall, which arises from the increase in cell wall thickness in
mature plants, is composed mainly of lignin. In addition, the cementing middle
lamella, which is the connective tissue between PCWs, and is sandwiched
between the primary wall of each adjoining cell, contains mainly pectic
polysaccharides and calcium salts (Brett and Waldren, 1996). The structurally
important components in the PCW are polysaccharides, which are typically
cellulose, hemicelluloses and pectins, although lignin, present in the mature plant,

can also play a key role in the structural integrity of PCWs (Carpita, 1997).

1.1.1.1 The structure of the plant cell wall

The general structure of both the primary and secondary wall layers is similar and
conststs of highly crystalline cellulose microfibrils embedded in an amorphous
PCW matrix composed mainly of a variety of different polymer networks of
hemicelluloses, pectic polysaccharides, with some glycoproteins and lignins

(usually only in secondary walls) also present, which interact together giving rise



to the structure as a whole (Brett and Waldren, 1996; Carpita, 1997). A model of
the PCW is shown in Figure 1.1.

Pectic

Hemicelluloses polysaccharides

Cellulose/
microfibril

~— 4

Figure 1.1: A generalised model of the PCW.

Possible interactions between several classes of cell wall polymer and the likely
orientation: (1) hydrogen bonding between cellulose and hemicellulose; (2) ionic bonding
between galacturonic acid residues of pectin (calcium ions act as ionic bridges); (3)
hydrogen bonding between hemicelluloses; (4) hydrogen bonding between hemicellulose
and pectin. Modified from Brett and Waldren (1996).



1.1.2  Animal connective tissue

Connective tissue is the most abundant and widely distributed tissue in the body
(Thibodeau and Patton, 1992). It is found in skin, membranes, muscles, bones,
nerves and all internal organs. The functions of connective tissues are as varied as
its structure and appearance. Connective tissues are responsible for the form and
shape of the animal body and, in addition, provide protection for vital organs and
facilitate locomotion. Connective tissue exists as delicate webs that hold internal
organs together and give them shape. It also exists as strong and tough cords, rigid

bones and even in the form of a fluid (i.e. blood; Thibodeau and Patton, 1992).

In vertebrates, the most common type of connective tissue is loose connective
tissue. It holds organs in place and attaches epithelial tissue to other underlying
tissues. Loose connective tissue is named based on the ‘weave’ and type of its
constituent fibres. There are three main types, namely: collagenous fibres, which
are made of collagen; elastic fibres, which are composed of elastin; and reticular
fibres, which join connective tissue to other tissues. Another type of connective
tissue is fibrous connective tissue that is found in tendons and ligaments
(Kuettner, 1992). It is composed of large amounts of closely packed collagenous
fibres. Specialised connective tissues include adipose tissue, which is a form of
loose connective tissue that stores fat. Areolar connective tissue is the ‘glue’ that
gives form to the internal organs. Bone is a type of mineralised connective tissue
that contains collagen and calcium phosphate giving bone its firmness. Blood is
also considered to be a type of connective tissue. Even though it has a different
function in comparison to other connective tissues, it does have an ECM. The
matrix is the plasma and erythrocytes, leukocytes and platelets are suspended in
the plasma. Finally, cartilage is a form of fibrous connective tissue that is

composed of closely packed collagenous fibres.

Articular cartilage is the connective tissue that covers ends of long bones in
synovial joints providing smooth articulation during joint movement (Knudson
and Knudson, 2001). Normal articular cartilage is unique within the class of
connective tissue in that it lacks blood vessels, lymphatic vessels, nerve fibres and

has no separating basement membrane on either side of the tissue (Kuettner,



1992). Cartilage consists of two principle components: the tissue fluid and the
framework of structural macromolecules that give the tissue its form and stability.
The structural macromolecules of the cartilage: collagen, proteoglycans and non-
collagenous proteins contribute 20-40 % of the wet weight of the tissue

(Buckwalter and Mankin, 1998).

The specific structural organisation of articular cartilage matrix gives it
biomechanical properties such as tensile strength and elasticity, which enable it to
absorb and distribute loads (Huber ez al., 2000). The organisation of collagen
fibres into an ordered three-dimensional (3D) network provides tensile strength
and is essential for maintaining the tissues volume and shape. The highly hydrated
negatively charged proteoglycans give the cartilage its ability to undergo
reversible deformation and resist compressive forces. Proteoglycans are crucial in
distributing load in weight-bearing joints (Hardingham and Fosang, 1992). The
proteoglycans attract water and provide a swelling pressure. Under normal
conditions, the stiff collagen network limits the swelling of the proteoglycans
(Kuettner and Thonar, 1998). Upon loading, cartilage matrix is deformed by the
expulsion of fluid from the loaded region, with movement of water towards the
synovial cavity and away from the proteoglycan rich region. The water carries
away cellular waste products. Proteoglycans are forced closer together, increasing
the negative charge density and the intermolecular charge repulsive forces, which
in turn increase the resistance of the tissue to further deformation. Finally, the
deformation reaches an equilibrium in which the external loading force is
balanced by the internal forces based upon the swelling pressure. Once the load is
removed, water returns from the synovial cavity, carrying with it nutrients for the

cells.

The pericellular environment is characterised by a high content of large
proteoglycan aggregates. Chondrocytes, the only cell type found in articular
cartilage, have CD44-like surface receptors, which interact with hyaluronic acid
(Knudson et al., 1993), thus binding proteoglycans to the cell. The pericellular
environment contains very little organised fibrillar collagens, but a high
concentration of filamentous type VI collagen that also binds to hyaluronic acid

and interacts with the cell surface (Knudson and Knudson, 2001).



1.1.2.1 The structure of connective tissue

Connective tissue differs from epithelial tissue in the arrangement and variety of
its cells and in the amount and kinds of intercellular material, called matrix, found
between its cells (Thibodeau and Patton, 1992). Besides the relatively few cells
embedded in the matrix of most types of connective tissue, varying numbers and
kinds of fibres are also present (Figure 1.2). The structural quality and appearance
of the matrix and fibres determine the qualities of each type of connective tissue
(Knudson and Knudson, 2001). All cells of the body, however, make contacts
with surrounding structures that involve connective tissues as components of the
ECM. The matrix possesses chemical, physical, and mechanical properties
uniquely suited to the function of tissues and organs of which the cells are a part.
The major components of the ECM are fibrillar proteins (collagens and elastin),
globular proteins, and, in the case of bone, the inorganic mineral phase. Other
major components of connective tissues include the high molecular weight
carbohydrates that are composed of a glycosaminoglycan (GAG) portion (the
complex carbohydrate itself) linked to a core protein. The core protein with the
glycosaminoglycans attached is termed the proteoglycan subunit. Another
abundant complex carbohydrate present in many tissues and the major
polysaccharide of synovial fluid is hyaluronic acid (HA). The complex
carbohydrates of cartilage are composed of high molecular weight polymers of the
proteoglycan subunits, with the polysaccharide side chains of chondroitin sulfate
and keratan sulfate linked to serine residues of the core protein. The polymeric
components consist of these proteoglycan subunits bound to high molecular
weight HA chains through interactions with another glycoprotein, called link
protein. These proteoglycan aggregates are envisioned as occupying the spaces in
cartilage surrounded by the collagen fibers and other components of the matrix.
Both the proteoglycans and the collagens are synthesized by the articular
chondrocytes (Muir, 1995; Buckwalter and Mankin, 1997).



T Elastin fibre

2 Collagen fibre

4 Gellike fluid

Figure 1.2: Normal connective tissue.

Connective tissue forms the glue between cells in the body's tissues, holding the cells
together and giving those tissues structure and shape. It is made of a number of different
molecules, including a range of fibres that give strength and elasticity to many tissues.
Taken from http://www.marfan.net.av/.

1.1.3 The microbial capsule

Bacteria have a variety of structures outside the cell wall that function in
protection, attachment or cell movement. For example, some bacteria possess a
well organised layer of material lying outside the cell wall known as a capsule.
The major human host defence against invasive group A streptococcal infection is
that of phagocytosis and killing by polymorphonuclear leucocytes (Bisno et al.,
2003). Thus, a critical group A streptococcal virulence factor is an antiphagocytic
capsule composed of hyaluronic acid (Wessels and Bronze, 1994). Streptococcal
strains vary greatly in their degree of encapsulation and those with the most
exuberant capsule production have a mucoid appearance (Bisno et al., 2003). The
association of encapsulation with resistance to phagocytosis has been recognised
for many years (Wessels et al., 1991; Wessels and Bronze, 1994; Dale et al.,
1996; Cunningham, 2000; Bisno et al., 2003). Wessels and Bronze (1994) showed
that acapsular mutant strains were altered in their ability to resist phagocytic
killing and thus its mouse virulence decresed significantly. In addition, the
capsule may be an important adherence factor in the pharynx, since it binds CD44

on epithelial cells (Schrager et al., 1998).



1.1.3.1 The structure of the microbial capsule

Group A streptococci are covered with an outer hyaluronic acid capsule
(Stoolmiller and Dorfman, 1969; Cunningham, 2000), while the group A
carbohydrate antigen and the type-specific M protein are attached to the bacterial
cell wall and membrance, as shown in Figure 1.3. Both the M protein and the
capsule are considered virulence factors conferring antiphagocytic properties upon
the streptococcal cell (Foley and Wood, 1959; Moses et al., 1997; Cunningham,
2000). Synthesis of the polymer of hyaluronic acid for capsule expression in
group A streptococci is controlled by an operon composed of three different
genes: hasA, hasB and hasC (Crater and van de Rijn, 1995). HasA encodes
hyaluronate synthase, hasB codes for uridine diphosphate (UDP)-glucose
dehydrogenase and sasC encodes UDP-glucose pyrophosphorylase (Alberti et al.,
1998). However, inactivation of the AasC gene does not affect capsule production,
suggesting that an alternative source of UDP-glucose is available to the bacteria

for capsule production (Asbaugh et al., 1998).

Group A streptococcal strains rich in M protein and capsule are extremely virulent
for humans, and mucoid strains have long since been see to cause deeply invasive
infections (Moses et al., 1997). Group A streptococcal capsular hyaluronate is
chemically quite similar to that found in human connective tissue (Bisno et al.,
2003). For this reason it is a poor immunogen and antibodies to group A

streptococcal hyaluronic acid have been quite difficult to demonstrate in humans.
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Diagram of the group A streptococcal cell.

.
.

Group A streptococcal cell is covered with an outer hyaluronic acid capsule and the group
A carbohydrate, consisting of a polymer of rhamnose with N-acetylglucosamine side

chains. Streptococcal M protein extends from the cell wall and is anchored in the
membrane. Taken from Cunningham, 2000.

Figure 1.3



1.2 Biochemistry and structure of specific polysaccharides

1.2.1 Cellulose

Cellulose is the most abundant polysaccharide on earth and this linear
homopolymer is a 3-1,4-linked polymer of D-glucose residues. The repeating unit
is cellobiose and each glucose residue is rotated 180 ° about the main chain axis
with respect to its neighbouring residues, so all the sugar rings lie in the same
plane (Béguin and Aubert, 1994). The average chain length within the cell wall
has been estimated at 100 — 1400 saccharide residues (Béguin and Aubert, 1994).
As the polymer is unsubstituted and planar, adjacent strands align parallel to the
long axis to form cellulose microfibrils. The chains are held together in layered
sheets by an extensive network of inter- and intramolecular hydrogen bonds and
van der Waals forces. These microfibrils are disorganised on the surface, but their
regular interior is highly crystalline in form, resulting in high tensile strength
(Coughlan, 1985). Although cellulose is highly crystalline, there is evidence to
show that some degree of structural variation exists within the microfibril,
consisting of amorphous or paracrystalline regions (Teeri, 1997). Disorganised
bonding interactions between adjacent strands results in the generation of
amorphous regions, which mainly occur near the surfaces but can also span the
entire width of the crystalline cellulose, and may be caused by twisting and
straining of the microfibril (Teeri, 1997). These amorphous regions permit

hemicellulosic polymers to become intimately associated with the cellulose.

1.2.2 Hemicellulose

Hemicelluloses are the major component of the PCW matrix. Hemicellulose is the
major non-cellulosic components in most plant cells and contain polymers rich in
glucose, xylose, or arabinose that, unlike cellulose, have extensive side chains
often including xylose, galactose, and fucose (Kohorn, 2000). They are often
found in tight association with the cellulose microfibrils, due to the formation of
hydrogen bonds between the two polysaccharides. Hemicelluloses are also found
spanning the gaps between microfibrils, forming a network that holds the
microfibrils in place, which provides structural strength to the wall (Brett and

10



Waldron, 1996). Hemicelluloses are chemically more complex than cellulose and
often contain various different side chains. The presence of the side chains and/or
the nature of the main chain in most hemicelluloses prevent the tight packing of
the molecules into the highly ordered crystalline lattices like cellulose. Instead,
they tend to be less ordered open structures. The four predominant forms of
hemicellulose are classified according to the composition of their sugar backbone
and include xylans, xyloglucans, mannans, and glucomannans. In most cell types,
xylan or xyloglucan predominates, with others present in smaller amounts (Brett
and Waldren, 1996).

1.2.2.1 Xylan

Xylans are the major hemicellulosic polysaccharides present in the cell walls of
many plants. Xylan has a main chain composed of 3-1,4-linked xylose residues
and are usually found substituted with either acetyl, arabinosyl and glucuronosyl
residues (Gilbert and Hazelwood, 1993). As xylose differs from glucose by the
absence of a C-5 hydroxymethyl group, main chain xylan has a less extensive
intramolecular hydrogen bonding network compared to cellulose. Also, adjacent
xylan backbones are prevented from forming significant intermolecular bonding
interactions because of their generally highly substituted nature, as illustrated in
Figure 1.8. The chain length and degree and type of substitution are dependent on
the origin of the xylan. Birchwood xylan possesses very little substitution except
for acetyl groups, and xylans from oat spelt contain about 20 % arabinose units

and some glucose and galactose molecules (Li et al., 2000).
Xylan plays a crucial role in cross-linking the various PCW polysaccharides. This

process is mediated by covalent bonds between the arabinosyl side chains of

arabinoxylans and the phenolic components of lignin (Sunna and Antranikian,

1997).
OH
-~ ~ IS
0 HO Vi
OH

Figure 1.4: Structure of Xylobiose.
Xylan is composed of B-1,4-linked xylose residues. Taken from Pires et al., 2004.
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1.2.2.2 Xyloglucan

Xyloglucans are composed of a backbone of $3-1,4-linked glucose residues, to the
majority of which (~ 75 %) xylose residues are attached via a-1,6-bonds (Carpita,
1997). Some xylose side chains are further substituted at the C-2 position with a-
linked arabinose, or the a-linked disaccharide fucopyranosyl-p-1,2-linked to
galactose. Acetyl groups may also be present on a high proportion of galactose
residues. Xyloglucan in some tissues is known to form a fairly regular structure of
nonasaccharide and heptasaccharide units (Brett and Waldren, 1996). Xyloglucans
can bind tightly to the surface of cellulose microfibrils via multiple hydrogen
bonds (Gibeaut and Carpita, 1994). This cross-linking of cellulose microfibrils is
thought to give strength to the wall as well as having an important regulatory role
in limiting the rate of elongation growth (Albersheim et al., 1994).

1.2.2.3 Mannans

Mannans are a group of hemicelluloses that include a linear homopolysaccharide
of B-1,4-linked mannose residues and galactomannan, which consists exclusively
of a 3-1,4-linked mannan backbone with side chains of a-1,6-linked galactose
residues added at the O-6 position (Carpita, 1997).

1.2.2.4 Glucomannans

Glucomannans consist of a backbone of 3-1,4-linked glucose and mannose
residues without any regularity in sequence. The mannosyl units of the backbone
are often substituted with galactose at C-6 and O-acetyl groups at C-2 or C-3
positions (Brett and Waldren, 1996). These a-1,6,-linked galactose substitutions

result in the hemicellulose galactoglucomannans.

1.2.3 Pectin polysaccharides (Pectins)

These are a group of complex polysaccharides rich in galacturonic acid,
rhamnose, arabinose and galactose and include thamnogalacturonan, arabinan,
galactan and arabinogalactan. The pectic polymers form a network that is largely
structurally independent of the cellulose/hemicellulose network and may form a
jelly-like matrix (Carpita and Gibeaut, 1993; Kohorn, 2000). They are thought to

perform many functions such as providing physical strength at cell junctions,
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determining wall porosity and providing charged surfaces that modulate cell wall

pH and ion balance (Brett and Waldren, 1996).

1.2.3.1 Rhamnogalacturonan/homogalacturonan composite polysaccharide

This polysaccharide contains a backbone of a-1,4-linked galacturonic acid and o~
1,2-linked rhamnose, to which the side chains of arabinose and galactose attach to
the C4 position of thammnose. This composite polymer consists of two discrete
domains, comprising regions of polygalacturonic acid (homogalacturonan) of
varying methyl esterification (smooth regions), and rhamnogalacturonan, which
has arabinan and galactan rich side chains attached to about half of the rhamnose

units (hairy regions) (Varner and Lin, 1989; Brett and Waldren, 1996).

1.2.3.2 Arabinan

Arabinan is a highly branched molecule consisting of a backbone of a-1,5-linked
arabinose residues that are frequently substituted with either monomeric or
oligomeric a-1,2- and/or a-1,3-linked arabinose side chains to form the branch
points. In the PCW, arabinan is usually associated with pectin, via an a-1,4-

linkage to the thamnose residues of rhamnogalacturonan (Lerouge et al., 1993).

1.2.3.3 Galactan and arabinogalactan

Galactan consists of primarily a 3-1,4-linked galactose backbone, to which short
a-1,5-linked arabinose side chains are attached at the C3 position of the main
chain to form arabinogalactan (Brett and Waldren, 1996). They are found as either

independent molecules or as side chains attached to rhamnogalacturonan.

1.2.4 Glycoproteins

As well as polysaccharides, cell walls also contain a variety of different proteins,
most of which are glycosylated. One of the most abundant glycoproteins is
extensin. Extensin is a hydroxyproline rich protein that forms an extensive
insoluble network that is laid down perpendicular to the cellulose/hemicellulose
network. It is thought that extensins hold this network together by the formation

of covalent and non-covalent bonds (Carpita and Gibeaut, 1993).
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1.2.5 Glycosaminoglycans and proteoglycans

Proteoglycans consist of one or more glycosaminoglycan (GAG) chains, which
are linked covalently to a protein core. The protein core of different proteoglycans
can take many forms. The GAG component includes one or more of chondroitin
sulphate (CS), dermatan sulphate (DS), heparan sulphate (HS), heparin and
keratan sulphate (KS). All tissues contain proteoglycans, either at the cell surface
of cells or within the extracellular space. Proteoglycans are most abundant in the
connective tissues, especially in articular cartilage. The largest in size and most
abundant proteoglycan in articular cartilage is aggrecan, representing about 90 %
of the total cartilage proteoglycan mass. The central component of the cartilage
proteoglycan aggregate is a long molecule of hyaluronan (Figure 1.5). Aggrecan
is characterised by its ability to interact with hyaluronic acid to form large
hydrated proteoglycan aggregates, which are decorated with GAGs (Roughley and
Lee, 1994).

Collagen
Matrix

Figure 1.5: Schematic representation of the structure of cartilage proteoglycan
aggregate.

The N-terminal domain of the core protein binds to a hyaluronan molecule. Binding is
facilitated by a link protein, which binds to both hyaluronan and the aggrecan core
protein. Each aggrecan core protein has multiple chains of chondroitin sulphate and
keratan sulphate covalently attached. Taken from
http://www.peprotech.com/content/focusarticles.htm?id=72.
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Aggrecan is a large molecule with a relative molecular mass (34;) of 2000-3000
kDa. Aggrecan consists of a protein core (230 kDa) with three globular domains.
One of the globular domains of the aggrecan core protein has an N-terminal that
binds with high affinity to a decasaccharide sequence in hyaluronan; this binding
is facilitated by a link protein that binds to the aggrecan core protein and
hyaluronan (Figure 1.5) (Zubay, 1998). During post-translational processing a
large number of covalently attached GAG side chains and N-linked and O-linked
oligosaccharides are added (Knudson et al., 1993). These GAG chains are CS and
KS, long unbranched polysaccharide chains with highly charged sulphate and
carboxylate groups. GAGs form long strings of negative charges that attract
counter ions and the osmotic balance caused by a local high concentration of ions
draws water from the surrounding areas. Consequently, proteoglycans keep the

matrix hydrated.

The GAG components of proteoglycans are composed of alternating sequences of
hexosamine and either D-glucuronic acid or L-iduronic acid. GAGs can be
classified by their hexosamine components; D-glucosamine-containing GAGs are
known as glucosaminoglycans and include HS. CS and DS are known as
galactosaminoglycans because D-galactosamine is present (Lindahl et al., 1994).
Hyaluronan (or hyaluronic acid; HA), on the other hand, is unique amongst GAGs
as it is not covalently bonded to proteoglycan, and it is the only naturally
occurring GAG that is not sulphated (Frost et al., 1996; Csoka et al., 1997). A
summary of the composition and relative sizes of the different GAGs 1s shown in
Table 1.1. All the members of this family are sulphated and covalently linked to
proteins except for HA. There is only one primary conformation of HA unlike
other GAGs, which can have almost infinitely variable primary conformations,

through the post-synthetic addition of sulphate groups (Laurent et al., 1992).
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GAG Monosaccharides Sulphate per | Molecular
disaccharide weight
(kDa)
Chondroitin | Glucuronic acid N-acetyl 02-23 5-50
sulphate galactosamine
Dermatan Glucuronic acid N-acetyl 1.0-2.0 14 - 40
sulphate galactosamine
Heparan Glucuronic acid N-acetyl 02-2.0 5-12
sulphate glucosamine
Heparin Glucuronic acid N-acetyl 2.0-3.0 6-25
glucosamine
Hyaluronic | Glucuronic acid N-acetyl 0 4 —-800
acid glucosamine
Keratan Galactose N-acetyl 0.9-1.8 4-19
sulphate glucosamine

Table 1.1: Composition of glycosaminoglycans found within the extracellular

matrix.
Based upon data from Alberts et al. (1989), Laurent ez al. (1992) and Knudson et al.
(1993).

1.2.5.1 Hyaluronan

HA was first isolated by Karl Meyer in 1934 from the vitreous humour of the eye.
For many years it was considered just a space filling molecule in the ECM. This
idea has changed with the discovery of cell surface binding receptors, suggesting
a more complex biological role (Laurent et al., 1992). HA has now been
implicated in many different cellular processes including cell adhesion,
aggregation, proliferation, inflammation and locomotion. Due to its involvement
in so many diverse processes, HA can play a major role in both normal and

abnormal functions of cells (Knudson et al., 1993).

HA is a high molecular weight polysaccharide (4-800 kDa), a repeating
disaccharide straight chain polymer with the structure (N-acetyl-D-glucosamine-
D-glucuronic acid), (Scott, 1995; Frost et al., 1996; Csoka et al., 1997; Figure
1.6). HA carries a high net negative charge from the carboxyl groups of the
glucuronic acid residues, which in biological systems are associated with many
mobile cations, such as Na*, K, Ca*" and Mg2+, forming a neutral salt (Laurent et

al., 1992).
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Studies of HA structure have revealed that it exists as a single, long, unbranched
and unsulphated linear polysaccharide chain. It has been demonstrated that each
disaccharide unit is rotated through 180° with respect to the previous unit. This
rotation means that every two disaccharide units, the HA chain rotates through
360°, to form a twisted structure known as a two-fold helix (Scott, 1995). As the
secondary structure of an HA molecule is flat and tape-like, there is little problem
with different HA molecules interacting to form large complexes. As both sides of
the HA are identical but anti-parallel, the complex is able to grow from both sides.
It has been observed that at low concentrations (< 1 mg/L) of HA, small
honeycomb islands of HA form (Scott, 1995). These small networks of HA show
no molecular tails or ends and are essentially infinite networks with each molecule
connected to every other molecule. As the HA concentration in a solution
increases, the network branches become thicker until at concentrations of > 1
mg/ml, as found in synovial fluid, the HA network forms continuous sheets and
tubules (Scott, 1995). HA binds to the collagen fibrillar network and determines
the retention of aggrecan in the ECM.
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Figure 1.6: Structure of hyaluronan (hyaluronic acid; HA).

HA, a glycosaminoglycan (GAG), is composed of a repeating disaccharide straight chain
polymer with the structure (B-1,3-N-acetyl-D-glucosamine-B-1,4-D-glucuronic acid),.
Modified from Zubay, 1998.
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1.2.5.1.1 Biosynthesis and distribution of hyaluronan

HA is synthesised by Streptococci as well as being present in the connective
tissue of all animals so far investigated (Knudson et al., 1993). The HA chain is
produced by the addition of sugar residues from their UDP derivative onto the
reducing end of the chain. This donation of sugar occurs in the plasma membrane
by the enzyme HA synthatase (DeAngelis, 1999) and as the chain elongates, the
non-reducing end is translocated into the pericellular space. This synthesis differs
from that of other GAGs, which are synthesised in the Golgi and the sugars added
to the non-reducing end of the chain (Laurent et al., 1992).

HA is found in all ECM structures but is especially prevalent in soft connective
tissue and the central nervous system. In the specialised ECM of cartilage tissue,
HA forms large aggregates with the protein complex, aggrecan (Knudson ef al.,
1993). The aggrecan and HA complex is further stabilised by link protein to give
a final complex of about 10® Da. The aggrecan complex is held within the
cartilage by the collagen matrix and is responsible for the visco-elastic properties

of cartilage (Knudson and Knudson, 2001).

In many tissues in the body the role of HA is structural, retaining and organising
the ECM, as in vitreous humour and Wharton’s jelly (umbilical cord). In the
joints, the viscous properties of HA are used as a lubricant to prevent wear (Culty
et al., 1992; Laurent ef al., 1992; Knudson et al., 1993). In cells, it is thought to
act as both a protective barrier and a lubricant allowing layers of opposing cells to
slide over one another and preventing them sticking together (Heldin et al., 1993;

Knudson et al., 1993).

The role of HA in normal cellular functions is well documented (Laurent et al.,
1992; Knudson et al., 1993; Lesley et al., 1993). Research has shown HA to be
important in cellular proliferation during embryogenesis and increased HA

synthesis is required for fibroblast proliferation (Brect et al., 1986). It has been
proposed that the increased production of HA at the plasma membrane causes a

slight loosening of the cells from the supporting ECM making cell division easier
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(Laurent ef al., 1992). An increase in the amount of HA contained within the
ECM has been correlated with cell migration in embryogenesis, limb
regeneration, wound healing and tumour cell invasion. A matrix that is rich in HA
has an expanded and highly hydrated structure through which it is easier for cells
to migrate (Knudson et al., 1993).

It has been shown that the presence of a HA coat protects cells from cytotoxic
lymphocytes and offers some resistance to viral infection. This method of
protection is also used by some Streptococci infections, to defend against

macrophage attack (Laurent ef al., 1992).

When structural work was performed on HA it was observed that complexes were
formed between phospholipids through the hydrophobic patches on HA. This has
been suggested to be important for mopping-up harmful lipidic inflammatory
mediators, such as platelet-activating factor, so preventing inflammation

spreading too far from the site of damage (Scott, 1995).

It is well documented that there is an increase in the production of HA in cancer
and HA interactions have been implicated in many of the different stages of
tumour development and metastasis Heldin ez al., 1993; Bartolazzi et al., 1994).
The ability to bind HA in the ECM could give a tumour an advantage when
binding at distant sites. This advantage could take the form of an improved
affinity for the initial anchorage site, or it could give the tumour cell access to
growth factors that are sequestered by HA and the ECM proteoglycans (Fujita et
al., 1994).

1.2.5.2 Heparin / Heparan sulphate

Heparin is a variably sulphated GAG that consists predominately of alternating o
1,4-linked residues of D-iduronate-2-sulphate and N-sulpho-D-glucosamine-6-
sulphate. It has an average of 2.5 sulphate residues per disaccharide unit, which
makes 1t the most negatively charged polysaccharide in mammalian tissues.
Heparin, in contrast to CS, DS, KS and HA is not a constituent of connective
tissue, but occurs almost exclusively in the intracellular granules of the mast cells

that line arterial walls, especially in the liver, lungs and skin (Fath et al., 1999;
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Esko and Lindahl, 2001). Heparin is probably more famous for its anticoagulant
effects of blood and is in wide clinical use, but it is known that the anticoagulant
properties of the vascular network are also due to the presence of HS on the
surface of endothelial cells, since mast cell defficient mice have a normal

anticoagulant physiology (Marcum et al., 1986).

HS, a ubiquitous cell surface component as well as an extracellular substance in
blood vessel walls and brain, resembles heparin but has a far more variable
composition with fewer N- and O-sulphate groups and more N-acetyl groups

(Esko and Lindahl, 2001).

HS, as with other GAGs, is an anionic polysaccharide. It consists of many
disaccharide units, which are sulphated at varying intervals along the chains. HS
is characterised by alternating uronic acid (D-glucuronic acid or L-iduronic acid)
and D-glucosamine units (Kjellén and Lindahl, 1991; Esko and Lindahl, 2001).
The size of an individual chain is not normally greater than 50 kDa, but some

chains can reach a size of 100 kDa.

In addition, several features allow HS to be distinguished. Sulphation occurs at a
different stage; in CS/KS biosynthesis, sulphation occurs at the same time as
chain elongation, whereas sulphation of HS mainly occurs post-elongation
(Lindahl et al., 1989). In addition, most of these sulphates are ester-linked but the

amino sulphate modification is unique to HS.

1.2.5.3 Chondroitin sulphate

The sulphated anionic polysaccharide CS is an abundant component of
extracellular matrices, especially cartilage. However, it is also found on cell
surfaces, in neural tissues and in invertebrates (Lauder et al., 2000). CS chains
comprise alternating N-acetyl-D-galactosamine and D-glucuronic acid, which may
be sulphated on the C4 or C6 position of its N-acetyl-D-galactosamine residues to
produce chondroitin-4-sulphate and chondroitin-6-sulphate, respectively (Scott
and Heatley, 1996). The two CSs occur separately or in mixtures depending on
the tissues (Scott and Heatley, 1996).

21



1.2.5.4 Dermatan sulphate

DS, which is so named because of its prevalence in skin, contains alternating N-
acetyl-D-galactosamine and D-glucuronic acid residues and differs from
chondroitin-4-sulphate only by an inversion of configuration about C5 of the B-D-

glucuronate residues to form o-L-iduronate (Scott and Heatley, 1996).

1.2.5.5 Keratan sulphate

KS contains alternating -1,4-linked D-galactose and N-acetyl-D-glucosamine-6-
sulphate residues. It is the most heterogeneous of the major GAGs in that its
sulphate content is variable and it contains small amounts of fucose, mannose, N-

acetylglucosamine and sialic acid (Yamagishi et al., 2003).

1.2.5.6 Collagens

Collagen is the most common protein of the vertebrate body and has a unique
structure. There are more than 19 different types of collagen and at least 10
additional proteins with collagen-like domains (Prockop and Kivirikko, 1995),
forming a wide range of structures. These include fibrils (types I, II, ITI, V, and
X1) that are found in most connective tissues and network-like structures (types
VIIL, X, and IV). Type IV collagen is a major structural component of basement
membranes. Short-chain collagens (types IX, XII, XIV, XVI, and XIX) presenting
smaller quantities, attach to the surfaces of pre-existing fibrils. In addition, other
types of collagens form beaded filaments (type VI), anchoring fibrils (type VII)
and some have transmembrane domains (types XIII and XVII; van der Rest and

Garrone, 1991; Prockop and Kivirikko, 1995; Linsenmayer, 1991).

The primary structure of collagen consists of polypeptide chains (a-chains) of
about 1000 amino acids, comprising a characteristic tripeptide sequence (glycine-
X-Y). Each a-chain is coiled into a left-handed helix. Three a-chains intertwine
tightly into a right-handed helix to form a rope-like structure that is stabilised by
interchain hydrogen bonds. The triple-helical conformation is wound such that the
peptide bonds linking the adjacent amino acids are buried within the interior of
the molecule, thus making it highly resistant to attack by general proteases
(Prockop and Kivirikko, 1995). Glycine, placed at every third residue of the

tripeptide sequence, is small enough to occupy the crowded interior of the helix.
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The imino acids proline and 4-hydroxyproline are frequently (about 25 %) in the
X and Y positions, respectively. Hydroxyproline is formed as a post-translational
modification of proline. They stabilise the polypeptide chains because of the
stereochemical restrictions of their imino acid rings. The triple helix is further
stabilised by hydrogen bonds and water bridges, many of which require the
presence of 4-hydroxyproline (Brodsky and Ramshaw, 1997). The side chains of
amino acids in the X and Y positions are on the surface of the molecule. The
multiple clusters of hydrophobic and charged side chains direct self-assembly into

precisely ordered structures (Prockop and Kivirikko, 1995).

Type II collagen is the single most abundant protein in normal articular cartilage,
comprising approximately 90 % of the total collagen. It is a fibrillar collagen,
consists of three identical a-chains, and is synthesised as a precursor form,
procollagen, which contains propeptides needed for correct fibril assembly. After
secretion, the globular propeptide domains are proteolytically removed from the
ends of the procollagen, and the collagen molecules assemble into cross-striated
fibrils in which each molecule is staggered relative to its nearest neighbour along
the axis of the fibril. Covalent cross-links form between the collagen molecules,
which increase tensile strength and stability. In normal adult articular cartilage,
type II collagen together with smaller amounts of other collagen types (VI, IX, X
and XI) form the extracellular framework. Type II, XI and IX collagens that are
cartilage specific, are incorporated into the same collagen fibril to form a fibrillar
meshwork that gives the tissue its form and tensile strength (Buckwalter and

Mankin, 1997).

1.3 Carbohydrate-active enzymes

The molecular recognition of carbohydrates by proteins is of fundamental
importance in numerous biological processes, including cell-cell recognition,
cellular adhesion, and host-pathogen interactions (Simpson et al., 2000).
Carbohydrate-active enzymes are often multi-modular enzymes involved in the
synthesis and degradation of glycosides such as di-, oligo- and polysaccharides.
Thus, understanding the structural and biochemical basis of these enzymes, along

with the ligand specificity of carbohydrate-binding proteins is critical.

23



1.3.1 Carbohydrate-active enzymes classification

A classification system for the carbohydrate-active enzymes has been introduced
(Henrissat and Coutinho, 2000; http://afmb.cnrs-mrs.ft/CAZY/) in families based
on amino acid sequence similarities (Henrissat, 1991; Henrissat ef al., 1998;
Coutinho and Henrissat, 1999). This present classification procedure is based
upon hydrophobic cluster analysis (Henrissat, 1991; Henrissat and Bairoch 1996;
Coutinho and Henrissat, 1999), a powerful amino acid sequence comparative
technique that can detect structural similarities despite low primary amino acid
similarities. Glycoside hydrolases (GHs) are classified into highly related
‘families’ of enzymes, the members of which share primary sequence homology
and hence the same overall 3D fold. This classification system for GHs has many
advantages compared to the traditional EC classification system for GHs (EC
3.2.1.x), which assigns enzymes primarily on substrate specificity (Coutinho and
Henrissat, 1999). A significant advantage of classification according to sequence
similarities is that it allows logical grouping of enzymes of different EC numbers
into polyspecific families and offers insights into the divergent evolution of
enzyme families. Conversley, some enzymes that can be grouped by function
have been shown to belong to several distinct families and thus reflect convergent
evolution (Henrissat, 1991; Davies and Henrissat, 1995; Tomme et al., 1995a;
Campbell et al., 1997, Henrissat and Davies, 1997; Coutinho and Henrissat,
1999). The CAZy server describes the modular structure of carbohydrate-active
enzymes and has been created to provide access to updated classifications of
glycosidases and transglycosidases, which are collectively known as the GHs,
glycosyltransferases (GTs), polysaccharide lyases (PLs), and carbohydrate
esterases (CEs), and their associated modules (carbohydrate-binding modules
(CBMs)) in families. Underlying this classification was the prediction that
sequence determines structure, and thus useful structural, evolutionary and even
mechanistic information can be derived from amino acid sequence alone
(Campbell et al., 1997; Henrissat and Davies, 1997; Davies, 1998). Thus, all
members of a family share common properties that can be predicted if the
property is determined for one or more of the family members. One of the striking
examples is the stereochemistry of hydrolysis; a family can contain enzymes with

endo- and exo- modes of action, and even different substrate specificities, but the

24



catalytic machinery and thus the stereochemistry of hydrolysis remains conserved
e.g. all family 5 members are retaining enzymes, whereas all family 6 members
are inverting enzymes (Warren, 1996). The proteins in this thesis belong to GH69
class and CBM6 class of the carbohydrate-active enzymes.

1.3.1.1 Glycoside hydrolases

The GHs are a class of enzymes that are responsible for the hydrolysis of
glycosidic bonds. Such glycosidic linkages occur in a wide range of contexts,
including polysaccharides, oligosaccharides, glycolipids, glycoproteins,
lipopolysaccharides, proteoglycans, saponins, and a range of other
glycoconjugates (Vocadlo & Withers, 2000). They perform innumerable
biological roles, including the breakdown of plant and animal polysaccharides
into units small enough to be transported into the host organism and utilised as a
source of energy and carbon. Corresponding to this diverse collection of
substrates there is a very large assortment of GHs responsible for their selective
hydrolysis. Currently, (May 2004) there are 95 families of GHs and a large
amount of effort has been expended on structural studies of these enzymes, with
the result that 3D X-ray crystal structures are now available for representatives of

at least 55 of these families (Henrissat and Coutinho, 2000).

1.3.1.1.1 Molecular architecture of GHs

A common feature of GHs is that they often exhibit a modular structure,
consisting of discrete domains that are linked by sequences rich in hydroxy amino
acids (Gilbert ef al., 1990). As well as their multiplicity, analysis of the molecular
architecture of hydrolases has revealed a further level of complexity. It has been
shown that the enzymes themselves are often modular in structure, comprising of
a catalytic module joined by one or more ancillary modules, often via a flexible
linker sequence (Tomme ef al., 1995a). As the linker regions are very sensitive to
proteolysis, it was discovered that the individual modules were functionally
independent (van Tilbeurgh et al., 1986; Tomme et al., 1988; Gilkes et al., 1988).
CBMs have since been found to be the most common type of ancillary module
present in hydrolases (Tomme et al., 1995a). Recombinant DNA technology has
been used to generate, as discrete entities, the individual modules. The identity of

modules in newly sequenced genes can now, usually, be determined simply by
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comparison of their primary structures with those of modules whose function is

already known.

1.3.1.1.2 Active site topologies of GHs

The 3D structure data for the catalytic modules of GHs have revealed three
general active site topologies: pocket, cleft (or groove) and tunnel. These
topologies exist in disaccharidases, endo- and exo-enzymes respectively (Figure
1.7; Davies and Henrissat, 1995). In general, the pocket topology is optimal for
the recognition of glycoside chain ends and is typical of disaccharidases such as
glucosidases and xylosidases. The cleft or groove topology, with an ‘open’ active
site, is typical of endo-acting enzymes such as endo-glucanases and xylanases.
The cellulose and xylan chains, respectively, bind randomly within the cleft, in
agreement with the random internal cleavage of the substrate and the generation
of oligosaccharides of variable length. The tunnel topology, found in exo-acting
cellobiohydrolases, is similar to the cleft or groove topology, but with additional
polypeptide loops that cover the top of the active site forming tunnel-like

structures. The active site tunnel of exo-acting enzymes accommodates a single

glycan chain (Davies and Henrissat, 1995).

Figure 1.7: Active site topolegies of glycosyl hydrolases.

The pocket (A: glucoamylase from Aspergillus awamori; Aleshin et al., 1992); cleft (B:
endo-1,4--D-glucanase from Thermomonospora fusca; Spezio et al., 1993); and tunnel
(C: cellobiohydrolase from Trichoderma reesei; Divne et al., 1994). Active site (indicated
by arrows) topologies displayed. Taken from Davies and Henrissat (1995).
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1.3.1.1.3 Clans

The determination of the 3D structures for representatives of more than 55 GH
families has led to the observation that some families display very similar overall
structures and can be grouped into clans (Henrissat and Davies, 1997; Table 1.2)
or superfamilies (Jenkins et al., 1995). The structural conservation within a clan
suggests that all members have evolved from a single progenitor sequence and
although the primary structures of the enzymes have diverged significantly, the
regions that are subject to the most intense conservation pressure, i.e. those
carrying the catalytic residues, will have remained conserved (Henrissat et al.,
1995; Coutinho and Henrissat, 1999). In the absence of mechanistic data, enzyme
families within a given clan can be inferred as having the same catalytic residues
and also the same catalytic mechanism, i.e. retaining or inverting, when the
information exists for other clan members (Warren, 1996; Henrissat, 1998;

Coutinho and Henrissat, 1999).

Clan GH Families
GH-A 1,2,5,10,17,26,30,35,39,42,50,51,53,59,72,79,86
GH-B 7,16
GH-C 11,12
GH-D 27, 36
GH-E 33, 34, 83
GH-F 43, 62
GH-G 37, 63
GH-H 13, 70, 73, 77
GH-I 24, 46, 80
GH-J 32, 68
GH-K 18, 20
GH-L 15, 65
GH-M 8,48
GH-N 28,49

Table 1.2: Clans of glycoside hydrolase families.
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1.3.1.1.4 Overview of the mode of action of GHs

The efficient and complete degradation of polysaccharides, whether they are from
plant or animal cells, requires organisms to produce an extensive array of endo- or
exo-acting enzymes. GHs are described as being either endo- or exo- in their
mode of action, depending on whether the substrate is attacked at random
internally, or from one of the ends, respectively. GHs release distinct products due
to their different modes of action on their target substrates (Warren, 1996). Endo-
acting hydrolases randomly cleave glycosidic bonds within polysaccharide chains.
In contrast, exo-acting hydrolases remove one or more residues from either the
reducing or non-reducing termini of oligosaccharide. Thus, in vivo, both endo-
and exo-acting enzymes would act in synergy, with the products of endo-acting
enzymes providing substrates for exo-acting enzymes, leading to more efficient

degradation.

1.3.1.1.5 Catalytic mechanisms

The majority of enzymes comprising the 95 families of GHs so far defined
catalyse the hydrolysis of glycosidic bonds with either retention or inversion of
anomeric configuration at C1 of the bond being broken, via general acid/base
assisted catalysis (Sinnott, 1990; Warren, 1996). Figure 1.8 illustrates these two
catalytic mechanisms. Both mechanisms require two key catalytic carboxylic acid
residues in the active site of the enzyme; however, the roles of these two residues
vary depending on the mechanism. In the vast majority of GHs that have been
studied, only aspartic acid and/or glutamic acid residues comprise the catalytic

amino acids.

1.3.1.1.5.1 Inverting mechanism

Inverting enzymes catalyse hydrolysis by a single displacement mechanism
resulting in inversion of configuration of the anomeric carbon (Davies and
Henrissat, 1995). In inverting hydrolases, one of the key carboxylic acid residues
acts as a general acid and the other as a general base. The mechanism of inverting
enzymes (Figure 1.8 (a)) involves a single step in which the general acid catalyst
protonates the oxygen of the glycosidic bond, while the general base

simultaneously promotes the formation of an hydroxyl ion from a water molecule,

28



which performs a nucleophilic attack on the anomeric carbon of the glycoside. As
a result, the glycosidic bond is cleaved and a product with the opposite
stereochemistry to the substrate is generated. The two catalytic residues of
inverting enzymes are normally separated by ~ 10 A to allow the accommodation
of a water molecule between the general base and sugar (Davies and Henrissat,

1995; Davies, 1998).

1.3.1.1.5.2 Retaining mechanism

Retaining enzymes hydrolyse glycosidic bonds via a double-displacement
mechanism, leading to a net retention of anomeric configuration of C1 (Davies
and Henrissat, 1995). In retaining hydrolases, one of the two key carboxylic acid
residues functions as a general acid and a general base (acid/base catalyst) while
the other acts as a nucleophile (McCarter and Withers, 1994). The mechanism for
retaining enzymes involves a two-step process (Figure 1.8 (b)). In the first step,
the acid/base residue acts as an acid and protonates the oxygen of the glycosidic
bond, resulting in bond cleavage, and the nucleophile residue attacks the anomeric
carbon of the glycosidic bond to form a covalent glycosyl-enzyme intermediate
(Tull and Withers, 1994; Davies, 1998). The acid/base catalyst then functions as a
general base and removes a proton from a water molecule, which attacks the
glycosyl-enzyme intermediate, resulting in the generation of a sugar product with
the same configuration as the substrate, and the release of free enzyme. It has been
demonstrated that the distance between the two catalytic residues of retaining
enzymes is ~ 5.5 A, which positions the nucleophilic catalytic base in close
proximity to the sugars anormeric carbon to enable the formation of the glycosyl-
enzyme intermediate (Tull and Withers, 1994; Davies and Henrissat, 1995;
Davies, 1998).
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Figure 1.8: Inverting and retaining catalytic mechanisms of GHs.

The ‘inverting’ (a) and ‘retaining’ (b) reaction mechanisms of GHs. Taken from Davies

(1998).
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1.3.1.1.6 Plant cell wall hydrolases

A wide variety of bacteria and fungi synthesise numerous enzymes that hydrolyse
PCWs due to the complexity of the substrate. These PCW-degrading
microorganisms can be found in any environment where the substrate
accumulates, whether it is under aerobic or anaerobic conditions. A consortium of
enzymes, which include cellulases, hemicellulases, such as xylanases, and

pectinases, mediate this process of degradation.

Some organisms can exploit the plant biomass as a source of carbon and energy,
as they produce cellulase systems that can efficiently digest cellulose in the
PCWs, exemplified by Clostridia sp. (Hazlewood and Gilbert, 1993). In contrast,
other microorganisms possess an enzyme system that has relatively limited
hydrolysis capacity, example of which includes the plant bacterial pathogen

Erwinia chrysanthemi (Tomme et al., 1995c).

It is still unclear why a single cellulolytic organism produces a wide range of
PCW hydrolases, many of which have overlapping substrate specificities. For
example, seven different cellulases, three xylanases and seven other related
enzymes have been studied in Cellvibrio japonicus (formerly Pseudomonas
cellulosa; Hazlewood and Gilbert, 1993; Nagy et al., 2000). The bacterium
Clostridium thermocellum produces 15 cellulases and five xylanases (Béguin and
Aubert, 1994). The bacterium Cellulomonas fimi produces six cellulases and four
xylanases (Clarke ef al., 1991; Warren, 1996). The explanation for the multiplicity
of hydrolases is likely to lie in the structural complexity of the PCW. The
rationale for the acquisition of such large numbers of a similar type of enzyme by
a single organism is at present unclear. In the case of xylanases, the multiplicity of
enzymes is probably due to the heterogeneity of the substrate, a wide variety of
xylanases are required, each with different specificities in relation to the presence
and composition of side chains, in order to achieve total hydrolysis of the various

types of xylan present in the environment.
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Although some PCW hydrolases comprise a catalytic module only, the majority
are multi-module enzymes with the number of modules in a single enzyme
ranging from two to six or more, one of which is always a catalytic module
(Warren, 1996). The various domains, however, are not located in equivalent
positions in the different enzymes. For example, unrelated catalytic modules can
be found linked both N- and C-terminally to identical types of CBMs. Thus, it is
apparent that extensive domain shuffling has occurred during the course of

evolution of PCW hydralases (Gilbert and Hazlewood, 1993).

1.3.1.1.6.1 Cellulases

Cellulases, which are involved in the total hydrolysis of the 3-1,4-glycosidic
bonds in cellulose, belong to three groups and they exhibit different substrate
specificity and mode of action, resulting in distinct products (Warren, 1996).
Since cellulose cannot enter microbial cells, cellulolytic enzymes are either
secreted into the environment or attached to the outer surface of the cells
themselves. Endo-B-1,4-glucanases catalyse the hydrolysis of internal glycosidic
bonds in cellulose chains at random. Exo-$3-1,4-glucanases (also called
cellobiohydrolases) sequentially release cellobiose either from the reducing or
non-reducing ends of cellulose chains and 3-glucosidases hydrolyse cellobiose
and some cellooligosaccharides to glucose (Coughlan, 1985; Gilbert and
Hazlewood, 1993; Tomme ef al., 1995¢).

1.3.1.1.6.2 Xylanases

Microorganisms that produce cellulases also synthesise enzymes capable of
hydrolysing hemicelluloses, especially xylan, probably because of the close
proximity of hemicellulose to cellulose in the PCW. As noted earlier,
hemicellulose usually has a more accessible structure than crystalline cellulose,
with the result that most hemicellulases have specific activities ~ 2-3 fold greater
than cellulases (Gilbert and Hazlewood, 1993). Due to the heterogeneity of most
hemicelluloses, their efficient hydrolysis requires a repertoire of enzymes that act
co-operatively. In the case of xylan, these enzymes include (3-1,4-endoxylanases,
which cleave B-1,4-glycosidic bonds within the xylan backbone; B-xylosidases,
which hydrolyse xylobiose to xylose; oi-arabinofuranosidases, which cleave

arabinose side chains; acetylxylan esterases, which release acetate groups; and
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finally a-glucuronidases, which remove glucuronic acid side chains from the
xylan backbone (Sunna and Antranikian, 1997; Gilbert and Hazlewood, 1993;
Figure 1.9). All of these enzymes are known to act in synergy to degrade what is
often a highly complex polysaccharide containing a large number of side chain
substitutions. For example, many endoxylanases are unable to cleave bonds in the
xylan backbone if the xylose residues are substituted. Thus, the actions of the side
chain cleaving enzymes are required before total hydrolysis can be achieved. In
turn, the shorter substituted oligosaccharides released by the endoxylanases are
the preferred substrates for many side chain cleaving enzymes (Sunna and

Antranikian, 1997).

Similar to cellulolytic organisms, xylanolytic organisms also produce a range of
xylan-degrading enzymes. For instance, C. japonicus synthesises four xylanases
(Xyn10A, Xyn10B, Xyn10C and Xynl1A) (Millward-Saddler et al., 1995). In
addition, this organism was found to produce two ancillary enzymes, an
arabinofuranosidase (Abf62A) and an acetyl esterase (XynD). C. thermocellum
produces five xylanases (Xyn10B, Xyn10C, Xyn10D, Xynl1A, Xynl1B) (Fontes
et al., 1995; Fernandes et al., 1999).

1.3.1.1.6.3 Other hemicellulases

To utilise the PCW efficiently, microorganisms also synthesise other
hemicellulases, which requires the action of a consortia of main chain, side chain
and deacetylating enzymes similar to those responsible for xylan hydrolysis, such
as mannanases, mannosidases, arabinanases and arabinofuranosidases. For
example, the 3-1,4-linked mannose backbone of mannan is cleaved randomly by
endo-f-1,4-mannanases to produce mannobiose and longer
mannooligosaccharides, from which mannose is removed by B-1,4-mannosidases
(Hazlewood and Gilbert, 1998). The complete degradtion of glucomannans
requires the action of glucosidases, mannanases and mannosidases (Hazlewood

and Gilbert, 1998).

1.3.1.1.6.4 Pectinases

Pectinases are a group of enzymes including hydrolases and lyases, which degrade

the pectin component of PCWs (Brown ez al., 2001; Charnock et al., 2002a).
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Rhamnogalacturonan hydrolases and rhamnogalacturonan lyases degrade the
rhamnogalacturonan regions of pectin (McKie et al., 2001), and exo- and endo-
polygalacturonases, pectin lyases and pectate lyases catalyse the degradtion of
polygalacturonan regions of the acidic polysaccharide (Brown et al., 2001;
Charnock et al., 2002a).
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Figure 1.9: Structure of a hypothetical xylan chain showing the major types of
possible substituents and the enzymes that cleave them.

Abbreviations are: Ac, acetyl; Araf, arabinofuranose; MeGlcA, methylglucuronic acid.
Taken from Sunna and Antranikian (1997).
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1.3.1.1.7 Glycosaminoglycan hydrolases

A plethora of bacteria, bacteriophage, fungi, invertebrates and vertebrates
synthesise numerous enzymes that hydrolyse GAGs due to the wide distribution
in nature of the substrates. These GAG-degrading organisms can be found in any
source where the substrates are found. A variety of enzymes, which include
hyaluronidases and heparanases, mediate this process (Table 1.3). The
degradation of HA and other GAGs by hydrolases and lyases may facilitate the
invasion of the tissues of an animal host by bacteria (Hynes and Walton, 2000).
Possession of HA-degrading activities may also facilitate bacterial adhesion and
colonisation (Polissi et al., 1998). Degradation of GAGs occurs via two possible
mechanisms: hydrolysis and lytic B-elimination, with the exception of keratan

sulphate, which can only be degraded hydrolytically (Huang et al., 2001).

1.3.1.1.7.1 Hyaluronidases

The term hyaluronidase was introduced to denote enzymes that degrade HA (Frost
et al., 1996; Csoka et al., 1997, Menzel and Farr, 1998). However, the term HA-
degrading enzymes would be more appropriate as enzymes that degrade HA are
comprised of hyaluronidases (i.e. GHs) and hyaluronate-lyases (i.e. PLs). For the
purposes of this thesis, hyaluronidases will refer to hydrolases and not the
hyaluronate lyases. Hyaluronidases were first identified as a ‘spreading factor’ in
an extract from mammalian testes that facilitated diffusion of subcutaneously
injected dyes and drugs (Frost ef al., 1996). It became apparent thereafter that the
spreading factor was an enzyme and that its substrate was HA (Chain and Duthie,
1939; 1940; Frost et al., 1996; Csoka et al., 1997). However, prior to this, an
enzyme that degraded HA had been identified in bacteria (Meyer et al., 1937,
Frost et al., 1996). Hyaluronidase is produced by groups A, B, C and G
streptococci, staphylococci, candida and clostridia, plus many others (Prescott et
al., 1996; Hynes and Walton, 2000). This enzyme hydrolyses HA; a constituent of
the intercellular ground substance that cements cells together, allowing for

penetration and spread of pathogens.
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Different types of hyaluronidases hydrolyse the long chains of alternating units of
N-acetylglucosamine and D-glucuronic acid present in HA, the most abundant
mucopolysaccharide of vertebrate connective tissue (Gmachl and Kreil, 1993).
These enzymes are widely distributed in nature; they have been isolated from such
diverse sources as mammalian testes, salivary glands of leeches, venoms of
snakes, bees and wasps, and different bacteria (Meyer, 1971). A wide variety of
bacteria produce enzymes capable of degrading HA. Enzymes produced by the
Gram-negative organisms are periplasmic rather than being excreted to the
extracellular environment, and so are less likely to play a role in pathogenesis, in

contrast to the Gram-positive organisms (Hynes and Walton, 2000).

1.3.1.1.7.1.1 Bacteriophage-associated hyaluronidases

Bacteriophage isolated from a strain of S. pyogenes possesses a hyaluronidase
unrelated to the bacterial enzyme (GH69) (Hynes and Ferretti, 1989; Hynes et al.,
1995). Streptococcus equi has also been shown to encode a bacteriophage-
associated hyaluronidase (Timoney et al., 1982). It has been suggested that the
biological function of bacteriophage hyaluronidase is to degrade the HA capsule
of the bacterial host cell, thereby facilitating attachment of phage to the cell wall
(Hynes et al., 1995, Hynes and Walton, 2000).

1.3.1.1.7.1.2 Fungal hyaluronidases

Infections caused by candida are the most common fungal infections affecting
humans and various species of candida produce hyaluronidases (Shimizu et al.,
1995). The enzymes have currently not been characterised, nor has it been
established whether these enzymes are virulence factors or whether they play a

role in pathogenesis (Shimizu et al., 1996).
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1.3.1.1.7.1.3 Invertebrate hyaluronidases

The venom of bees, wasps and hornets contain a hyaluronidase that is used as a
spreading factor facilitating the diffusion of other venom components (Kemeny et
al., 1984; Gmachl and Kreil, 1993; Lu et al., 1995). A hyaluronidase has been
cloned, expressed and purified from the venom of the honey bee, Apis mellifera
(GH56) (Kemeny et al., 1984; Gmachl and Kreil, 1993). Interestingly, the
hyaluronidase from bee venom glands exhibited significant homology to PH-20, a
membrane protein of sperm (GH56)(Gmach1 and Kreil, 1993; Section
1.3.1.1.7.1.5).

The hyaluronidase from the leech (Hirudo medicinalis) is specific for HA and has
no reactivity on CS (Yuki and Fishman, 1963). It is evident that the leech
hyaluronidase has a potential role as a spreading factor (Frost et al., 1996),
facilitating the spread of other agents that help the leech obtain blood (Csoka et
al., 1998).

Infective hookworm (Anclystoma caninum) larvae are known to secrete a
hyaluronidase during penetration of the skin (Hotez ez al., 1992; 1994). A
hyaluronidase has also been detected in crustaceans such as the Antarctic krill

(Euphausia superba; Karlstrom and Ljunglof, 1991).

1.3.1.1.7.1.4 Vertebrate hyaluronidases

Hyaluronidases are also present in venoms of snakes, certain lizards and a species
of fish. Venom from the stonefish Synanceja horrida contains a hyaluronidase
that has been isolated and characterised (Sugahara ef al., 1992). As in the case of
the leech, hyaluronidase from the stonefish may assist in the rapid spread of

venom through tissues (Frost ef al., 1996).

Hyaluronidases are present in virtually all snake venoms, but only a few have
been characterised (Girish ef al., 2002). Venom hyaluronidases have been shown
to act as spreading factors and by themselves are non toxic. Degradation of HA in
the ECM of local tissues is thought to be the key event in the enzyme mediated

spreading process during snakes’ envenomation (Girish et al., 2002).
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In mammals, hyaluronidases have been found in a range of sites. A protein termed
PH-20 (GH56), present on the plasma membrane and in the matrix of the sperm
acrosome, was shown to be the sperm hyaluronidase and that it had homology
with bee venom hyaluronidase (Gmachl et al., 1993). The cumulus cells are
embedded in a matrix rich in HA that is formed prior to ovulation, and the sperm

hyaluronidse PH-20 assists in this penetration process (Lin ef al., 1994a; 1994b).

Kidney and liver are the two major organs for HA degradation and hyaluronidases
have been isolated from these sources (GH56) (Reitinger et al., 2001 and Joy et
al., 1985, respectively). Skin contains more than half the HA of the vertebrate
body (Frost et al., 1996) and a hyaluronidase derived from the skin has been
identified (Cashman ez al., 1969). Hyaluronidase from human placenta has been
characterised (Yamada et al., 1977), as well as from vitreous (Schwartz et al.,
1996), brain (Polansky et al., 1974), and salivary glands (Tan and Browness,
1968a; 1968b). A hyaluronidase in malignant prostate tissue has been observed
that has levels of activity that correlate with cancer progression (Lokeshwar ef al.,

1996; Frost et al., 1996).

1.3.1.1.7.2 Heparanases

Heparanases are endo-f-D-glucuronidases that degrade HS (GH79) (Emst et al.,
1995; Kizaki et al., 2001). Heparanase activity has been reported in various
tumour cells, platelets, and placenta (Nakajima et al., 1983; Freeman and Parish,
1998; Vlodavsky et al., 1999; Kizaki et al., 2001). Studies have shown that
heparanase-mediated degradation of HS in the ECM may be critical during cell
invasion associated with tumour metastasis and inflammation (Bartlett ef al.,
1995; Vlodavsky et al., 1999). Heparanse has been shown to be strongly
expressed in human placenta (Kussie et al., 1999) and bovine placenta (Kizaki et
al., 2001), but the role played during implantation and placental development is

unknown.

1.3.1.1.7.3 Keratinases

KS does not have any uronic acid therefore the lyase reaction is not possible, and

hydrolases are the only enzymes depolymerising this GAG (Emst et al., 1995).
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KS is degraded by various enzymes including endo-f3-galactosidase, keratanase
and endo-B-N-acetylglucosaminidase (GH16; Yamagishi et al., 2003). Studies
have revealed various functions of KS chains in embryogenesis, cancer invasion,

immune responses and cartilage metabolism (Ermnst ef al., 1995; Yamagishi et al.,

2003).

1.3.1.1.8 Polysaccharide lyases

There are two classes of enzyme that perform cleavage of the glycosidic bond, the
GHs (Section 1.3.1.1) and the PLs. PLs, however, cleave the glycosidic bond via a
-elimination mechanism resulting in the formation of a double bond at the newly
formed non-reducing end, which is in contrast to the GHs that cleave the
glycosidic bond via a hydrolytic mechanism. Fifteen sequence-based families of
PLs have been identified to date, compared to 95 families of GHs. The higher
prevalence of the GHs has led to them being extensively studied with a wealth of
structural and biochemical data available. This success has not been achieved to
the same extent in PLs and is presumably as a consequence of limited substrate
specificity. PLs, unlike GHs, require free or methyl esterified C5 substrate
carboxylate groups for activity and are thus not as ubiquitous in nature

(Sutherland, 1995).

1.3.1.1.8.1 Glycosaminoglycan lyases
A number of bacterial species synthesise GAG lyases, enzymes used to degrade

and utilise GAGs as a source of carbon in the bacterium’s natural environment

(Ernst et al., 1995; Sutherland, 1995).

1.3.1.1.8.1.1 Hyaluronate lyases

Hyaluronate lyases (HA lyases) are produced by many different genera of
bacteria, such as S. pyogenes (Baker et al., 2002), Streptococcus agalactiae
(Pritchard et al., 1994; Lin et al., 1994a; 1994b; Baker et al., 1997), Streptococcus
pneumoniae (Berry et al., 1994) and Streptomyces hyalurolyticus (Price et al.,
1997) and belong to PL family 8. Bacterial HA lyases have been shown to cleave
N-acetylglucosaminidic bonds of HA by an elimination mechanism. The products
are unsaturated oligosaccharides with a A-4,5-uronic acid residue at the non-

reducing termini (Baker ef al., 2002). Some HA lyases also have a limited ability
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to cleave CS and DS in a similar manner, but to a far more limited extent (Baker

et al., 1997; Csoka et al., 1998).

Many pathogenic streptococci produce extracellular HA lyases, which are thought
to aid the spread of the organism in host tissues (Baker et al., 2002). HA lyase in
Clostridium perfringens is a putative virulence factor, acting in conjunction with
collagenases on connective tissues in the pathogenesis of gas gangrene (Canard et
al., 1994). The HA lyase associated with the syphilis bacterium Treponema
pallidum is known to facilitate invasion and dissemination (Fitzgerald and
Gannon, 1983). Interestingly, non-pathogenic strains of treponema do not possess

HA-lyase activity (Csoka et al., 1998).

1.3.1.1.8.1.2 Heparin / heparin-sulphate lyases

Two types of enzymes that degrade heparin and HS are the PLs and the GHs
(Section 1.3.1.1). Prokaryote degradation of heparin and HS has primarily been
studied using enzymes derived from Flavobacterium heparinium (Lohse and
Linhardt, 1992; Godavarti and Sasisekharan, 1996, Godavarti et al., 1996; Su et
al., 1996; Shriver et al., 1998; Nader et al., 1999), which belong to PL family §,
12 and 13. This bacterial degradation is achieved by the action of three PLs that
are capable of acting on linkages present in heparin and HS: heparin lyase I
(heparinase I), heparin lyase II (heparitinase IT) and heparin lyase III (heparitinase
IIT) (Lohse and Linhardt, 1992). Heparin lyases from F. heparinium convert
heparin and/or HS to disaccharides through eliminative cleavage of the

glucosamine-uronate linkage (Su ef al., 1996; Godavarti and Sasisekharan, 1996).

1.3.1.1.8.1.3 Chondroitin lyases

Chondroitin lyases are synthesised by a number of bacterial species that degrade
GAGs, namely chondroitin, and belong to PL family 8 as they share significant
sequence homology with a number of bacterial hyaluronate lyases. For example,
chondroitin lyases include the chondroitin AC lyase and B lyase from F.
heparinium (Tkalec et al., 2000; Huang et al., 2001), two distinct chondroitin
sulphate ABC lyases I and Il from Proteus vulgaris (Hamai et al., 1997; Huang et
al., 2003), chondroitin lyases I and II from Bacteroides thetaiotaomicron (Linn et

al., 1983) and the chondroitin AC lyase from Arthrobacter aurescens (Lunin et
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al., 2004). Chondroitin lyases cleave the 3-1,4-galactosaminidic bonds between
N-acetylgalactosamine and either D-glucuronic acid or L-iduronic acid and are
therefore capable of degrading a variety of GAGs, specifically chondroitin-4-
sulphate and chondroitin-6-sulphate, but also DS and HA (Tkalec et al., 2000).

1.3.1.2 Carbohydrate-binding modules

The vast majority of modular PCW hydrolases, such as cellulases and
hemicellulases, often comprise of a catalytic module joined to non-catalytic
modules by linker sequences. The most common non-catalytic modules associated
with PCW degrading enzymes are CBMs (Warren, 1996). Similar to the GHs,
CBMs are grouped into 39 families to date (Henrissat and Coutinho, 2000; CAZy
server). Interestingly, unlike the GHs, CBMs appear to form families with all
members originating from enzymes of either bacterial or fungal origin. Family
one contains only fungal and algal CBMs, family 29 contains a fungal CBM,
whereas all other families contain exclusively bacterial CBMs (CAZy server). The
rationale for this strict separation is unclear, as it is known that lateral transfer of
DNA encoding catalytic domains is relatively common between bacteria and

fungi (Tomme et al., 1995b).

The majority of functional CBMs show affinity for cellulose, which were
previously designated as cellulose-binding domains (CBDs). CBDs exist not only
in fungal and bacterial cellulases, but also in xylanases, an arabinofuranosidase, a
pectate lyase and two acetyl esterases (Kellet ef al., 1990; Ferreira et al., 1993;
Brown et al., 2001; Linder and Teeri, 1997). Some CBMs bind xylan and were
thus previously designated as xylan-binding domains (XBDs; Black et al., 1995;
Dupont et al., 1998; Simpson et al., 1999; Kuno et al., 2000). Some CBMs,
although preferentially interacting with xylan, show broad ligand-specificity, with
affinity for both amorphous cellulose as well as xylan (Sun et al., 1998; Fernandes
et al., 1999; Abou Hachen et al., 2000). All CBMs that bind to xylan have so far
been found in xylan degrading enzymes but not cellulases, including several
xylanases from different origins, an acetyl xylan esterase and an
arabinofuranosidase (Dupont et al., 1998; Simpson et al., 1999; Kuno et al., 2000;
Sunna et al., 2000).
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Distinct families contain variable numbers of CBMs. The CBM families and
representatives of each family involved in cellulose and/or hemicellulose binding
are given in Table 1.4. CBM6, comprising 49 members, are found in bacterial
GHs, including xylanases, cellulases, a-1,6-mannanases, acetylxylan esterases,
cellodextrinases, 3-1,3-glucanases and a-agarases. In addition, it should be noted
that sequence alignment has revealed the presence of subfamilies in families 2, 3,

4, and 22.

Discrete CBMs are also found in enzymes that act on other insoluble
polysaccharides, such as starch and chitin, suggesting that their presence offers
significant advantages in the degradation of these insoluble substrates (Coutinho
and Reilly, 1993; Blaak and Schrempf, 1995).

1.3.1.2.1.1 Other non-catalytic modules

Although CBMs are by far the most common ancillary modules of GHs,
additional non-catalytic modules that include dockerin domains, S-layer-like
(SLH) domains and fibronectin type III (Fn3) domains are also present in some
GHs. It has been proposed that the SLH domains anchor bacterial hydrolases to
the microbial cell surface (Fujino et al., 1993; Lemaire et al., 1998). Fn3 domains
may fulfil a linker function, as they are generally located between a catalytic
module and a CBM (Hansen, 1992; Little et al., 1994). Alternatively, these
domains may be involved in protein-protein or protein-cell interactions within
PCW polysaccharide degrading systems (Tomme ef al., 1995a). Dockerin
domains of glycanases from C. thermocellum are involved in the assembly of the

cellulosome (Carvatho et al., 2003).

1.3.1.2.1.2 Linker sequences

Individual domains in modular GHs are generally joined by linker sequences that
are rich in hydroxyl amino acid residues (Gilkes ef al., 1991). These linkers
generally consist of repeats of either proline and threonine, serine or glycine
residues and appear to have a relatively extended and flexible structure (Srisodsuk
et al., 1993; Tomme ef al., 1995a). Furthermore, they are often glycosylated to
protect against proteolysis (Coggins, 1991).
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The precise role of linker sequences is unclear, however, their widespread
occurrence indicates that they are important in enzyme function. It has been
demonstrated that the linker region of C. japonicus Xynl0A is essential for the
activity of the enzyme against cellulose/hemicellulose complexes (Black et al.,
1996). The most likely explanation for the role of linkers is that they provide the
catalytic module with the conformational freedom it requires to work efficiently

while it is anchored to its substrate by the CBM (Black et al., 1996).
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1.4 Research objectives

1.4.1 Family 6 CBM

Recently, the X-ray crystal structure of a family 6 CBM from Clostridium
thermocellum (CtCBM6) was solved, enabling the rational design of site-directed
mutagenesis (SDM) experiments to identify key residues involved in substrate
binding. In conjunction with this novel structural data and previously reported
results (Fernandes ef al., 1999), the overall aim of this study is to investigate the
interaction between CtCBMBS6 and its ligands. A site-directed mutagenesis
approach was used to investigate the role of key amino acids in defining ligand

specificity.

Specific objectives of this study are as follows:

1. To confirm the ligand specificity of Cf{CBM6.

2. To investigate the affinity of C:CBM6 for various soluble ligands and to
determine the thermodynamic forces driving ligand binding.

3. To use SDM informed by the crystal structre of CtCBMG6 to dissect the
functional significance of residues at the interacting surface.

4. To understand the structural basis for changes in affinity of selected
mutants obtained in (3) and to identify the cleft used by Cf*CBM6 in
substrate binding.

1.4.2 Family 69 GH

It is apparent from a review of the literature regarding family 69 hyaluronidases
that there remain lots of unanswered questions concerning their mode of action,
the elucidation of the 3D structure and identification of key catalytic residues
within the active site to further understand the ligand specificity and
protein/ligand interactions of this family of enzymes. Since the complete genome
sequence of S. pyogenes SF370 was published (Ferretti et al., 2001),
approximately 109 ORFs encoding proteins involved in carbohydrate metabolism
could be identified, including enzymes involved in hyaluronan degradation.

Hyaluronidases from S. pyogenes SF370 have been shown to be human virulence
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factors (Hynes and Walton, 2000). Therefore, three putative hyaluronidases from
S. pyogenes SF370 (ORFs HylP1, HylP2 and HylP3) and belonging to a novel
family of GHs, for which no structural or mechanistic data is known, were cloned

and biochemically characterised.

Specific aims of this study are as follows:
1. To clone, express and purify ORFs HylP1, HylP2 and HylP3 from S.
pyogenes SF370, encoding putative hyalronidases.
2. To biochemically characterise HylP1, HylP2 and HylP3.
3. To identify the mode of action of HylP1, HylP2 and HylP3.
4. To crystallise and obtain X-ray diffraction data for HylP1, HylP2 and
HylP3, which is pivotal to 3D structure determination.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

The chemicals, enzymes and kits used throughout this study are listed in
Appendix A. Unless otherwise stated, all solutions and buffers were made up with
18.2 MQ H,O purified using a Milli —Q Plus 185 water purification system, and
stored at room temperature. For all molecular biology protocols, Sambrook and

Russell (2001) was used as a general reference.

2.1.2 Reaction vessels and equipment

A list of reaction vessels and equipment used in this study can be found in

Appendix D.

2.1.3 Media

Unless otherwise stated, all media were prepared using distilled water, and
sterilised by autoclaving as detailed in section 2.2.1.1. Liquid media were stored
at room temperature, and solid media at 4 °C. All adjustments to the pH of

solutions are stated under the list of components, and were achieved using HCI1 or

NaOH.
2.1.3.1 Liquid media

2.1.3.1.1 LB (Luria-Bertani) broth

Per L

Tryptone 100 g
Yeast extract 50g
NaCl 100¢g
pH 7.0

2.1.3.1.2 NZY Enrichment broth
Per L
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NZ Amine (casein hydrolysate) 100 g

Yeast extract 50¢g
NaCl 50¢g
MgS04.7H,0 20¢g
pH 7.5

2.1.3.1.3 NZY" Enrichment broth

NZY" broth was used for the recovery of transformed chemically competent cells.
The broth was made by the addition of 0.45 ml of supplement (stored at 4 °C) to
10 ml of NZY broth using sterile vessels and pipette tips.

NZY (supplement)

Per 45 ml

1 M MgClL,.6H,0O 12.5ml
1 M MgS0..7H,0 12.5 ml
20 % (w/v) D-(+)-Glucose 20.0 ml

Filter sterilised.

2.1.3.1.4 Seleno-L-Methionine broth
Seleno-L-Methionine (Se-Met) broth was used for the production of Seleno-L-

Methionine containing HylP1, HylP2 and HylP3 having been transformed into the
methionine auxotroph Escherichia coli B834 (DE3).

All components were prepared fresh on day of use and filter sterilised, using
Whatman filters 0.2 pum, except the MgSO,4 and M9 Salts, which were autoclaved
prior to use (Section 2.2.1.1).

Per L

1 M MgS04.7H,0 2.0 ml
20 X M9 Salts 100.0 ml
12.5 mg ml”' FeS04.7H,0 2.0 ml
40 % (w/v) D-(+)-Glucose 10.0 ml
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4mg ml” Amino acid mix I

4mg ml”" Amino acid mix II

1 mg ml” Vitamin mix

10 mg ml” Seleno-L-methionine

M9 Salts

PerL

NH4C1 200¢g
KH,PO4 60.0¢g

NaHPO4 120.0 g

Amino Acid Mix I
Per 10 ml

Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamic acid
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Proline
Serine
Threonine

Valine

Amino Acid Mix II
Per 10 ml

Phenylalanine

Tryptophan

40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg
40.0 mg

40.0 mg
40.0 mg
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Tyrosine 40.0 mg

Vitamin Mix

Per 1 ml
Riboflavin 1.0 mg
Niacinamide 1.0 mg

Pyridoxine monohydrochloride 1.0 mg

Thiamine 1.0 mg
2.1.3.2 Solid media

2.1.3.2.1 LB agar

For the preparation of agar plates LB media was supplemented with the following.

Per 100 ml
Agar (bacteriological agar N° 1) 20¢g

Agar was then made soluble by autoclaving the media (Section 2.2.1.1), and

poured into Petri dishes when the media had cooled to less than 55 °C.
2.1.3.3 Selective media

2.1.3.3.1 Antibiotics and other supplements

For antibiotic selection, appropriate volumes of stock solutions were added to
liquid media that had been cooled to less then 55 °C. The composition of the stock
solutions and final concentration used in the media are given in Table 2.1.
Isopropylthio-B,D-galactoside (IPTG) was added to strains of E. coli carrying the
lacI® and lacO regions in the plasmid only, or in the plasmid and the bacterial
genome to induce transcription of the recombinant gene. IPTG (100 mM; 24 mg
ml™) stock dissolved in 18.2 MQ H,0) was added to liquid media to a final
concentration of 1.0 mM (240 pg mlI™). 5-bromo-4-chloro-3-indoyl-B-D-
galactoside (X-GAL; 40 mg ml™! stock dissolved in dimethyl formamide) was
added to liquid media, to detect the insertional inactivation of the 3-galactosidase

gene, to a final concentration of 80 ug ml™”.
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Antibiotic Stock Working Solvent Storage
concentration | concentration

Ampicillin 10 mg mI” 100 pgml” | 182MQH,0 | 4°C for
less than 7
days or —
20 °C
Kanamycin 10 mg ml™ 50 pg ml” 182MQH,O| —-20°C

Tetracycline 12.5 mg ml” 12.5 ugml” | 50 % Ethanol | —20°C

Table 2.1: Stock concentrations and final concentrations of antibiotics in media.

2.1.3.3.2 Blue/white selection

For the detection of recombinant plasmids in pGEM®-T Easy through insertional
inactivation of the -galactosidase gene, LB agar previously supplemented with
ampicillin (Section 2.1.3.3.1) was also supplemented with IPTG and X-GAL. The
stocks were then diluted to the appropriate concentration in the media (Section

2.1.3.3.1).

2.1.4 Cryogenic storage of bacterial stocks
Bacterial stocks were created by mixing 0.5 ml of the culture broth with 0.5 ml of

50 % (v/v) glycerol. These stocks were then stored at —80 °C.

Per 100 ml
100 % (v/v) Glycerol 50.0 ml

2.1.5 Bacterial strains and plasmids

All bacterial strains were maintained at —80 °C in 25 % (v/v) glycerol, and were
used as detailed in Table 2.2. Furthermore, every month, bacterial stocks of E. coli
XL1-Blue, X1.10-Gold and BL21 (DE3) were streaked (using a sterile wire loop)
onto an agar plate supplemented with the appropriate antibiotic (if any). After
growth at 37 °C overnight, the plate was stored at 4 °C for 1 month. This
precaution was taken to ensure bacterial stocks were not contaminated, and
provide a re-inoculum in the event of a stock becoming contaminated. The

restriction maps for the vectors used in this study are given in Appendix B.
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E. coli Characteristics Application | Reference/
strain/Vector Supplier
XL1-Blue recAl endAl gyrA96 | Cloning host | Bullock et
thi-1 hsdR17 supE44 al., 1987
relAl lac [F’ proAB /Stratagene
lacPZAMI15 Tnl0
(Tet)]

XL10-Gold | Tet" A (mcrd) 183 A | Cloning host | Bullock et
(mcrCB-hsd SMR- al., 1987
mrr) 173 endAl /Stratagene
supE44 thi-1 recAl
gyrA96 relAl lac Hte
[F’ proAB
lacPZAM15 Tnl0
(Tet") Amy Cam®]

One Shot™ F mcrA A (mrr- Cloning host | Invitrogen

TOP10 hsdRMS-mcrBC) Corp.
080lacZAM15
AlacX74 deoR recAl
araD139 A(ara-
leu)7697 galU galK
rspL endAl nupG
BL21 (DE3) | FompT hsdSp(rgmp) | Expression Studier et
gal dem (DE3) host al., 1986
/Novagen
B834 (DE3) | FompT hsdSp(rsmp) | Expression Novagen
gal dem met (DE3) host
(recombinant
protein
lacking
methionine)
pGEM®-T Amp', T7 lacZ Cloning Promega
Easy vector
pCR®-Blunt | Kan', Zn", T7 lacZo- Cloning Invitrogen
ccdB vector Corp.
pET-21a Amp', T7 lac, lacl? Expression Novagen
vector
pET-22b Amp', T7 lac, lacl® Expression Novagen
vector
pET-28a Kan', T7 lac, lacl® Expression Novagen
vector

Table 2.2: Bacterial strains and plasmids used in this study.

2.1.6 Molecular biology chemicals, enzymes and Kkits
2.1.6.1 Agarose gel electrophoresis

2.1.6.1.1 TAE Running buffer (50 x stock)
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Per L

Tris-HCI 2420 ¢
17.51 M Glacial acetic acid 57.1 ml
0.5 M EDTA pH 8.0 100.0 ml

This buffer was diluted to 1 x by a 1:50 dilution prior to use in the preparation of

agarose gels and use as reservoir buffer in gel tanks.

2.1.6.1.2 Bromophenol blue (6 x) sample loading buffer

Per 10 ml
Bromophenol blue 0.025¢g
Sucrose 4.000 g

This buffer was diluted to 1 x with the sample prior to loading on an agarose gel.

2.1.6.1.3 Size Standards

Agarose gel size standards were diluted to a concentration of 1 pg/12 pl prior to
loading on a gel. Three standard mixes were used, a 1 kb DNA ladder (10, 8, 6, 5,
4,3,2,1.5,1, 0.5 kb), a 100 bp DNA ladder (1500, 1000, 900, 800, 700, 600, 500,
400, 300, 200, 100 bp) and lambda DNA / Hind III digest (23130, 9416, 6557,
4361, 2322, 2027, 564, 125 bp).

2.1.6.1.4 Ethidium bromide

This chemical was used diluted 1:1000 prior to use from an original concentration

of 10 mg m1™ to a working concentration of 10 pg m1™.
2.1.6.2 General use chemicals

2.1.6.2.1 TE buffer

Per L

0.5 M Tris-HC1 pH 7.5 20.0 ml
0.5 M EDTA pH 8.0 2.0ml
pH 7.5
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2.1.6.2.2 Crude plasmid preparation buffer (STETS buffer)

Per L

Sucrose 80.0¢g
Triton X-100 50.0 ml
0.5 MEDTA pH 8.0 100.0 ml
Tris-HCl 6.06g
pH 8.0

2.1.6.2.3 FSB (Transformation solution)

Per 100 ml

1 M Potassium acetate pH 7.5 (pH adjusted with acetic acid) 1.0 ml
MnCl,.4H,O 890.0 mg
CaCl,.2H,0 150.0 mg
KCl 750.0 mg
Hexaamminecobalt chloride 80.0 mg
100 % (v/v) Glycerol 10.0 ml

The solution was then adjusted to pH 6.4 using HCI only (no readjustment with
base), and topped up to 100 ml using 18.2 MQ H,O. Finally, the solution was
filter sterilised and stored at 4 °C.

2.1.6.3 Kits

The molecular biology kits employed in this study are detailed in Table 2.3. All
kits and components were stored at room temperature, except the cell re-

suspension buffer of plasmid purification kits, which was maintained at 4 °C.

Kit Application
NucleoSpin® Plasmid Purification of recombinant plasmids
NucleoSpin® Extract 2 in 1 Purification of PCR products and

some restriction enzyme digests.
Agarose gel purification of DNA
bands.

Table 2.3: Molecular biology kits and applications.

For a list of components of each kit, refer to Appendix AS5.
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2.1.6.4 Enzymes

All enzyme buffers and reaction co-constituents were maintained at — 20 °C, in 50

% (v/v) glycerol. A list of general enzymes used in this study is shown in Table
2.4. However, a full list of all enzymes and constituents of reaction buffers is in

Appendix A3.

Enzyme (stock concentrations) | Co-constituents

Pfu DNA polymerase (3 U ul™") | Reaction buffer (1 x): 10 mM KCl,
10 mM (NHg);SO4, 20 mM Tris-
HCI pH 8.8, 2 mM MgSOQOy4, 0.1 %
Triton® X-100, 0.1 mg ml"' BSA
Platinum® Pfx DNA polymerase | Amplification buffer (1 x):

(2.5U0 plh) Patented

Tag DNA polymerase (5 U ul™") | Reaction buffer (1 x): 10 mM Tris-
HC1 pH 9.0, 1.5 mM MgCl,,
50mM KCl, 0.1 % Triton® X-100

Restriction enzymes: BamH I, A list of buffer constituents used
EcoR 1, EcoR V, Hind 111, Nde 1, | for each restriction enzyme is
Sall, Xho 1 given in Appendix A3

RNase (10 mg ml™) Added to Elution Buffer: 10 mM

Tris-HCl pH 7.5, 1 mM EDTA,
100 pg ml™ RNase

Alkaline phosphatase (Calf Reaction buffer (1 x): 50 mM Tris-

intestinal) HCl1 pH 9.3, 1 mM MgCl, 0.1
mM ZnCl,, | mM spermidine

T4 DNA ligase (133 U ul™) Ligation buffer (1 x): 50 mM Tris-

HCI pH 7.5, 10 mM MgCl,, 10
mM DTT, 1 mM ATP, 25 pg mi’

BSA
Lysozyme (Hen egg white; 10 Used unbuffered
mg ml'l)
Dpn I Restriction enzyme (10 U | Used unbuffered
-1
pl)

Table 2.4: Enzymes and co-constituents.

2.1.7 Primer Sequences

2.1.7.1 Creation of CrCBM6 mutants

The primer sequences given in Table 2.5 were used for the construction of site-
directed mutants. Mutagenic primers were designed such that the sequence of
bases either side of the mutated base was fully complementary to the sense and

antisense strands of wild type CtCBM6.
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2.1.7.2 For amplification of HylP1, HylP2 and HylP3

The primer sequences given in Table 2.6 were used for the amplification of

HylP1, HylP2 and HylP3.

2.1.8 Vectors
For use in the cloning of PCR products, pGEM®-T Easy and pCR®-Blunt were

used, and for the subsequent expression of cloned open reading frames pET-21a,

pET-22b, and pET-28a (Table 2.2) were used. Restriction maps of the multiple

cloning regions of the stated vectors are provided in Appendix B.

2.1.9 Solutions, resins and buffers for protein analysis and purification

2.1.9.1 SDS - PAGE chemicals

2.1.9.1.1 12 % Acrylamide resolving gel components

40 % (v/v) solution (37.5:1 acrylamide: bisacrylamide) 3.0ml
Solution B* 2.5ml
18.2 MQ H,0O 4.5 ml
10 % (w/v) Ammonium persulphate 50 pl
TEMED 10 ul
*Solution B

Per 100 ml

2 M Tris-HCl pH 8.8 75 ml

10 % (w/v) SDS 4 ml

4% Acrylamide stacking gel components

40 % (v/v) solution (37.5:1 acrylamide: bisacrylamide) 0.5 ml
Solution C* 1.0 ml
18.2 MQ H,O 2.5ml
10 % (w/v) Ammonium persulphate 30 ul
TEMED 10 ul
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*Solution C

Per 100 ml
1 M Tris-HCl pH 6.8 50 ml
10 % (w/v) SDS 4 mi

2.1.9.1.2 15 % Acrylamide resolving gel components
40 % (v/v) solution (37.5:1 acrylamide: bisacrylamide) 3.75 ml

Solution B* 2.50 ml
18.2 MQ H,O 3.75 ml
10 % (w/v) Ammonium persulphate 50 ul
TEMED 10 wl
*Solution B

Per 100 ml

2 M Tris-HC1 pH 8.8 75 ml

10 % (w/v) SDS 4 ml

4% Acrylamide stacking gel components

40 % (v/v) solution (37.5:1 acrylamide: bisacrylamide) 0.5 ml

Solution C* 1.0 ml
18.2 MQ H,O 2.5ml
10 % (w/v) Ammonium persulphate 30 ul
TEMED 10 pl

*Solution C

Per 100 ml
1 M Tris-HCl1 pH 6.8 50 mi
10 % (w/v) SDS 4 mi

2.1.9.1.3 SDS - PAGE running buffer 10 x (Stock)

Running buffer was made up at 10 x stock concentration and diluted 1:10 before

use.

Per L
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Tris-HCl 303¢g
Glycine 1440 ¢
SDS 100g

The pH of the Tris-HCl and glycine was adjusted to 8.8 in a volume of ~900 ml
prior to the addition of SDS.

2.1.9.1.4 SDS - PAGE sample buffer

Per 10 ml

60 mM Tris-HC1 pH 6.8 0.6 ml
50 % (v/v) Glycerol 5.0 ml
10 % (w/v) SDS 2.0 ml
14.4 mM B-Mercaptoethanol 0.5ml
1 % (w/v) Bromophenol blue 1.0 ml

Stored at —20 °C in 0.5 ml aliquots.

2.1.9.1.5 Solublising SDS - PAGE sample buffer

Per 10 ml

SDS - PAGE sample buffer 7.6 ml
Urea 24¢g
Stored at 4 °C.

2.1.9.1.6 Protein size standards

High molecular weight range (M.W. 36, 45, 55, 66, 84, 97, 116 and 205 kDa)
Low molecular weight range (M.W. 20, 24, 29, 36, 45 and 66 kDa)

Lyophilised standards were reconstituted with 100 pl of 18.2 MQ H,0 to give a
final concentration of ~2.0-3.5 mg m1”, which was aliquoted into 4 pl amounts
and stored at —20 °C. Refer to Appendix A4 for a list of proteins used to produce
the appropriate sized bands.

2.1.9.1.7 Coomassie blue gel stain solution
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PerL

Coomassie Blue R-250 1.0g
Acetic acid (Glacial) 100.0 ml
Methanol 450.0 ml

2.1.9.1.8 Coomassie gel destain solution

Per L
Acetic acid (Glacial) 100.0 ml
Methanol 100.0 ml

2.1.9.2 Affinity Gel Electrophoresis (AGE) chemicals

2.1.9.2.1 7.5 % Continuous native PAGE components

40 % (v/v) solution (37.5:1 acrylamide: bisacrylamide) 1.88 ml

Non-denaturing gel buffer (10 x) 1.00 ml
18.2 MQ H,O 6.06 ml
10 % (w/v) Ammonium persulphate 50.0 pl
TEMED 10.0 pl

The above solution was then gently mixed and divided into two, where 1 ml of a 1

% (w/v) ligand solution was added, or 1 ml 18.2 MQ H,0O was added as a control.

2.1.9.2.2 Protein standard

Bovine serum albumin (BSA) was run on affinity gels as a protein control
standard. BSA was made up at a stock concentration of 2.5 mg ml” in sterile 18.2
MQ H,0 and was then diluted 1:1 with loading buffer to give a final

concentration of 1.25 mg ml™".

2.1.9.2.3 Non-denaturing running buffer 10 x (Stock)

Running buffer was made up at a 10 x stock concentration and diluted 1:10 before

use.
Per L

Tris-HC1 3028 g
Glycine 187.75 ¢
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pH 8.3

2.1.9.2.4 Non-denaturing loading buffer

Per 10 ml

10 % (v/v) Glycerol 9.0 ml
10 x Non-denaturing gel buffer 1.0 ml
Bromophenol Blue 0.0005 g

2.1.9.3 Polyacrylamide gel electrophoresis (PAGE) analysis chemicals

2.1.9.3.1 15.5 % Continuous native PAGE components

40 % (v/v) solution (37.5:1 acrylamide: bisacrylamide)
10 x TBE buffer

18.2 MQ H,O

10 % (w/v) Ammonium persulphate

TEMED

2.1.9.3.2 Alcian Blue stain

Per L
Alcian Blue GX8 05g

2.1.9.3.3 Silver stain reagents

Oxidation step

Per L

Potassium dichromate 1.0g
0.0032 N Nitric Acid 0.2ml

Silver stain
Per L
Silver nitrate 204 ¢

Image developer solution

Per L
Sodium Carbonate 29.68 ¢
100 % (v/v) Formaldehyde 0.5 ml

9.69 ml
2.50 ml
12.66 ml
125.0 ul
25.0ul
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Termination step
Per L
100 % (v/v) Glacial acetic acid 10 ml

2.1.9.3.4 Tris-Borate-EDTA (TBE) buffer 10 x (stock)

Per L

Tris-HCI 121.1¢g
Boric Acid 61.83 ¢
EDTA 372¢g
pH 8.3

2.1.9.3.5 PAGE sample buffer

Per 10 ml
Sucrose 6.85¢g
10 x TBE buffer 1.0ml

2.1.9.3.6 PAGE tracking dye

Per 10 ml

1 % (w/v) Bromophenol blue 50 ul
Sucrose 1.03 g
10 x TBE buffer 1.0 ml

2.1.9.4 Protein purification

2.1.9.4.1 Periplasmic cell resuspension buffer (post-induction)

Per L

Sucrose 2000 g
Tris-HCI 6.06 g
pH 8.0

2.1.9.4.2 Cell resuspension buffer (post-induction)
Per L
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HEPES 477¢g

NaCl 2922 ¢
Imidazole 0.68¢g
pH 7.4

If the recombinant protein had been expressed in E. coli B834 (DE3), 1 mM §-

mercaptoethanol (final concentration) was added to the cell resuspension buffer.

2.1.9.4.3 Purification resins

Affinity purification resin:

Talon™ Metal Affinity resin

Chelating Sepharose™ Fast Flow resin

Gel filtration resin:

Superdex 200 prep grade

Buffer exchange resin:

Sephadex™ G-25 medium

All resins were stored in 20 % (v/v) ethanol.

2.1.9.4.4 Talon™ affinity purification buffers (Gravity flow)

Prior to loading the periplasmic fraction, CxCBM6 wild type was conditioned by
the addition of the following components (the result was equivalent

concentrations in the load material and wash buffer):

Per 10 ml of periplasmic fraction:

Tris-HCl 0.024 g
NaCl 0.058 ¢
Wash buffer

Per L

Tris-HC1 242 ¢
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Na(Cl

pH 8.0

Elution buffer
Per L
Tris-HC1
NaCl

Imidazole

pH 8.0

2.1.9.4.5 Ni*" affinity purification buffers (Gravity flow)

Start buffer
PerL
Na;HPO,
NaCl

Imidazole

pH 7.4

Wash buffer
PerL
Na;HPO4
NaCl

Imidazole

pH 7.4

Elution buffer
Per L
Na;HPO4
NaCl

Imidazole

584¢g

242 ¢
584 ¢
6.80 g

2.84¢g
292¢g
0.68 g

284 ¢g
292¢
6.80 g

284 ¢g
292¢g
340¢g

66



pH 7.4

2.1.9.4.6 Ni*" affinity purification buffers (Automated purification, gradient
flow)

Solution A:

Per L

HEPES 4.77¢

NaCl 2922 ¢

Imidazole 0.68¢g

pH 7.4
Solution B:
Per L

Imidazole 68.0g

pH 7.4

2.1.9.4.7 Gel filtration buffers

Per L

HEPES 477 g
CaClL.2H,0O 294 ¢
pH 7.4

If the recombinant protein had been expressed in E. coli B834 (DE3), 10 mM
dithiothreitol (DTT; final concentration) was added to the gel filtration buffer.

2.1.9.4.8 Buffer exchange buffers (Post-gel filtration)

This was achieved either using 10 kDa concentrators or PD-10 columns.
For gel filtration:

Per L

HEPES 4.77¢g
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CaCl,.2H,0 294 ¢

pH 7.4

For crystallisation:

Per L

HEPES 238¢g
CaChL.2H,0O 735¢g
pH 7.4

If the recombinant protein had been expressed in E. coli B834 (DE3), 10 mM or 1
mM DTT (final concentration) was added to the buffers, respectively.

2.1.9.5 Dialysis

Dialysis of proteins or substrates was achieved in cellulose membrane tubing (size
25 mm x 16 mm; retains > 90 % Cytochrome C (M.W. 12 400 Da); Sigma) and
secured with dialysis tubing closures (gripping length 50 mm; Sigma).

Purified CtCBM6 wild type and mutant proteins were dialysed against 3 x 8 L:
Dialysis buffers

Per L

NaH;PO4 69¢g

pH7.0

Sodium hyaluronate, soluble oat spelt and birchwood xylans were dialysed against

182 MQ H,0 3x41L).

2.1.9.5.1 Preparation of dialysis tubing

The dialysis tubing was cut into pieces of convenient length and boiled for 10 min
in a large volume of 18.2 MQ H,0. From this point onward, the tubing was
always handled with gloves. The tubing was then rinsed thoroughly inside and out
with 18.2 MQ H,O and once cool, was then stored at 4 °C in 18.2 MQ H,O.
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2.1.9.6 DNSA reagents

Per L

3,5-Dinitrosalicylic Acid 100g
Phenol 20g
NaOH 100¢g

Per 10 ml
Sodium sulphite 05¢g

Per 10 ml
Glucose 20g

2.1.9.7 Protein crystallisation screens

The solutions used to screen for crystal development are given in Appendix C.

2.1.9.8 Reagents for Bradfords assay
BSA was made at a concentration of 10 mg ml” and stored at —20 °C, for
subsequent dilution for assays. Bradford Reagent (Brilliant blue G in phosphoric

acid and methanol) was stored at 4 °C.

2.1.10 Substrates

Soluble plant structural polysaccharides were used in qualitative AGE (Table 2.8)
and made up at a stock concentration of 1 % (w/v) in sterile 18.2 MQ H»O and
used at a final concentration of 0.1 % (w/v). Quantitative AGE was also carried
out in the presence of a range of oat spelt xylan concentrations from 0.005 — 1.0

mg ml™.

Soluble plant structural oligosaccharides and polysaccharides were used in
isothermal titration calorimetry (ITC; Table 2.8) and made up at stock
concentrations of 5-30 mM and 2-4 mg ml”, respectively, in 50 mM sodium

phosphate buffer, pH 7.0.
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Polysaccharide/oligosacchride ITC

Apple pectin
Barley B-glucan
Birchwood xylan
Carboxymethylcellulose
Carobgalactomannan
CM-Pachyman
Hydroxyethly cellulose
Lime pectin
Locust bean galactomannan
Methylcellulose
Oat spelt xylan
Pectin galactan
Potato galactan
Rhamnogalacturonan
Rye arabinoxylan
Sugar beet arabinan
Wheat arabinoxylan
Xylose (X))
Xylobiose (X3)
Xylotriose (X3)
Xylotetraose (X4)
Xylopentaose (Xs)
Xylohexaose (Xs)
Cellopentaose (Gs)
Cellohexaose (Ge)

PUPK PR PR KK KK K R K K X K XK X XD

MR R X X X

Table 2.8: Plant structural polysaccharides and oligosaccharides used in AGE and
ITC.

Soluble sodium hyaluronate was used in DNSA assays and made up at stock
concentrations of 4.33, 3.0 and 2.66 mg m1” in sterile 18.2 MQ H,O and used at a
final concentration of 4.0, 2.66 and 2.0 — 0.5 mg ml?, respectively.

2.1.10.1 Preparation of xylan fractions

Soluble and insoluble fractions of oat spelt xylan and birchwood xylan were
prepared as described by Ghangas et al. (1989). Oat spelt xylan or birchwood
xylan (20 g) was resuspended in 200 ml 18.2 MQ H,0, the pH adjusted to 10.0
with 1 M NaOH, and stirred for 1 h at room temperature. To neutralise the
solution, 1 M acetic acid was added until the pH was 7.0 and the soluble and
insoluble fractions were separated by centrifugation at 10 000 x g, at room
temperature for 10 min. The supernatant was decanted and dialysed three times in
4 L 18.2 MQ HO (Section 2.1.9.5) overnight, frozen at — 80 °C, lyophilised

(Section 2.1.2) and stored at room temperature for future use. The insoluble pellet
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was resuspended in 200 ml 18.2 MQ H,O and centrifuged at 10 000 x g for 10
min, before being washed several times again with 18.2 MQ H,0. The washed
insoluble xylan was then frozen at — 80 °C, lyophilised (Section 2.1.2) and stored

at room temperature for future use.

2.1.10.2 Preparation of dialysed sodium hyaluronate

Sodium hyaluronate was prepared in the presence of the metal ion chelator
EDTA. Sodium hyaluronate (1 g) was added to 100 ml 18.2 MQ H,O and
autoclaved (Section 2.2.1.1). This solution was then stirred for 5 h at room
temperature with 50 mM EDTA, pH 8.0. Precipitates were then removed by
centrifugation for 15 min at 14 000 x g and supematants were subsequently
dialysed three times in 4 L 18.2 MQ H,O (Section 2.1.9.5) overnight. The
dialysed substrate was then aliquotted in 20 ml volumes into Petri dishes, frozen
at —-20 °C, lyophilised (Section 2.1.2) overnight and stored at room temperature
for future use. Prior to kinetic analysis, the substrate was resuspended in 18.2 MQ

H,0.
2.2 Methods

2.2.1 Microbiology methods

2.2.1.1 Sterilisation

Unless stated otherwise, all solutions and apparatus were sterilised by autoclaving
(Appendix D1) at 121 °C, with a pressure of 1.05 bar for 20 min. Solutions that
could not be autoclaved were filter sterilised through a 0.2 pm Ministart® filter
unit (Sartorius), attached to a suitable sterile syringe (Plastipak®, Becton

Dickinson).
2.2.1.2 Growth of bacteria harbouring plasmids

2.2.1.2.1 Growth of bacteria for standard/crude plasmid purification

E. coli strain XL.1-Blue was grown in 28 ml universals containing 3 ml of LB
media (Section 2.1.3.1.1) or £. coli strain XL.10-Gold was grown in 250 ml
conical flasks containing 50 ml of LB media, supplemented with the appropriate

antibiotic, the resistance gene for which was encoded on the plasmid to be
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purified. The cultures were inoculated from an agar plate, glycerol stock or liquid
culture using a sterile wire loop, and grown overnight at 37 °C with orbital

shaking at 200 rpm.

2.2.1.2.2 Growth of bacteria for starter cultures
E. coli strains XL1-Blue, XL.10-Gold, BL21 (DE3), or B834 (DE3) were grown in

28 ml sterile glass universals containing 5 ml of LB media (Section 2.1.3.1.1)
supplemented with the appropriate antibiotic, the resistance gene for which is
encoded on the plasmid carried by the cells. The cultures were inoculated from an
agar plate, glycerol stock or liquid culture using a sterile wire loop, and grown

overnight at 37 °C with orbital shaking at 150 rpm.

2.2.1.2.3 Growth of bacteria for the expression and subsequent purification
of protein

A starter culture of E. coli BL21 (DE3) was grown as described in section

2.2.1.2.2, and was added at a 1 % (v/v) ratio to a conical flask containing LB

media (Section 2.1.3.1.1) supplemented with the same antibiotic used in the

starter culture. The volume of LB media used depended on the amount of protein

required to perform appropriate biochemical or structural techniques. Table 2.9

shows the three scales of expression used.

Scale of VYolume of LB Size of conical Volume of starter
expression media flask culture added
Small 50 ml 250 ml 0.5ml

Medium 100 ml 500 ml 1.0 ml

Large 1000 ml 2500 ml (Baffled) | 10.0 ml

Table 2.9: Volumes and vessels used in the growth of expression strains.

After addition of the starter, the culture was grown at 37 °C with orbital shaking at

200 rpm until the culture reached an ODggp of ~0.6. The OD of the culture was

checked by transferring 1 ml of culture to a cuvette and reading the OD ina

spectrophotometer previously zeroed with LB media and set to 600 nm. Once at
0.6, the cells were induced by the addition of 1 % (v/v) 100 mM IPTG (Section
2.1.4.3.1). Post induction, the culture was incubated at 30 °C overnight with

orbital shaking at 100 rpm.
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2.2.1.2.4 Growth of bacteria for the expression and subsequent purification

of Se-Met proteins

A starter culture of E. coli B834 (DE3) was grown as described in section
2.2.1.2.2, and was added at a 1 % (v/v) ratio to a conical flask containing 50 ml
LB media (Section 2.1.3.1.1) in a 500 ml conical flask supplemented with the
same antibiotic used in the starter culture. After addition of the starter, the culture
was grown at 37 °C with orbital shaking at 200 rpm until the culture reached an
ODsso of ~0.2. The OD of the culture was checked by transferring 1 ml of culture
to a cuvette and reading the OD in a spectrophotometer previously zeroed with
LB media and set to 550 nm. Once at 0.2, the cells were harvested by
centrifugation at 4 °C for 10 min at 4000 x g and the supernatant discarded. The
pellet was kept on ice while being resuspended with 10 ml Se-Met media (Section
2.1.3.1.4). The resuspended cells were then centrifuged at 4 °C for 10 min at 4000
x g and the process repeated twice more. Once the cells (10 ml) had been washed
three times, this was all used to inoculate the remaining Se-Met media (~ 970 ml)
in a 2.5 L baffled flask. This culture was then grown at 37 °C with orbital shaking
at 200 rpm until the culture reached an ODsso of ~0.6. The OD of the culture was
checked by transferring 1 ml of culture to a cuvette and reading the OD in a
spectrophotometer previously zeroed with Se-Met media (that had been removed
before inoculation) and set to 550 nm. Once at 0.6, the cells were induced by the
addition of 1 % (v/v) 100 mM IPTG (Section 2.1.4.3.1). Post induction the culture
was incubated at 30 °C overnight with orbital shaking at 100 rpm.

2.2.1.3 Plating bacteria

Prior to plating, LB agar plates were surface dried by placing open face down at
65 °C for 10 min. A glass spreader was sterilised by immersion in 70 % (v/v)
ethanol, followed by removal of excess ethanol by passing quickly through a blue
Bunsen flame, and used to spread 50-200 pl of bacterial suspension evenly over
the surface of the agar. When all the liquid had been absorbed into the agar, the
plate was incubated inverted at 37 °C for ~ 16 h.

2.2.1.4 Preparation of chemically competent cells

For all strains of E. coli, chemically competent cells were freshly prepared using

the procedure detailed here and was essentially by the method of Hanahan (1983).
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Firstly, a starter culture was inoculated from an agar plate containing the required
strain of E. coli, and in the case of XL1-Blue and XL10-Gold cells, the starter was
supplemented with tetracycline (Section 2.1.4.3.1). In the case of BL21 (DE3) and
B834 (DE3), no antibiotic was required. After overnight growth, the starter
culture was used to inoculate 50 ml of LB media in a 250 ml conical flask by the
addition of 1 % (v/v) starter. The culture was then allowed to grow at 37 °C with
shaking at 200 rpm up to an ODsso of 0.55 (approximately 2 hours); at this point
the culture was placed on ice for 30 min. After incubation on ice, the culture was
pelleted by centrifugation at 2000 x g for 10 min at 4 °C and the supernatant
discarded. The cell pellet was then re-suspended (by gentle vortex) in 4 ml of ice-
cold FSB solution (Section 2.1.6.2.3), and the cells incubated on ice for a further
15 min, prior to re-centrifugation at 2000 x g for 10 min at 4 °C and rejection of
the supernatant. The cell pellet was re-suspended (by gentle vortex) in 720 pl of
ice-cold FSB solution and 26 ul of DMSO was then added in a drop-by-drop
fashion. The cells were then incubated on ice for a further 15 min prior to the
addition of another 26 pl of DMSO in a drop-by-drop fashion. Finally, the cells
were placed on ice, and at this point XL1-Blue and XL10-Gold cells were ready
to use. However, owing to the fact that transformations into BL21 (DE3) and
B834 (DE3) do not require highest efficiencies, these cells were able to be
aliquoted into 50 pl volumes and snap frozen by submersion in liquid nitrogen for

storage at —80 °C.
2.2.2 DNA Methods
2.2.2.1 General DNA methods

2.2.2.1.1 Site-directed mutagenesis (SDM) protocol

For the amplification of C:CBM6 site directed mutants, a pET-21a clone
containing CtCBM6 was used as a template (pCfXyn11A). Primers were
constructed according to section 2.2.2.2 and are given in Table 2.5. The reaction
for the amplification of the Cf*CBM6 mutants is shown in Table 2.10 and the order
the components appear in the table is the same as the order of addition to the PCR

tube.
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Tube component Volume added Final concentration in
PCR reaction.
Sterile 18.2 MQ H,O 40.5 pl
Forward primer 125 ng pl”’ 1l 2.5 ng pl’
Reverse primer 125 ng pl’! 1wl 2.5 ng pl’
Pfu reaction buffer 10 x Sul 1x
pCtXynllA (ter?plate) 500 ng 1ul 10 ng pl”
pl
dNTPs 25 mM (Each) 0.5 ul 0.25 mM (Each)
Pfu polymerase (3 U pl™) 1 ul 0.06 U pl”

Table 2.10: Reaction components for PCR of site-directed mutants.
For the recipe of Pfu reaction buffer (10 x), refer to Appendix A3. For primer sequences,

refer to Table 2.5.

The Eppendorf MasterCycler™ machine was then programmed to proceed as

shown in Table 2.11.

Temperature (°C) Duration (min : sec) Cycles
95.0 00:30 1
95.0 00:30
55.0 01:00 16
68.0 11:35
10.0 Continuous

Table 2.11: Reaction conditions for PCR of site-directed mutants.

2.2.2.1.2 Polymerase chain reaction (PCR) protocol

For the amplification of HylP1, HylP2 & HvIP3

Primers were constructed (Section 2.1.7.2) so as to anneal to the 5’ and 3’ ends of

the sequence encoding the mature protein. Primers were also designed so as to

provide recognition sites for restriction endonucleases upstream and downstream

of the target sequence. These engineered sites allowed the open reading frame

(ORF) to be inserted into a pET expression vector in the correct frame. Two PCR

products of the same gene were amplified from the genomic DNA of

Streptococcus pyogenes SF370 (ATCC 700294; Ferretti et al., 2001). One

difference between the two PCR products was that one product had a stop site in

the reverse primer; hence the PCR products were named ‘Stop’ and ‘No Stop’.

PCR products generated from a reverse primer containing a stop site were used

for subsequent cloning into pET-28a or pET-22b vectors so that the encoded

products contained an N-terminal Hise tag or no tag, respectively. PCR products
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generated from a reverse primer containing no stop sites were used for subsequent
cloning into pET-22b vector so that the encoded product contained a C-terminal
Hise tag. Also, each PCR product has a different annealing temperature for
amplification. The gene sequences for HylP1 and HylP3 were very similar, thus it
was necessary to amplify HylP1 and HylP3 from the generated larger fragment
using primers that anneal to sequences either side of those genes that were
dissimilar. Once these fragments had been cloned, a second round of PCR to

amplify the specific genes was performed.

The reactions for PCR products ‘Stop’ and “No Stop’ were set up in sterile
microcentrifuge tubes (0.2 ml) as detailed in Table 2.12. Platinum Pfx DNA
polymerase contains a highly thermostable recombinant DNA polymerase from
Pyrococcus sp. strain KOD and anti-Pfx DNA polymerase inhibitor antibodies
(Westfall ez al., 1999). The antibodies keep the Pfx DNA polymerase inactive at
ambient temperatures and thus reduces non-specific product formation. The
inhibition of Pfx DNA polymerase is completely reversed at temperatures in
excess of 65 °C, providing an automatic hot start that increases specificity,
sensitivity, and yield, and allows room temperature assembly. The order the

components appear in the table is the same as the order of addition to the PCR

tube.
Tube component Volume added Final concentation in

PCR reaction.

Sterile 18.2 MQ H,0 40.6 ul

Forward primer 12.5 yM 1l 0.25 yM

Reverse primer 12.5 uM 1 ul 0.25 yM

Pfx reaction buffer 10 x 5l 1x

S. pyogenes SF370 1 /0.5 pl 0.002 pg ul’

genomic DNA (ATCC

700294) 0.1 pg pi! or

HylP1/HylIP3 plasmid

DNA

dNTPs 25 mM (Each) 0.4 pl 0.2 mM (Each)

Pfx polymerase (3 U pl™) 1wl 0.06 U pl”

Table 2.12: Reaction components for PCR.
Recipe for Pfx reaction buffer (10x) is patented. For primer sequences, refer to Table 2.6.

The tubes were then capped and centrifuged briefly to collect the contents. The

Eppendorf MasterCycler™ machine was then programmed to proceed as shown
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in Table 2.13. A gradient PCR protocol was used where the first five cycles of
PCR were carried out at the primary annealing temperature and the subsequent 25
cycles of PCR were carried out at the secondary annealing temperature. The
primary annealing temperature was calculated to be 5 °C lower than the lowest 7,
of the primer pair (excluding the restriction site). The secondary annealing
temperature was calculated to be 5 °C lower than the lowest T;, of the primer pair
(including the restriction site). The primary and secondary annealing temperatures

for the ‘Stop’ and “No Stop” PCR products of each gene are given in Table 2.6.

Temperature (°C) Duration (min: sec) Cycles

94.0 02:00 First denaturation
94.0 00:15 5

1° annealing temperature 00:30
68.0 02:00
94.0 00:15 25

2° annealing temperature 00:30
68.0 02:00
68.0 10:00 Final extension
10.0 Continuous

Table 2.13: Reaction conditions for PCR.
Refer to Table 2.6 for primary and secondary annealing temperatures for each gene to be
amplified.

After the PCR reactions had cooled to 10 °C, a 10 ul aliquot was removed and
analysed by agarose gel electrophoresis (Section 2.2.2.1.4) to check if the

amplification had been successful.

2.2.2.1.3 Restriction digests

All restriction endonuclease (New England Biolabs) digests were performed
according to the manufacturers instructions. Unless otherwise stated, each pg of
DNA was cut with 5 Units of enzyme at 37 °C for > 1.5 h. Heat inactivation was
carried out at 65 °C for 10 min when required. BSA was added to the reaction mix
at a final concentration of 0.1 mg ml”, and the appropriate reaction buffer
(Appendix A3) was also added to a final concentration of 1 x. Care was taken
when preparing digests that the glycerol concentration did not exceed 10 % in the

final reaction, in case enzyme specificity was affected.
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Digests with two or more restriction enzymes were carried out simultaneously if
the enzymes had high enough (> 50 %) activity in the same buffer. If the enzymes
needed different buffers, then they were added sequentially. After ~ 1.5-2 h at 37
°C, the enzyme was then heat inactivated and the restriction digest was purified to
remove the buffer using a NucleoSpin® Extract 2 in 1 kit (Section 2.2.2.1.7). The
purified digest was then digested with the second restriction endonuclease with
the appropriate buffer. The restriction endonucleases used to cut the
plasmids/vectors are given in Table 2.14. A list of restriction endonucleases used
in this study and corresponding reaction buffers are given in Appendix A3. The
digested samples were then subjected to agarose gel electrophoresis (Section
2.2.2.1.4). The required DNA fragment was recovered from the gel using a
NucleoSpin® Extract 2 in 1 kit and used for ligation (Section 2.2.2.1.7 and
2.2.2.1.12, respectively).

Plasmid/Vector Restriction endonuclease
pCXynllA Ndel/Xhol
pHylP1: Stop Ndel/ BamH 1
No stop Ndel/ Xhol
pHylP2: Stop Ndel/ Xho1
No stop Ndel/Xhol
pHylP3: Stop Ndel/BamH 1
No stop Ndel/ Xhol
pET-21a Ndel/ Xhol
pET-22b Ndel/BamH 1 or Ndel/ Xho1
pET-28a Ndel/BamH 1 or Nde 1/ Xho 1

Table 2.14: Restriciton endonucleases used to cut plasmids/vectors.
For a list of corresponding reaction buffers, refer to Appendix A3.

2.2.2.1.4 Agarose gel electrophoresis

Agarose gels were prepared by heating agarose in 1 x TAE (Section 2.1.6.1.1)
buffer until the solid had completely dissolved. The amount of agarose added
depended on the size of the gel to be cast. All gels in this study were 1 % (w/v)
agarose in a total volume of 30 ml, except those gel cast for purification purposes,

which were made in a volume of 50 ml in order to give the wells a greater

capacity.

Once dissolved, the solution was allowed to cool to ~ 60 °C before pouring the
solution into a mini-gel casting tray (avoiding bubbles). The appropriate sized

comb would then be inserted into the solution (for analytical purposes, a 12-
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toothed comb able to hold 15 pl in each well was used, and for preparative
purposes, a 5-toothed comb able to hold 50 pul in each well was used) and the gel

allowed to set for > 20 min.

After the gel had set, the gel tray was placed horizontally in an agarose gel
electrophoresis tank, submerged in 1 x TAE buffer (Section 2.1.6.1.1). The comb
was then carefully removed and 10 pl samples were then prepared by the addition
of 2 pl of sample buffer (Bromophenol blue 6 x; Section 2.1.6.1.2), and added to
the wells. A 12 pl volume of an appropriate size standard (1 pg DNA; Section
2.1.6.1.3) would also be added to an unoccupied well in order to determine the
size of electrophorised DNA fragments. The samples would then be
electrophorised at 100 mA (200 V) for approximately 40 min to ensure good
separation of DNA fragments.

2.2.2.1.5 Visualisation of DNA and photography of agarose gels

After electrophoresis, the agarose gel was removed from the apparatus and stained
by submersion in a 10 pg ml! solution of ethidium bromide (Section 2.1.6.1.4) for
10 min with gentle shaking on a flat bed orbital shaker (~ 40 rpm). For analytical
gels the ethidium bromide was re-used until staining became weak, however,
preparative gels required fresh ethidium bromide each time. After staining, the gel
was washed with distilled water and any DNA bands were visualised using a gel
documentation system (Bio-Rad Gel Doc 2000 using Quantity One™ software).
Hard copies of the gel picture were produced using a Mitsubishi Video Copy
Processor (Model P91 attached to the gel doc system), with Mitsubishi thermal
paper (K65HM-cg / High density type, 110 mm x 21 m).

2.2.2.1.6 Preparation of plasmid DNA (pDNA)

2.2.2.1.6.1 Standard preparation of pDNA

Purification of plasmid DNA from transformed E. coli strain XL.1-Blue and
XIL.10-Gold (Section 2.2.1.2.1) was achieved using a NucleoSpin® plasmid kit
(Section 2.1.6.3). The method by which the purification was performed is detailed

here.
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A 3 ml volume of bacterial cell culture (Section 2.2.1.2.1) was pelleted ina 1.5 ml
micro-centrifuge tube by repeated centrifugation at 14000 x g for 60 sec, and the
supematant discarded. The pellet was then pulsed and residual supernatant
removed. The pellet was then re-suspended by vortexing in 250 pl of buffer Al
(cell re-suspension buffer). Buffer A2 (250 ul; cell lysis buffer) was then added
and the sample was mixed by gentle inversion 5-6 times, prior to incubation at
room temperature for 5 min. Buffer A3 (300 ul; precipitation of proteins and
chromosomal DNA) was then added to the sample, and the sample was again
mixed by gentle inversion 5-6 times, and incubated on ice for 5 min. Precipitated
material was then separated by centrifugation at 14000 x g for 12 min, and the
supernatant was retained and applied to a NucleoSpin® filter tube placed into a 2
ml receptacle centrifuge tube. The DNA was then loaded onto the filter by
centrifugation at 14000 x g for 1 min and the flowthrough discarded, and washed
with 500 ul of AW buffer, followed by an additional wash with 700 ul of buffer
A4 (50 % ethanol), both washes were performed by centrifugation at 14000 x g
for 1 min and in each case the flowthrough discarded. Prior to elution, the empty
NucleoSpin® filter tube and receptacle were centrifuged at 14000 x g for 2 min in
order to remove any residual ethanol. Finally, the NucleoSpin® filter tube was
transferred into a sterile 1.5ml micro-centrifuge tube and the DNA was eluted
from the filter by centrifugation at 14000 x g for 1 min after the addition of 50 pl
of AE (elution buffer). The components of each buffer are given in Appendix AS.

2.2.2.1.6.2 Preparation of pDNA for sequencing

For the preparation of pDNA for sequence analysis, the standard preparation of
pDNA method was employed (Section 2.2.2.1.6.1), but with some additions as
detailed here. pPDNA was washed twice with Buffer A4 (2 x 700 pl; 50 % ethanol)
and eluted twice from the filter by the addition of 2 x 100 wl of sterile 18.2 MQ
H,0 pre-warmed to 70 °C in a water bath. The DNA was then concentrated by
lyophilisation overnight in a freeze drier unit (Appendix D3) prior to
reconstitution with TE buffer (Section 2.1.6.2.1)/18.2 MQ H,O to give a final
concentration 0.2 pg ul”. This method of elution was found to give a higher yield

of DNA, required for sequence analysis.
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2.2.2.1.6.3 Crude preparation of pDNA for the screening of putative

blue/white recombinants

A 3 ml volume of bacterial cell culture (Section 2.2.1.2.1) was pelleted ina 1.5 ml
microcentrifuge tube by repeated centrifugation at 14000 x g for 1 min. The pellet
was then pulsed and residual supernatant removed. The pellet was then re-
suspended by vortexing in 150 pl of STETS buffer (Section 2.1.6.2.2) and 10 pl
of 10 mg ml” hen egg white lysozyme (Section 2.1.6.4) was added to lyse the
cells. Samples were then mixed by gentle inversion 5-6 times and incubated at
room temperature for 15 min. The sample was then boiled for 40 secs and
centrifuged at 14000 x g for 15 min immediately after removal from the water
bath. The viscous pellet was then removed and discarded. To the remaining
supernatant, 150 pl of chilled isopropanol was added and the sample mixed, prior
to incubation at —20 °C for 1 h to allow precipitation of DNA. Upon removal from
—20 °C the sample was immediately centrifuged at 14000 x g for 5 min and the
supernatant discarded. The pellet was then pulsed and residual supernatant
removed. The pellet was then washed with 500 ul of ethanol prior to
centrifugation at 14000 x g for 3 min. After discarding the supernatant the pellet
was then pulsed and the residual supernatant removed. Finally, the sample was
desiccated for 10 min in order to remove any latent ethanol, prior to re-suspension
of the pellet in 30 ul of TE buffer (Section 2.1.6.2.1) containing 100 pg ml™
RNase (final concentration; Section 2.1.6.4).

2.2.2.1.7 Agarose gel purification

Purification of DNA fragments from agarose gels was achieved using a
NucleoSpin® Extract 2 in 1 kit (Section 2.1.6.3). The method by which the

purification was performed is detailed here.

Prior to removal of the fragment, the gel was ‘briefly’ visualised under low
intensity UV and etching using a clean scalpel blade indicated the location of the
fragment to be excised. The section of gel containing the fragment was then
excised using a scalpel, and inserted directly into a pre-weighed 1.5 ml micro-
centrifuge tube. The micro-centrifuge tube was then re-weighed and the weight of
the gel slice it contained was calculated. For every 100 mg of agarose gel, 300 pl
of buffer NT1 was added to the tube. The gel was then dissolved by incubation at
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50 °C for 10 min with a brief vortex every 2-3 min. Once dissolved, the sample
was then loaded into a NucleoSpin® filter tube and placed into a 2 ml receptacle
centrifuge tube. The sample was then centrifuged at 6000 x g for 60 sec, and the
flowthrough discarded. The sample was then washed by the addition of 700 pl
buffer NT3, which was centrifuged at 14000 x g for 60 sec and the flowthrough
discarded. The wash step was then repeated, prior to centrifugation at 14000 x g
for 60 sec of the empty NucleoSpin® filter tube and receptacle, in order to remove
any residual ethanol from the filter. The NucleoSpin® filter tube was then
transferred into a sterile 1.5 ml micro-centrifuge tube and 30 pl of NE buffer was
added precisely to the top of the filter membrane. The sample was then
centrifuged at 14000 x g for 60 sec. The filter was then discarded and the DNA
that was eluted into the micro-centrifuge tube was retained for subsequent use. To
check the purification had worked, 2 pl was removed from the eluted sample, and
made up to 10 pl with 18.2 MQ H,O. This sample was then analysed by agarose
gel electrophoresis as detailed in section 2.2.2.1.4. The components of each buffer

are given in Appendix AS.

2.2.2.1.8 PCR/RE digest clean up

Purification of double stranded DNA (dsDNA) from the other components of a
PCR / RE digest reaction was achieved using a NucleoSpin® Extract 2 in 1 kit
(Section 2.1.6.3). The method by which the purification was performed is detailed

here.

Firstly, the volume of the reaction mix was adjusted to 100 ul using TE buffer
(Section 2.1.6.2.1). Buffer NT2 (400 pl) was then added and the sample mixed.
The sample was then loaded into a NucleoSpin® filter tube and placed into a 2 ml
receptacle centrifuge tube. The sample was centrifuged at 6000 x g for 60 sec, and
the flowthrough discarded. The sample was then washed by the addition of 700 ul
of buffer NT3, which was centrifuged at 14000 x g for 60 sec and the flowthrough
discarded. The wash step was then repeated; prior to centrifugation at 14000 x g
for 60 sec of the empty NucleoSpin® filter tube and receptacle, in order to remove
any residual ethanol from the filter. The NucleoSpin filter tube was then
transferred into a sterile 1.5 ml micro-centrifuge tube and 30 ul of NE buffer was

added precisely to the top of the filter membrane. The sample was then
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centrifuged at 14000 x g for 60 sec. The filter was then discarded and the eluted
DNA in the micro-centrifuge tube retained for subsequent use. To check the
purification had worked 2 pl was removed from the eluted sample, and made up to
10 ul with 18.2 MQ H,O. This sample was then run on an agarose gel as detailed

in section 2.2.2.1.4.

2.2.2.1.9 Spectrophotometric quantification of DNA

DNA concentration was quantified accurately by scanning through 200-300 nm

using a UV spectrophotometer.

DNA was quantitatively determined by preparing a dilution of DNA in a 500 pl
total volume. The dilution was then transferred to a 500 pl quartz cuvette and
scanned in a UV vis spectrophotometer (previously zeroed with 18.2 MQ H,0)
between the wavelengths of 200 and 300 nm (Figure 2.1). Optimal wavelength for
the absorbance of DNA was assumed to be 260 nm, and 280 nm was assumed to
be the optimal wavelength for contaminating protein. dsDNA at 50 pg ml’ gives
an Aze reading of 1.0, as does 33 pg ml”! of single-stranded DNA (ssDNA) or
oilgonucleotide. The concentration and purity of the DNA was then determined as

detailed below.

[dsDNA] pg p.l-l = (Az60) x 50 x dilution / 1000.
DNA purity ratio = (A260)/ (A2s0)

A DNA purity ratio of 1.5-1.8 was accepted as minimal protein contamination.

Determination of the concentration of ssDNA was conducted in exactly the same

way as for plasmid DNA except the calculation was altered as below.

[ssDNA] pg pl™" = (Aze0) x 33 x dilution / 1000.
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Figure 2.1: Spectrophotometric scan of DNA between 200 and 300 nm.
A UV visible Helios o Spectronic Unicam spectrophotometer was used to obtain scan
data.

2.2.2.1.10 Automated DNA sequencing

DNA (2 pg) was produced (Section 2.2.2.1.1) and diluted with 18.2 MQ H,O to a
final concentration of 0.2 ug pl™'. The DNA was sent to the Facility for Molecular
Biology, Newcastle University, and was sequenced on ABI Prism™ Ready
Reaction DyeDeoxy™ Terminator Cycle Sequencing apparatus, and analysed
using an Applied Biosystems 373 A automated sequencer, to determine whether
the single codon mutations had been created successfully. The standard

sequencing primers T7 promoter or T7 terminator were used.

2.2.2.1.11 A - tailing DNA

In preparation for ligation into the pGEM®-T Easy vector (Section 2.1.8), A-
overhangs were synthesised on the DNA fragment using the method described

below.

7 ul of purified PCR product (Section 2.2.2.1.8) was made up to a 10 pl reaction

volume by addition of the components listed in Table 2.15.
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Component Volume Final concentration in A
-tailing reaction
Purified PCR product 7wl
Taq DNA polymerase 1l 1x
reaction buffer (10 x)
MgCl, (25 mM) 0.5ul 1.25 mM
dATP (4 mM) 0.5 ul 0.2 mM
Taq DNA polymerase 5 U pl”! 1 pl 0.5U0 W’

Table 2.15: Reaction components of the A —tailing procedure.
The composition of Tag DNA polymerase reaction buffer is given in Appendix A3.

Once the reaction mix was complete, the tube was given a pulse in a micro-
centrifuge, prior to incubation in a 70 °C water bath for 30 min. The DNA was
then used for ligation into pPGEM®-T Easy vector (Section 2.2.2.1.12).

2.2.2.1.12 Ligation of DNA

For most ligations, a 2:1 insert to vector ratio was required. Concentrations were
determined by running samples on an agarose gel and using the analysis tool of

the Bio-Rad Gel Doc 2000 Quantity One™ software.

2.2.2.1.12.1Ligation into pGEM®-T Easy vector

Ligation of cohesive termini, generated from A-tailing blunt PCR products
(Section 2.2.2.1.11), into linearised pGEM®-T Easy vector (Table 2.2) was
performed by addition of the components listed in Table 2.16.

Component Volume
pGEM"-T Easy vector (de-phosphorylated & linearised; Il
50 ng; Lab stock)

2 x Rapid ligation buffer 5ul
A- tailed PCR product (33 ng; Section 2.2.2.1.11) 3ul
T4 DNA Ligase (3 U ul™) 1 ul

Table 2.16: Reaction components for ligation into pGEMP-T Easy vector.
The composition of Rapid ligation buffer is given in Table 2.4.

After addition of reaction components, the ligation was incubated at room
temperature for 1 h, or at 4 °C overnight prior to transformation into XL1-Blue

cells (Section 2.2.2.1.13).

2.2.2.1.12.2 Ligation into pCR®-Blunt vector
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Ligation of blunt-ended PCR products (Section 2.2.2.1.2) into linearised pCR®-
Blunt (Table 2.2) was performed by the addition of the components listed in Table

2.17. A 10:1 molar insert to vector ratio was used.

Component Volume
pCR™-Blunt vector (linearised; 25 ng) 1l
10 x Ligation buffer (with ATP) 1 pl
Blunt PCR product (50 ng; Section 2.2.2.1.2) 5ul
18.2 MQ H,O 2ul
T, DNA Ligase (4 U pl™) 1 ul

Table 2.17: Reaction components for ligation into pCR®-Blunt vector.

This reaction was then incubated at 16 °C overnight prior to transformation into

TOP10 chemically competent cells (Table 2.2; Invitrogen Corp.).

2.2.2.1.12.3Ligation into pET vector

Ligation into pET vector (Table 2.2) was performed by the addition of the

components listed in Table 2.18.

Component Volume
pET vector cut with appropriate REs (50 ng; de- 2ul
phosphorylated; Lab stock)

10 x Ligation buffer 1l
Fragment cut from pGEM®-T/pCR®-Blunt vector 2l
and gel purified (100 ng; Section 2.2.2.1.7)

18.2 MQ H,O 4l
T4 DNA Ligase(3 U ™) 1 ul

Table 2.18: Reaction components for ligation into pET vector.

After addition of reaction components, the ligation was incubated at 4 °C

overnight prior to transformation into XL.10-Gold cells (section 2.2.2.1.13).
2.2.2.1.13 Chemical transformation

2.2.2.1.13.1 Transformation using E. coli XL1-Blue, XI.10-Gold, BL.21 (DE3)
and B834 (DE3) cells

Transformations were performed using prepared chemically competent cells

(Section 2.2.1.4) in 50 pl aliquots. Firstly, the DNA to be transformed was added

and mixed gently with a pipette tip and incubated with the cells on ice for 20 min.

The volume of DNA added from a ligation was 2 pl, and from a plasmid

preparation was 1 pl. The cells were then transferred to a water bath at 42 °C and
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heat shocked for 1 min, prior to a second incubation on ice for 2 min. The cells
were then recovered by the aseptic addition of 450 ul of room temperature NZY"
enrichment broth (Section 2.1.3.1.2), and incubation at 37 °C for 1 hour shaking

(horizontally for maximum aeration) at 220 rpm.

Recovered cells were then aseptically plated on media appropriate to the vector
transformed (Section 2.2.1.3). Bacteria transformed with pET plasmids were
plated on the appropriate antibiotic. Plates were then incubated inverted for ~ 16 h

at 37 °C to allow the growth of bacterial colonies.

2.2.2.1.13.2 Transformation using One shot™ TOP10 cells

One shot™ TOP10 cells (25 ul; Table 2.2) were thawed on ice for each
ligation/transformation. The pCR®-Blunt ligation (2 pl) was added to the cells and
mixed gently with a pipette tip. The cells/ligation mix was then incubated on ice
for 30 min. The cells were transferred to a 42 °C water bath and heat-shocked for
exactly 45 sec. Pre-warmed (37 °C) SOC medium (125 pl) provided with the One
shot™ TOP10 cells was added and then incubated at 37 °C for 1 h with orbital

shaking (horizontally for maximum aeration) at 220 rpm.

Each transformation was then plated (Section 2.2.1.3) on LB-kanamycin plates
and incubated inverted for ~ 16 h at 37 °C to allow the growth of bacterial

colonies.

2.2.2.2 Construction of mutant plasmids of Ct-CBMS6 by site directed
mutagenisis (SDM)

SDM was performed according to the Stratagene instruction manual for the

QuikChange™ Site-Directed Mutagenesis Kit. However, the components of the

protocol were obtained from sources other than Stratagene.

Firstly, mutagenic oligonucleotide primers (Section 2.1.7.1) with a length of 25-
45 bases, and GC content > 40 °C were designed with the mutation in the centre
of the primer and a T}, (melting temperature) of > 78 °C. The Ty, for each primer

was determined as follows:
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T =81.5+0.41 (% GC) — 675 / N - % mismatch

Key: % GC = Percentage of guanine and cytosine residues in the primer
N = Primer length in bases
% mismatch = Percentage of the primer non complementary at the point

of mutation

Mutant plasmid was then generated by PCR (Section 2.2.2.1.1). The PCR
template DNA (i.e. the non-mutated supercoiled DNA pCtXynl1A) was then
digested in a waterbath at 37 °C for 1 h by adding 1 pl of Dpn I (10 U ul™)
restriction enzyme (Section 2.1.6.4) directly to the cooled PCR reaction and
mixed gently. The Dpn I treated DNA was then transformed into E. coli XL10-
Gold (Section 2.2.2.1.13.1), and plasmid DNA (Section 2.2.2.1.6.2) made from
one of the transformants was sent to the Central Molecular Biology Facility at the
University of Newcastle-Upon-Tyne for sequence analysis in order to confirm the

mutation (Section 2.2.2.1.10).
2.2.3 Protein methods

2.2.3.1 SDS - PAGE electrophoresis
SDS — PAGE was conducted according to the method of Laemmli (1970).

SDS - PAGE gels were cast between two clean glass plates of dimensions (10.1 x
7.2 and 10.1 x 8.2 cm) separated by a 1 mm spacer ridge on the larger of the two
plates. The plates were clamped together and checked to ensure the bottoms were
flush, prior to securing the gel with vertical downward pressure in a casting stand
on a rubber gasket. The components for the resolving gel (Section 2.1.9.1.1) were
then added together, mixed, and then pipetted into the space between the plates,
until the solution was approximately 2 cm below the top of the smallest plate. In
order to prevent oxygen from inhibiting polymerisation and to produce a straight
top edge, a small volume of water was then added to the top of the solution. The
resolving gel was then allowed to polymerise for ~ 45 min. Once set, the water on
top of the gel was removed, and the components of the stacking gel were added

(Section 2.1.9.1), mixed, and pipetted up to the top of small plate. A 10-toothed
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comb (1.1 x 0.75 cm) was then immediately inserted into the gap between the
plates. The stacking gel was then allowed to polymerise for ~ 30 min prior to
removal of the comb to reveal the wells, which were immediately rinsed with
water to remove any gel debris. The gel was then placed vertically into the buffer
tank (Appendix D8) secured in a holder with another gel constructed in exactly
the same manner to the opposite side. SDS-PAGE (1 x) running buffer (Section
2.1.9.1.3) was then poured into the tank ensuring the level of buffer in the space
between the two gels was higher than the level on the outside of the gels.

Samples were then prepared by the addition of 5 ul of SDS-PAGE loading buffer
(Section 2.1.9.1.4) to 20 pl of sample, which was then pulsed briefly prior to
boiling for 3 min. Size standards (Section 2.1.9.1.6) were prepared in the same
way, except 8 pl of loading dye was added to 4 ul of size standard. All samples
and standards were then centrifuged at 14000 x g for 1 min prior to loading 20 pl
of all samples and 10 pl of all standards into the wells using a Hamilton syringe.
The pair of gels were then electrophorised at 120 milliamps, 200 volts for ~ 50
mins, or until the bromophenol blue dye had dropped off the bottom of the gel.

2.2.3.1.1 Visualisation of protein bands and photography of SDS-PAGE gels

After electrophoresis, the gels were removed from the apparatus and stained for
10 min in Coomassie blue stain (Section 2.1.9.1.7), followed by immersion in
destain (Section 2.1.9.1.8) until crisp band images were visible against a clear
background. The gels were then photographed using a gel documentation system
(Bio-Rad Gel Doc 2000 using Quantity One™ software). Hard copies of the gel
picture were produced using a Mitsubishi Video Copy Processor (Model P91
attached to the gel doc system), with Mitsubishi thermal paper (K65HM-cg / High
density type, 110 mm x 21 m).

2.2.3.2 Isolation of periplasmic fraction (PPF) from bacterial cells

Proteins that were exported to the E. coli periplasm were obtained by the osmotic
shock method of Hsuing et al. (1986). Induced cells were concentrated by
centrifugation for 10 min at 4500 x g at 4°C, after which the supernatant was
decanted and the cell pellet was gently re-suspended in 10 ml ice-cold 50 mM
sodium phosphate buffer, pH 7.0 containing 20 % (w/v) sucrose (Section
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2.1.9.4.1). The cells were then incubated on ice for 30 min, followed by
centrifugation for 10 min at 4500 x g at 4 °C. The supernatant was discarded and
the pellet was gently resuspended in 10 ml ice-cold 18.2 MQ H,O and incubated
on ice for a further 30 min, before being centrifuged for 20 min at 10 000 x g at
4°C. The supernatant was carefully decanted into dialysis tubing (pre-boiled for
10 min in 18.2 MQ H,O; section 2.1.9.5.1), which was sealed with two knots at
one end and closures at the other, and the proteins dialysed twice against 8 L 50
mM sodium phosphate buffer, pH 7.0 overnight at 12 °C to remove sucrose
(Section 2.1.9.5), before being aliquotted into 1.0 ml fractions and stored at — 20

°C until use.

2.2.3.3 Isolation of cell free extract (CFE)

To obtain CFE, firstly induced cells were concentrated by centrifugation for 10
min at 5500 x g, after which the supernatant was decanted and the cells were re-
suspended in 5-20 ml of cell re-suspension buffer (Section 2.1.9.4.2). Cells were
then lysed in 5 ml volumes by sonication on ice at amplitude 14 for 1 min in 10
sec bursts with 10 sec intervals. The lysate was then decanted into centrifuge
tubes and centrifuged at 4 °C for 20 min at 24 000 x g. After centrifugation the
soluble fraction was decanted into a plastic universal and maintained on ice as

CFE.

2.2.3.4 Protein purification

Recombinant proteins used in this study were purified by a number of different
methods. In all cases, the purity of the protein was assessed by SDS-PAGE
(Section 2.2.3.1). Immobilised metal affinity chromatography (IMAC) was used
to purify recombinant proteins, under native conditions, which contained a stretch
of 6 Histidine residues at the N-terminus (Hisg tag). The metal affinity matrix used

was Talon™ or Sepharose™ chelating fast flow resin (Section 2.1.9.4.3).

2.2.3.4.1 Preparation of Ni?*/ Co** affinity resin

The resin was supplied as 75 % slurry in 20 % ethanol. This procedure results in a
bed volume of 3 ml charged with Ni** (Sepharose™ chelating fast flow resin;

section 2.1.9.4.3) or Co*" (Talon™ resin; section 2.1.9.4.3) ions.
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Firstly, the resin (Sepharose™ resin only; Talon™ is purchased ready charged)
was mixed and 3.66 ml was pipetted into a sterile universal (to give a bed volume
of 3 ml). The resin was sedimented by centrifugation at 500 x g for 2 min and the
supernatant discarded. The resin was then washed by the addition of 10 ml of 18.2
MQ H,0 and mixed by end-over-end rotation for 5 min. The resin was then re-
sedimented by centrifugation at 500 x g for 2 min and the supernatant again
discarded. The resin was then charged by the addition of 1 ml of NiSO4(1 M) and
mixed for 5 min by end-over-end rotation, prior to centrifugation at 500 x g for 2
min and removal of the supernatant to waste. Again the resin was washed by the
addition of 10 ml 18.2 MQ H,0, and mixed by end-over-end rotation prior to re-
sedimentation by centrifugation at 500 x g for 2 min. This wash step was repeated
twice more, prior to the addition of one gel volume of start buffer (Section

2.1.9.4.5).

For use in a stepped elution (Section 2.2.3.4.2), the prepared chelating
Sepharose™ resin was then decanted into a pre-prepared PD-10 column with a
pre-dampened filter at the bottom of the column and the cap in place. Talon™
resin (3.66 ml) was added to a prepared PD-10 column prior to the addition of one

gel volume of wash buffer (Section 2.1.9.4.4).

Alternatively, the above procedure was scaled up to accommodate a 50 ml bed
volume and the chelating Sepharose™ resin was poured into a C series column (C
16/20; Amersham Biosciences) of the dimensions 1.6 cm internal diameter (i.d.) x
20 cm length (L), attached to a FPLC® system and peristaltic pump. This method
allowed the large scale purification of recombinant proteins using a gradient

elution (Section 2.2.3.4.2).

2.2.3.4.2 Affinity purification using a fast flow Ni?*/ Co** column

Recombinant proteins fused to a Hisg tag were purified under native conditions.
For the purification of protein using the IMAC technique, the column was
prepared (Section 2.2.3.4.1) and equilibrated by passing though 40 ml of wash
buffer (Talon™, section 2.1.9.4.4) or start buffer (Chelating Sepharose™; section
2.1.9.4.5). PPF (Section 2.2.3.2) was prepared from 1 x 400 ml culture in 50 mM
sodium phosphate buffer, pH 7.0, and applied to a 3 ml bed volume Talon™
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column (for wild type CtCBM6) or 3 ml bed volume of Sepharose™ resin (for
CtCBMG6 site-directed mutants), and was incubated for 5 min at room temperature
with end-over-end rotation. The column was subsequently washed with 30 ml of
wash buffer (Section 2.1.9.4.4 and 2.1.9.4.5, respectively) to remove non-specific
protein. Finally, the protein was eluted from the column by the addition of 2 x 5
ml of elution buffer (Section 2.1.9.4.4 and 2.1.9.4.5, respectively) and collected

on ice in a sterile universal.

For the high yield purification of proteins (HylP1, HylP2 and HylP3) using the
automated FPLC® system (Appendix D11 for automotive parts) gradient elution
technique, the column was prepared by adding ~ 50 ml Sepharose™ chelating fast
flow resin (Section 2.1.9.4.3) to a C series column (C 16/20; Amersham
Biosciences). The column adapters were securely attached and the column was
connected to the FPLC® system. Once connected, 1 M NiSO, solution was passed
through the resin using the peristaltic pump until all the resin was a uniform
colour. The column was then washed by passing through ~ 200 ml of Solution A
(Section 2.1.9.4.6) using the FPLC® machine. Once the column had been
equilibrated, CFE (10 —20 ml) was then loaded onto the column using a peristaltic
pump. The column was then washed with 100 ml of Solution A (Section 2.1.9.4.6)
at a volume flow rate of 5 ml/min (linear flow rate 149 cm/h) generated by the
FPLC gradient pump. Finally, the protein was eluted over 50 min at a volume
flow rate of 5 ml/min (linear flow rate 149 cm/h) using a linear gradient of
imidazole (Solution B; section 2.1.9.4.6) extending from 10 mM to 500 mM,
using Solution A (Section 2.1.9.4.6) as a diluent. The position of the target protein
was determined by monitoring A;go using an inline UV spectrometer connected to
the FPLC, and samples were collected in 5 ml volumes on a fraction collector. For
recombinant proteins expressed in E. coli B834 (DE3), 10 mM DTT (final
concentration) was added to the tubes in the fraction collector prior to elution of
the protein. To confirm purity a 20 ul aliquot from each 5 ml fraction thought to
contain the target protein was analysed by SDS - PAGE (Section 2.2.3.1) and the

pure fractions pooled.
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2.2.3.5 Gel filtration chromatography

Purified protein from an affinity chromatography column (Section 2.2.3.4.2) was
exchanged by concentration (Section 2.2.3.6) into gel filtration buffer (Section
2.1.9.4.7). The gel filtration column (Section 2.1.9.4.3), of dimensions 1.6 cm
(i.d.) x 60 cm (L), with a bed volume of 120 ml was prepared by equilibration
(using the FPLC® system) at a volume flow rate of 1 ml/min with 120 ml of gel
filtration buffer (Section 2.1.9.4.7). Protein sample, 0.5 ml, was then loaded onto
the column and eluted over 120 min with gel filtration buffer running at a volume
flow rate of 1 ml/min. The elution point of the target protein was identified by
Asgo using the inline UV spectrophotometer, and samples were collected on a
fraction collector in 4 ml volumes. To confirm purity, a 20 pl aliquot from each 4
ml fraction thought to contain the target protein was analysed on a SDS-PAGE gel
(Section 2.2.3.1) and the pure fractions were pooled.

2.2.3.6 Concentration and buffer exchange of protein

Concentration of protein was performed at 4 °C by centrifugation at 4000 x g in
10 kDa Vivaspin 6ml cut-off concentrator units (Viva Science). Protein was also

buffer exchanged by dilution within concentrator units.

Alternatively, buffer exchange was performed by hydrating 2 g of Sephadex G-25
resin with the buffer to be exchanged into (Section 2.1.9.4.8.2). The resin was
allowed to hydrate for 10 min prior to pouring into a PD-10 column with a pre-
damped filter at the bottom. Excess buffer was allowed to flow through the
column and the resin allowed to sediment prior to addition of a pre-damped filter
to the top of the resin. A 40 ml volume of buffer (Section 2.1.9.4.8.2) was then
washed through the column, and then 2.5 ml of protein (Section 2.2.3.4.2) was
added, in the buffer to be removed. Finally, the protein was eluted from the
column by the addition of 3.5 ml of buffer (Section 2.1.9.4.8.2). The column was
then washed with 8 ml of buffer (Section 2.1.9.4.8.2) and was able to be used

again for the same application.

2.2.3.6.1 Buffer exchange of C+CBMG6 using dialysis
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Buffer exchange was performed by adding the purified protein to prepared
dialysis tubing (Section 2.1.9.5.1) and securing tightly with closures at either end.
The eluate was then dialysed overnight in the cold room (~ 12°C) in 8 L of 20mM
sodium acetate buffer pH 5.0 (for crystallisation) or 50mM sodium phosphate
buffer pH 7.0 (for binding studies). The dialysis was repeated overnight in 8 L of
fresh buffer. The dialysed protein was then pooled into a sterile universal and
stored on ice for future use. A 20 pl aliquot of the dialysed protein was analysed
by SDS-PAGE (Section 2.2.3.1) to check purity.

2.2.3.7 Determination of protein concentration

2.2.3.7.1 Spectrophotometric method

Pure protein concentration was determined by the method of Gill and von Hippel
(1989) and Pace et al. (1995). CtCBMS6 protein was suitably diluted in the
appropriate buffer and the 4,5 determined by scanning from 240-340 nm (Figure

2.2). The molar absorptivity () was calculated from the following equation:

& (280) (M cm ") = (# Trp) (5700) + (# Tyr) (1300)
= (1) (5700) + (6) (1300)
e =13500M'cm™

Protein was in 50 mM sodium phosphate buffer, pH 7.0. The scan was performed
in a 1 ml path length quartz cuvette at 2500 nm/min scan speed. A blank of buffer

only was used.
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Figure 2.2: Spectrophotometric scan of pure CfCBM6 between 240 and 340 nm.
A UV visible HeAios a Spectronic Unicam spectrophotometer was used to obtain scan
data.

Once the 4230 and molar absorbtivity had been obtained, the concentration of

CtCBMB6 could be determined, in uM, using the following equation:

(106 / €) (A280) (Dilution factor) = Protein concentration (uM)

2.2.3.7.2 Bradford method

The amount of protein present in samples was determined by the method of

Bradford (1976).

Protein determination by the Bradford method involved the construction of 10
dilutions of BSA in 500 pl aliquots ranging from 1-10 ug ml". Bradford’s
solution (500 ul; Section 2.1.9.8) was then added to each dilution, and mixed.
Each standard was then measured in a glass cuvette at Asos against a blank
containing 500 pl of 18.2 MQH,0 mixed with 500 ul of Bradford’s solution. The
glass cuvette was washed with methanol after every measurement, and all
measurements were completed within 40 min of initially adding the Bradford’s
solution. A standard curve was then constructed (Figure 2.3). Dilutions of the

protein to be determined were then made in 500 pl volumes and measured after
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the addition of Bradford’s solution in the same way as the standards. Those values
that fell on the standard curve were then used to calculate protein concentration,

using the equation below.

Protein conc mg ml! = (Conc obtained from the curve) x (dilution of sample) /

1000

05 - y = 0.0438x + 0.001

0.4 -
0.3 -
< 0.2

0.1 1

0 T T 1
0 5 10 15

595

Concentration (ug mI™)

Figure 2.3: Bradford assay standard curve for the quantification of protein.

The curve was generated by the addition 0of 0, 1,2,3,4,5,6,7,8,9,+10 pg ml"' BSA in
500 pl 18.2 MQH,O to 500 ul Bradford’s reagent. After 5 min at room temperature, the
Asgs of the solution was determined.

2.2.3.8 Crystallisation

2.2.3.8.1 Silianisation of coverslips for crystallisation

The coverslips (Menzel-Glaser, 18 x 10 mm) for crystallisation were thoroughly
cleaned with detergent and rinsed thoroughly after washing. A 1 % (v/v) working
solution of Aqua Sil (Hampton Research) was prepared. The cleaned coverslips
were then immersed in the Aqua Sil working solution one-by-one, stirred briefly
with a glass rod, and left for 30 min. The coverslips were then washed with tap

water before washing in 18.2 MQ H,O and finally dried thoroughly before use.

2.2.3.8.2 The hanging drop method

Crystals of HylP1, HylP2, and HylP3 were grown by vapour phase diffusion using
the hanging drop method.
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Crystal screening was performed in 24-multi well plates (Falcon® Multiwell™ 24
well; Becton Dickinson), into which 1.0 ml of crystallisation solution (Appendix
C) was aliquoted into each well. Wells were then greased around the rim using
vacuum grease (Dow Corning®), dispensed from a syringe. Cover slips were
silanised by pre-treatment with Aqua Sil solution (Section 2.2.3.8.1), and polished

with a silk scarf prior to the addition of protein drops.

Purified protein was then exchanged into 10 mM HEPES, 50 mM CaCl,, pH 7.4,
by the concentration method (Section 2.2.3.6) and concentrated to between 10 —
20 mg ml”. In some cases, a 1 M buffer (Sodium acetate, pH 4.4; HEPES, pH
7.25; Tris pH 9.0) was added at 10 % (v/v) to adjust the pH of the protein

solution.

Finally, 1 pl of protein was added to 1 pl of mother liquor (removed frdm the
well) on a cover slip to form a 2 ul drop. The cover slip was then inverted and
sealed above the appropriate well. Once this procedure had been repeated for all
crystallisation solutions (Appendix C), the plates were then marked appropriately
and incubated at 22 °C.

The conditions of any crystals that grew in the crystallisation screens were then
used for further optimisation studies. This involved varying the concentration of
protein, salt, pH, and addition of cryoprotectants (e.g. MPD (2-methyl-2,4-
pentanediol), glycerol, ethylene glycol; 10 — 30 %) to either the mother liquor or
the drop in order to obtain crystals that would easily withstand the cryo-protectant
prior to freezing more. Once native crystals had grown, Se-Met-substituted
protein for HylP1, HylP2, and HylP3 were made (Section 2.2.1.2.4) and
crystallisation studies using the same native crystallisation conditions were set up,

except that the protein additionally contained 1 mM DTT (not in mother liquor).

2.2.3.8.3 The Seeding Method

The technique of seeding crystals was used in order to try and encourage the Se-
Met-substituted HylP1 protein to grow. Crystal microseeding was performed in
24-multi well plates, into which 1.0 ml of 3.25 M sodium formate solution was

added to each well. The wells were then greased round the rim using vacuum
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grease dispensed from a syringe. Native HylP1 protein (1 pl) was then added to 1
ul of mother liquor from the well and 1 ul 15 % MPD solution on a coverslip, and
this process was repeated another five times. Once the drops had been set up, a
native crystal of HylP1, from previous crystallisation studies, was crushed to
produce microcrystals, using a needle, and a human hair was then run through
these microseeds. The hair, coated in microseeds, was run through the drops set
up above and the coverslips inverted and sealed above the appropriate well. This
process was then repeated for the Se-Met-substituted HyIP1 protein. The plate

was then stored at 22 °C.

2.2.3.8.4 The provision of heavy metal derivatives

The TagBr;,”" cluster compound is known to be a powerful reagent for
derivatization of crystals of large macromolecules at low resolution (Banumathi et
al., 2003). The cluster is a regular octahedron of six tantalum atoms with twelve
bridging bromine atoms at the edges of the octahedron. Single hexagonal crystals
of HylP1, previously grown by vapour phase diffusion using the hanging-drop
method (Section 2.2.3.8.2), were transferred using a rayon-fibre loop directly into
a well containing 0.5 ml of mother liquor (3.25 M sodium formate). Small specs
of the TasBr12 compound were then placed around the edges of the crystal using a
hypodermic needle. The well was then covered and left at 22 °C until the TagBr;»
compound had diffused into the crystal. Once the crystals were a homogeneous
green colour, the crystals were frozen in liquid nitrogen, using a rayon-fibre loop
(Section 2.2.3.8.5), before being transferred into a liquid nitrogen cold stream
ready for testing for diffraction quality (Sections 2.2.3.8.6 and 2.2.3.8.7).

Heavy metal derivatives were also obtained by soaking native HylP1 crystals,
previously grown by vapour phase diffusion using the hanging-drop method
(Section 2.2.3.8.2), in platinum (II) 2,2°6’2-terpyridine chloride dihydrate, uranyl
acetate and methyl mercury (II) chloride. A stock solution (50 mM) of each of the
heavy metal salts was prepared before diluting to a final concentration of 5 mM in
the mother liquor from the original screen well (3.25 M sodium formate). HylP1
crystals were soaked in platinum (II) chloride, uranyl chloride and methyl
mercury (II) chloride for 30 min, overnight, and 90 min, respectively. Crystals

were then frozen in liquid nitrogen, using a rayon-fibre loop (Section 2.2.3.8.5),
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before being transferred into a liquid nitrogen cold stream ready for testing for

diffraction quality (Sections 2.2.3.8.6 and 2.2.3.8.7).

2.2.3.8.5 Mounting crystals and optimisation of cryoprotectant conditions

MPD and glycerol were increasingly added to the mother liquor at intervals of 5%
(v/v). Samples were frozen in a rayon-fibre loop and subjected to X-ray analysis.
The point at which ice rings were not visible in the diffraction pattern indicated a
suitable additive concentration to act as a cryoprotectant (25% MPD for HylP1
and 25% for glycerol HylP3). The mother liquor solutions were re-made with the
optimised MPD/glycerol concentration and these served as the cryoprotectant
solutions. For the heavy metal derivatives of platinum (II) chloride, uranyl acetate
and methyl mercury (II) chloride, a 5 mM final concentration of each salt was
included in the cryoprotectant. Single crystals were mounted in a rayon-fibre loop
and transferred to the cryoprotectant for a few seconds prior to flash freezing in

liquid nitrogen.

2.2.3.8.6 Crystal screening

The crystals were mounted onto a single-axis goniometer and screened at the
York Structural Biology Laboratory (YSBL) X-ray source to determine
diffraction quality prior to data collection. Data collection was achieved using a
345 mm Mar Research image—plate detector on a Rigaku rotating anode RU-200
X-ray generator, with a Cu target operating at 50kV (100mA) and focusing X-ray
optics (MSC). The quality of the crystal was judged by the diffraction pattern.

2.2.3.8.7 Data collection

Data sets were collected at the European Synchrotron Radiation Facility (ESRF)
using beamline ID-14.2 and an ADSC Quantum-4 charge-coupled device
detector. The cell index and collection strategy was determined using MOSFLM
(Leslie, 1992). Owing to the long cell axis of HylP1 and HylP3, spot separation
was achieved using an oscillation angle (0) of 0.2° through an oscillation range

(y) of 90°.

2.2.3.8.8 Data processing

All data were processed using MOSFLM (Leslie, 1992) and all other computing
used the CCP4 suite (Collaborative Computational Project Number 4, 1994).
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2.2.4 Assay methods for CxCBM6

2.2.4.1 Affinity gel electrophoresis (AGE)

An AGE method using native polyacrylamide gels containing soluble ligand
sugars was developed based on the method of Takeo (1984) and Tomme et al.,

(1996).

A continuous gel system was used with the same gel apparatus (Appendix D8) as
used for denaturing gels (Section 2.2.3.1). Gels contained 7.5 % acrylamide
(Section 2.1.9.2.1) in 25 mM Tris/250 mM glycine buffer, pH 8.3, which was also
the Running and Sample buffers (Section 2.1.9.2.3 and 2.1.9.2.4, respectively).
For qualitative AGE, ligands were added at a 0.1 % (w/v) final concentration prior
to polymerisation (Section 2.1.10). For quantitative AGE, a range of
concentrations of oat spelt xylan (0.005-1.0 mg ml” final concentration; Section
2.1.10) were incorporated into the gel prior to polymerisation. Pure protein (5-10
ng) samples in 10 pl sample buffer, containing 5 % (v/v) glycerol and 0.0025 %
bromophenol blue final concentration (Section 2.1.9.2.4), were electrophoresed at
room temperature at 10 mA/gel for 3 h. Proteins were visualised by staining with
0.4 % (w/v) Coomassie Blue, 40 % (v/v) methanol, 10 % (v/v) glacial acetic acid
for 10 min and the gel destained in 40 % (v/v) methanol, 10 % (v/v) glacial acetic
acid (Sections 2.1.9.1.7 and 2.1.9.1.8, respectively). Gels with and without ligand
were run in the same gel tank with identical samples loaded on each. BSA (5 pg)

was used as a negative, non-interacting control (Section 2.1.9.2.2).

2.2.4.2 Isothermal titration calorimetry (ITC)

ITC measurements were carried out on a MicroCal Omega titration calorimeter.
All solutions were thoroughly degassed by vacuum stirring prior to loading on the
ITC machine. A 2 ml protein solution (0.1 — 0.2 mM) in 50 mM sodium
phosphate buffer, pH 7.0, was carefully loaded to avoid bubbles, into the ITC
machines sample cell using a 5 ml syringe connected to a 15 cm length of
capillary tubing. Oligosaccharides (200 pl of 5 — 30 mM; section 2.1.10) or
polysaccharides (200 pl of 2 -4 mg ml™; section 2.1.10), dissolved in buffer from
the final protein dialysis to minimise heats of dilution, was loaded into the ITC

syringe, and the solution drawn up and down the syringe several times to ensure
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no air bubbles were present, before placing it in the ITC machine. The machine
was allowed to equilibrate before 25 successive aliquots of 10 pl of the titrant
solution were injected at 3 min intervals into the sample cell from the syringe
under continuous mixing at 400 rpm. Raw binding data were corrected for heats
of dilution of both protein and ligands, obtained by independent titration
experiments. Integrated heat effects, after correction for heats of dilution, were
analysed by non-linear regression using a simple one site-binding model with the
standard MicroCal ORIGIN software package. For each thermal titration, this
yields estimates of the apparent number of binding sites on the protein (n), the K,
and the enthalpy of binding (AH®). Other thermodynamic parameters (AG° and

TAS®) were calculated using the standard thermodynamic equation:

RTInK, = AG° = AHP - TAS®

Where, R = gas constant,
T = Temperature in degree absolute,
K4 = Equilibrium dissociation constant,
AG° = Change in free energy,
AH® = Enthalpy of binding,
AS° = Entropy of binding.

2.2.5 Assay methods for HylP1, HylP2 and HylP3
2.2.5.1 Basic biochemical characterisation of enzymes

2.2.5.1.1 General considerations for kinetic analysis
o All kinetics was performed using the same set of calibrated Gilson
pipettes.
e The same aliquot of purified enzyme was used in kinetic experiments.
o All enzyme assays were performed in triplicate and the mean values were

presented on the graphs with error bars to represent the range for each data

set.

2.2.5.1.2 3,5-Dinitrosalicylic acid (DNSA) reducing sugar assay
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The reducing sugar content of solutions was determined calorimetrically using

DNSA (Miller, 1959).

Enzyme (HylIP1 (0.17 pg), HylP2 (0.28 ug) or HylP3 (0.35 pg), diluted in 18.2
MQ H,0 containing 1 mg ml” BSA (final concentration), was added to soluble
dialysed sodium hyaluronate (4.0-0.5 mg ml”, final concentration; section 2.1.10)
and an appropriate buffer (20 mM final concentration; Section 2.2.5.1.5), mixed
by vortexing, and 150 pl aliquots removed at various time points (0-64 min) and
added to 150 pl DNSA reagent (1 % (w/v) DNSA, 0.2 % (v/v) phenol, 1 % (w/v)
NaOH, 0.002 % (w/v) glucose, 0.05 % (w/v) NaSOj3; section 2.1.9.6) to terminate
the reaction. For 0 time, 150 pl of the reaction mix was removed prior to the
addition of the enzyme. The tubes were then boiled for 20 min, placed on ice for
10 min and finally equilibrated to room temperature before reading the
absorbencies. The absorbencies were determined at 570 nm in a 96-well plastic
microtitre plate (200 pl of each reaction was measured) using a plate reader
(Appendix D14). Reducing sugar release was determined from the standard curve
and the amount of enzyme or substrate concentrations were adjusted to ensure that
the linear rate of the reaction was determined. Standard curves (Figure 2.4) were
produced each time an assay was carried out. The standard curves were generated
by the addition of 0-1.0 mg ml”! of glucose (final concentration; 10 mg ml™ stock
concentration) to 4.0-0.5 mg ml (final concentration; section 2.1.10) of soluble
sodium hyaluronate in 20 mM of an appropriate buffer (Section 2.2.5.1.5),
containing 1 mg ml" BSA (final concentration) to a final volume of 150 pl.
DNSA reagent (150 ul; Section 2.1.9.6) was added to the standard curve and the
processed in the same way as the enzyme assays (post-incubation). Assays were

carried out at 37 °C, unless otherwise stated.
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Figure 2.4: Typical standard curve for DNSA assays.

The curve was generated by the addition of 0, 0.1, 0.2,0.3,0.4, 0.5, 0.6, 0.7, 0.8,0.9, +
1.0 mg ml" glucose (final concentration) to 4.0-0.5 mg/ml sodium hyaluronate (final
concentration), 1 mg ml" BSA (final concentration) and 20 mM (final concentration) of
an appropriate buffer, in a total volume of 150 pl. DNSA reagent (150 ul) was added, the
tubes boiled for 20 min and placed on ice for 10 min. The tubes were finally equilibrated
to room temperature before the A5, of the solution was determined.

2.2.5.1.3 Digests for PAGE analysis

Enzyme HylP1 (0.17 pg), HylP2 (0.28 pg) or HylP3 (0.35 pg), diluted in 18.2
MQ H,0, was added to 2 mg ml” dialysed sodium hyaluronate (final
concentration; section 2.1.10) and 20 mM HEPES buffer, pH 7.0, mixed by
vortexing and 150 pl aliquots removed at 0, 10, 20, 40, and 60 min. To terminate
the reaction, each digest was boiled for 5 min before being analysed by PAGE
(Section 2.2.5.2). For 0 time, 150 ul of the reaction mix was removed prior to the
addition of the enzyme. At the same time points, an additional 150 pl of the
reaction mix was removed and tested for reducing sugar content (Section

2.2.5.1.2) to ensure all enzymes were active.

2.2.5.1.4 Determination of Ky, k.« and specific activity

For the determination of kinetic parameters of HylP1, HylP2 and HylP3 against
sodium hyaluronate (2.1.10), varying substrate concentrations between 4.0-0.5 mg
ml” (final concentrations) were chosen and assays performed as detailed in
section 2.2.5.1.2. A standard curve was generated for each substrate
concentration. To all assays, 0.17, 0.28 and 0.35 pg of HylP1, HylP2 and HylP3,
respectively, and 20 mM Tris, pH 7.5, MES, pH 6.0 and sodium citrate, pH 5.5,
respectively, were added. Aliquots of 150 ul were removed at 0, 0.5, 1, 2, 4, 8 and
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16 min. For 0 time, 150 pl of the reaction mix was removed prior to the addition
of the enzyme. All assays were carried out at 37 °C. In order to ascertain if these
data reflected true Michaelis- Menten kinetics, a Lineweaver-Burk plot was

plotted and if a straight line was observed the data were accepted as true.

2.2.5.1.5 Determination of pH optimum
For the determination of pH optimum of HylP1, HylP2 and HylP3, the substrate

dialysed sodium hyaluronate (2 mg ml™ final concentration; Section 2.1.10),
enzyme HylP1 (0.17 pg), HylP2 (0.28 pg) and HyIP3 (0.35 pg) and 20 mM of
sodium citrate pH 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 5.8, 6.0, 6.2, 6.5, 7.0 were tested.
BSA was not added to the reactions as precipitation occurred. Aliquots of 150 ul
were removed at 0, 1, 2, 4, 8 and 16 min. For 0 time, 150 pl of the reaction mix
was removed prior to the addition of the enzyme. Assays were performed as

detailed in section 2.2.5.1.2.

2.2.5.1.6 Determination of temperature optimum and thermostability of
HylP1, HylP2 and HylP3

Temperature optimum for HylP1, HylP2 and HylP3 were determined under

standard assay conditions given in section 2.2.5.1.2, except the reaction was

carried out at a range of temperatures (27, 37, 47, 57, 67 and 77 °C).

Thermostability of HylP1, HylP2 and HylP3 was assessed by pre-incubating the
enzyme at 27, 37,47, 57, 67, and 77 °C for 20 min prior to assaying the samples
under standard conditions (Section 2.2.5.1.2).

HylIP1 (0.17 pg), HyIP2 (0.28 pg) and HylP3 (0.35 pg) were assayed against
dialysed sodium hyaluronate (2 mg ml” final concentration; Section 2.1.10) and
20 mM Tris, pH 7.5, MES, pH 6.0 and sodium citrate, pH 5.5, respectively.
Aliquots of 150 ul were removed at 0, 1, 2, 4, 8 and 16 min. For 0 time, 150 pl of

the reaction mix was removed prior to the addition of the enzyme.

2.2.5.1.7 Determination of divalent ion requirement of HylP1, HylP2 and
HylP3
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The effects of divalent cations on activity was assessed using the standard reaction
conditions (Section 2.2.5.1.2), except the substrate concentration tested was 2 mg
ml’ (final concentration; Section 2.1.10), 20 mM Tris, pH 7.5, MES, pH 6.0 and
sodium citrate, pH 5.5, respectively, and divalent ions CaCl,, BaCl,, CoCl,
CuCly, MgCly, MnCl,, NiCl,, StCl,, ZnCl, were all tested at 1 mM. Aliquots of
150 pl were removed at 0, 1, 2, 4, 8 and 16 min. For 0 time, 150 pl of the reaction

mix was removed prior to the addition of the enzyme.

2.2.5.2 Mode of action of HylP1, HylP2 & HylP3 by PAGE analysis

The procedures employed for vertical-slab gel electrophoresis were essentially as
described by Min & Cowman (1986) and Ikegami-Kawai & Takahasi (2002).
Mini vertical slab gels (10.1 x 7.2 cm and 10.1 x 8.2 cm; appendix D8) were used
with 10 sample wells (1.1 x 0.75 cm). The polyacrylamide gels contained 15.5 %
acrylamide in 0.1 M Tris/Borate — 1 mM Na,EDTA, pH 8.3 (TBE; Section
2.1.9.3.1). For the electrophoretic run, 10 pl of the hyaluronan digest samples
(Section 2.2.5.1.3) were mixed with a one-fifth volume of 2M sucrose in TBE
buffer (Section 2.1.9.3.5) and applied directly to the gel. Bromophenol Blue
(BPB; 0.005 % in TBE buffer containing 0.3 M sucrose; Section 2.1.9.3.6) was
used as a tracking dye and applied to a well with no sample. The reservoir buffer
was TBE (10 x; Section 2.1.9.3.4) and was diluted 1:10 before use. In order to
obtain a ladder-like series of bands, the gels were electrophoresed first at 250 V
for 20 min, then at 500 V for 10 min, and additionally at 450 V for approximately
5 min or until the BPB tracking dye reached within 1 cm of the gel bottom. All the

procedures of the electrophoretic run were carried out in a cold room.

A combined Alcian Blue and Silver staining protocol was employed for the
detection of oligosaccharides. Immediately after electrophoresis, oligosaccharides
were fixed in the gel matrix by soaking the gel in 0.05 % Alcian blue (Section
2.1.9.3.2 dissolved in 18.2 MQ H,0 (~ 200 ml)) for 0.5 h in the dark. After
destaining in 18.2 MQ H,0 (~ 200 ml) for 0.5 h, the gel was subjected to Silver
staining under normal room light, beginning at the oxidation step. Gels were
soaked for 5 min in oxidiser solution (0.0034 M K,Cr,07, 0.0032 N HNOs; ~ 200
ml; 2.1.9.3.3) while being shaken gently. Gels were then washed four times with
18.2 MQ H,O (~ 200 ml) for 30 sec until the yellow colour of the oxidiser
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solution disappeared and soaked in Silver nitrate solution (0.012 M AgNOs; ~ 200
ml; 2.1.9.3.3) for 30 min with gentle shaking. This was followed by two rapid
rinses with image developer solution (0.28 M Na,COs3, 0.5 ml formaldehyde; ~
200 ml; 2.1.9.3.3). A final portion (~ 200 ml) of the developer solution was added
and shaken until a brown, smoky precipitate evolved of sufficient intensity. The
development was stopped by discarding the developer solution and adding 1 %
acetic acid (~ 100 ml; 2.1.9.3.3) for ~ 5 min. Gels were then washed twice with
18.2 MQ H,0 for final storage.

2.2.5.3 Polysaccharide binding assays using SDS-PAGE

Qualitative binding of proteins HylP1, HylP2 and HylP3 to insoluble collagen was
carried out as follows: pure protein (185, 309 and 390 pg, respectively) was mixed
with 3 ml of 5 % (w/v) insoluble collagen in 50 mM HEPES buffer, pH 7.0, in a
universal. The universals were incubated on ice for 1 h with orbital shaking at 50
rpm. The mixture was then filtered through a porosity grade 3 sintered glass filter
(Pyrex) by vacuum suction. The insoluble collagen deposited on the filter was
then washed three times by re-suspension in 3 ml of 50 mM HEPES buffer, pH
7.0, followed by vacuum suction. After the final wash, the insoluble collagen was
scraped off the filter and re-suspended in 250 ul of 10 % (w/v) SDS. Any bound
protein was then eluted from the insoluble collagen by boiling for 5 min. Samples
(equivalent volumes of start material, all the wash fractions and eluant) were then
analysed by SDS - PAGE (Section 2.2.3.1). Control experiments were carried out
using BSA (50 pg) as a negative non-binding control.
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Investigation of the interactions between Clostridium

thermocellum Xyn11A CBM6 and its ligands.

3 Results

3.1 Introduction

The non-catalytic domains of modular xylanases that interact with
polysaccharides are designated as carbohydrate-binding modules (CBMs)
(Tomme et al., 1995a; Boraston et al., 1999; Coutinho and Henrissat, 1999).
Although the majority of CBMs from plant cell wall (PCW) hydrolases
characterised to date interact specifically with cellulose, modules have also been
characterised that are able to bind to xylan (Tomme ef al., 1995a). Xylan, one of
the major hemicelluloses in the PCW, consists of B-1,4-linked D-xylose units,
which, unlike cellulose, are often substituted with arabinosyl, glucuronosyl,
acetyl, uronyl and mannosyl residues (Hazlewood & Gilbert, 1993). CBMs that
bind to xylan have so far only been found in enzymes involved in xylan

degradation and are summarised in Table 3.1.

CBMs have been classified into 39 families to date, based on primary structure
similarity (http://afmb.cnrs-mrs.fr/CAZY/; Coutinho and Henrissat, 1999). Ligand
specificity can vary both between and within families, demonstrating considerable
diversity in polysaccharide recognition in these protein modules (Coutinho and

Henrissat, 1999).
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Organism CBM Family Reference
Cellulomonas fimi Millward-Saddler ef al., 1994; Black et
2b al., 1995; Clarke et al., 1996
Streptomyces thermoviolaceus Kittur et al., 2003
Rhodothermus marinus 4b Nordberg et al., 1997
Cellvibrio mixtus Henshaw et al., 2004; Pires et al., 2004
Clostridium thermocellum 6 Fernandes et al., 1999; Czjzek et al., 2001
Clostridium stercorarium Sun et al., 1998; Boraston et al., 2003
Streptomyces lividens Dupont et al., 1998
13
Streptomyces olivaceoviridis Fujimoto et al., 2002
Cellvibrio japonicus* 15 Szabo et al., 2001; Pell et al., 2003
Clostridium thermocellum Charnock et al., 2000; Xie et al., 2001
22b
Thermotoga maritima Winterhalter et al., 1995
Cellvibrio japonicus* 35 Kellet et al., 1990
Paenibacillus polymyxa 36 Gosalbes et al., 1991

Table 3.1: Examples of characterised xylan-binding CBMs from different families.
Based on data obtained from the CAZy classification system (http://afmb.cnrs-
mrs.fr/CAZY/). * Denotes formerly Pseudomonas cellulosa.

Xynl1A (formerly XynU) is a modular enzyme from C. thermocellum strain YS.
In addition to the two catalytic modules, a family 11 glycoside hydrolase (GH11)
and a family 4 carbohydrate esterase (CE4), the xylanase contains a family 6

CBM (CtCBM6; Fernandes et al., 1999; Czjzek et al., 2001; Figure 3.1).

Figure 3.1: Molecular architecture of C. thermocellum Xyn11A.

Xynl1A is a modular xylanase consisting of three discrete modules (shown as coloured
boxes) joined by flexible linker regions (as shown by black lines). The N-terminal signal
peptide is shown in black.

The anaerobic, thermophillic bacterium C. thermocellum synthesises a cluster of
cellulases, xylanases, mannanases and other hydrolytic enzymes and CBMs that
assemble into a large multi-enzyme complex termed the cellulosome (Béguin and
Lemaire, 1996; Fernandes et al., 1999; Shoham et al., 1999; Carvalho ef al.,
2003). Multienzyme PCW degrading complexes, such as the one found in C.

thermocellum, are assembled by the interaction of two protein domains named
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“cohesins” and “dockerins” (Carvalho ef al., 2003). Carvalho et al. (2003) have
recently determined the 3D structure of the C. thermocellum dockerin-cohesin
complex. The basis for the assembly of the cellulosome is the strong interaction
between “cohesin” domains of the scaffold and the “dockerin” domains tethered
to each enzyme (Béguin and Lemaire, 1996; Shoham et al., 1999; Carvalho et al.,
2003). It is generally believed that assembly of the catalytic components into a
complex enhances the synergistic interactions between enzymes with
complementary activities, leading to more efficient PCW degradation (Fierobe et
al., 2002), whilst close association of this catalytic machine with the microbial
cell wall enables the nutrients released to be preferentially utilised by the

cellulosome-expressing host.
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The structure of CtCBM6 was determined by X-ray crystallography by Dr Czjzek
(CNRS, Marseille). The protein forms a classic lectin-like B-jelly roll (Czjzek et
al.,2001; Figure 3.2) and displays a small shallow cleft, lined by two aromatic
residues Tyr-34 and Trp-92 (Cleft A). However, when the fold was compared
with CBM4 and CBM22, a second putative ligand-binding site becomes apparent
on the concave face of the jelly roll (Figure 3.3; Cleft B). Cleft B strongly
resembles the ligand-binding sites of CBM4 (Johnson ef al., 1996) and CBM22
(Charnock et al., 2000), and two aromatic residues are located close to the
surface, namely Tyr-40 and Tyr-112, the aromatic nature of which are relatively
conserved in CBM6 (Tyr-40 is replaced by a tryptophan in a number of family 6
members; Figure 3.3), that could play a role in saccharide binding. Surprisingly, a
proline residue of a neighbouring loop (residues 73-79) covers up this groove,
making the surface aromatic residues apparently inaccessible to polymeric

ligands.

This chapter will describe the interaction between CBM6 of C. thermocellum
Xynl1A and its ligands. In order to study the role of individual conserved amino
acids in the binding site, six mutants of C:*CBM6 were made by site-directed
mutagenesis (SDM; Section 2.2.2.2). The properties of the mutants were
compared with those of wild type protein using non-denaturing affinity gel
electrophoresis (AGE; Section 2.2.4.1), isothermal titration calorimetry (ITC;
Section 2.2.4.2) and NMR spectroscopy (performed by Dr M. Czjzek, CNRS
Marseille). The data was used to determine the location of the ligand-binding site

on the protein and led to the proposed model of ligand binding.

The results show that Ct*CBM6 binds preferentially to xylan and
xylooligosaccharides, interacts weakly with B-glucan and cellooligosaccharides
and some soluble substituted forms of cellulose, but exhibits no detectable affinity
for other mannose-containing hemicelluloses or pectins. ITC revealed that
CtCBMB6 can accommodate up to five xylose residues, with binding driven mainly
by enthalpic forces, partly offset by a negative entropy, in common with other

soluble carbohydrate/protein interactions.
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3.2 Construction of C* Xyn11A CBM6 and mutants

Plasmid pCtXynl1A, encoding CtCBM6, was constructed previously (Fernandes
et al., 1999). Briefly, the region of the Xynl1A gene, encoding CBM6, was
amplified by PCR, using the following primers that contain Nde I and Xho 1
restriction sites (engineered restriction sites are shown underlined): forward
primer S’CTCCATATgAAAATCgAATCTgAggAgTAC3’ and reverse primer
3’CACCTCgAgTgTAggATTTACgCCATTCgS’. The amplified DNA was
digested with Nde 1/ Xho 1, and cloned into similarly restricted pET-21a vector to
generate the plasmid pCfXyn11A, which encodes C*CBM®6 with a Hisg tag at its

N-terminus.

To identify residues of CtCBM6 involved in binding xylohexaose, NMR ligand
titration experiments were carried out by Dr M. Czjzek, CNRS Marseille. The
spectra of CtCBMB6 titrated with increasing amounts of xylohexaose showed that
the protein and its ligand are in fast exchange between the free and bound states
(Czjzek et al., 2001). Thus, this allowed identification of the backbone C:CBM6
amide groups that are affected by oligosaccharide binding. These residues include
Tyr-34, Trp-92, and Asn-120, located in cleft A from the 3D structure (Figure
3.2). It is likely, therefore, that these residues are directly involved in ligand
binding. To investigate the involvement of Tyr-34, Trp-92, and Asn-120 in ligand
binding, these amino acids were each substituted with methionine (W92M) and
alanine (Y34A and N120A). In addition, the residues Tyr-40, Arg-72, and Tyr-
112, located in the second potential binding site cleft B (Figure 3.2), were
replaced by methionine (Y40M, R72M and Y112M). Although NMR ligand
titration experiments showed that none of the residues in cleft B were affected by
the ligand, further investigation through SDM was required to determine whether
cleft A was indeed the only ligand binding site in CtCBM6. The primers used to
generate these mutants, by the SDM method (Section 2.2.2.2), are given in
Section 2.1.7.1. Mutants Y34A and N120A were made in-house and mutants
R72M, Y40M, Y112M and W92M were made previously by Dr D.N. Bolam,

Newcastle University.
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PCR conditions were as given in section 2.2.2.1.1. The PCR products were
transformed into Escherichia coli super competent XL10-Gold cells (Section
2.2.2.1.13.1), yielding ~50 colonies for each mutant. Plasmid DNA was purified
from one colony (Section 2.2.2.1.6.2) and was sent for sequencing using the
standard sequencing primers T7 promoter for Y34A and T7 terminator for N120A
(Section 2.2.2.1.10). The data showed that the desired single codon mutations had
been created successfully. Wild type and mutant forms of CtCBM6 were
transformed into E. coli BL21 chemically competent cells (DE3; section
2.2.2.1.13.1), and the recombinant E. coli strain was grown at 37 °C to mid-
exponential phase. Expression of the CBMs was induced by the addition of IPTG
at a final concentration of 1 mM, and the cultures incubated at 37 °C overnight
(Section 2.2.1.2.3). Cells were harvested by centrifugation and periplasmic

fractions were prepared as described in section 2.2.3.2.

The proteins were purified by immobilised metal affinity chromatography
(IMAC) under non-denaturing conditions, using a Talon™/ chelating sepharose
resin column (Section 2.2.3.4.2). An example of the purification is shown in
Figure 3.4 (Section 2.2.3.1). Proteins were then dialysed against 50 mM sodium
phosphate buffer, pH 7.0, at 12 °C and their concentrations were determined by
Bradford’s assay or 4230 (Section 2.2.3.7.2 and 2.2.3.7.1, respectively) and
subjected to AGE (Section 2.2.4.1) and ITC (Section 2.2.4.2).

3.3 Ligand binding studies

3.3.1 Qualitative affinity of CrCBM6 and mutants to bind to soluble

polysaccharides

Previous qualitative studies have shown that C+*CBM6 binds to insoluble and
soluble polysaccharides (Fernandes et al., 1999). However, the affinity of the
protein for xylan, and the full range of other soluble ligands (Figure 3.5) that the
CBM binds to, have not been defined. Semi-quantitative AGE was used to assess
the capacity of CtCBMS6 to bind to a series of high molecular weight, soluble
plant polysaccharides (Section 2.2.4.1; Takeo, 1984). In AGE, native protein
samples are electrophoretically separated in polyacrylamide gels containing

different concentrations of soluble polysaccharides. Reversible binding of the
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protein to the ligand reduces its migration distance (mobility) due to the larger
size of the protein/carbohydrate complex. The change in mobility is proportional
to the polysaccharide concentration. The mobility of proteins that do not bind to
the ligand in the gel would not be retarded even in the presence of high

concentrations of the polysaccharide.

Figure 3.4: 15 % SDS-PAGE of CtCBM6 hyper-expression and purification.
CtCBMB6 (wild type) was purified from E.coli cells harbouring pCtXyn11A by IMAC
using Talon™ / chelating sepharose (Section 2.2.3.4.2). Lane 1: High molecular weight
(HMW) markers (205, 116, 97, 84, 66, 55, 45, 36 kDa); lane 2: 20 pl periplasmic fraction
(PPF) containing wild type CtCBMS6; lane 3: 20 pl first elution (containing 100 mM final
concentration of imidazole; Section 2.1.9.4.4); lane 4: 20 ul second elution; lane 5: Low
molecular weight (LMW) markers (66, 45, 36, 29, 24, 20, 14.2, 6.5 kDa). Proteins were
visualised by staining with Coomassie Blue and destained (Section 2.2.3.1.1). Expression
levels of mutants Y34A, W92M, N120A, Y40M and R72M (data not shown) were
similar to wild type CtCBM6, whereas the expression level of Y112M was considerably
less.
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Figure 3.5: Structure of some of the polysaccharides used to investigate the binding
specificity of CtCBM6 and mutants.

(A) B-1,4-xylooligosaccharide backbone of xylan; (B) B-1,4-linked glucan chain as found
in cellulose; (C) B-1,3-1,4-glucan chain of barley B-glucan; and (D) B-1,4-linked glucan
chain of hydroxyethylcellulose (HEC).
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To compare the polysaccharide binding properties of wild type and mutants of
CtCBMBS, the proteins were subjected to AGE using a range of soluble PCW
structural polysaccharides (Section 2.1.10). In the use of AGE as a screen for
binding specificity, aliquots of recombinant wild type C+CBM6, the mutants
(N120A, R72M, WI2M, Y34A, Y40M and Y112M) and bovine serum albumin
(BSA), chosen as a negative non-carbohydrate-binding control, were
electrophoresed under native conditions at room temperature (Section 2.2.4.1) in
gels containing 0.1 % (w/v) of the appropriate polysaccharide and a parallel gel

containing no (potential) ligand.

Figures 3.6-3.9 show data from AGE experiments, in which the gels contained oat
spelt xylan, birchwood xylan, rye arabinoxylan and wheat arabinoxylan, and the
full data set is summarised in Table 3.2. The mutant N120A exhibited a greatly
reduced affinity to oat spelt xylan, birchwood xylan, rye and wheat arabinoxylans,
since the migration of N120A was not significantly retarded by the presence of
these forms of xylan in the gel, while the native protein was strongly retarded by
these polysaccharides (Figure 3.6-3.7). The mobility of W92M was affected more
by the presence of varying forms of xylan, compared to N120A, but less than the
wild type protein. Mutants Y34A, Y40M, R72M and Y112M appeared to show
the same extent of retardation in the presence of these xylans as that of the wild
type. This indicates that these mutations have not influenced the affinity of the
protein for xylan under qualitative conditions. The wild type and some of the
mutants showed a weak affinity for barley B-glucan (Y40M, R72M and Y112M),
methyl cellulose (all mutants), hydroxyethyl cellulose (HEC; all mutants) and
carboxymethylcellulose (CMC; Y112M). No retardation of CtCBM6 and the
mutants was observed with the gels containing carob and locust bean
galactomannan, apple and lime pectin, sugar beet arabinan, pectin and potato
galactan, CM-pachyman and rhamnogalacturonan. BSA was not retarded by the
presence of any of the polysaccharides tested, indicating that the binding between
CtCBM6 and for example, oat spelt xylan, represented a true interaction of

CtCBM6 with the polysaccharide.
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Figure 3.6: Qualitative AGE of wild type CfCBM6 and the mutants in gels
containing different ligands.

Wild type CrCBMS6, the mutants (Y34A, W92M, N120A, Y40M, R72M and Y112M)
and BSA (non-binding control) were subjected to AGE, using a 7.5 % polyacrylamide gel
in a Tris/glycine buffer system, pH 8.3, in the presence of different soluble
polysaccharides at a final concentration of 0.1 % (w/v), as described in Section 2.2.4.1.
The gels (with and without ligand) were electrophoresed for 3 h at 10 mA/gel. Proteins
were visualised by staining with Coomassie Blue and destained (Section 2.2.3.1.1). (A)
0.1 % (w/v) Oat spelt xylan: No ligand: lane 1: 5 pg BSA; lane 2: 10 nl wild type
CtCBMG6; lane 3: 10 ul Y112M; lane 4: 10 pl Y34A; lane 5: 10 pul N120A; lane 6: 10 ul
WOI2M; lane 7: 10 pl Y40M; lane 8: 10 ul R72M. Ligand: lane 9: 5 ug BSA; lane 10: 10
ul wild type CtCBM6; lane 11: 10 pl Y112M; lane 12: 10 ul Y34A; lane 13: 10 pl
N120A; tane 14: 10 ul W92M; lane 15: 10 pul Y4A0M; lane 16: 10 pl R72M. (B) 0.1 %
(w/v) Birchwood xylan: No ligand: Lane 1: 5 ug BSA; lane 2: 10 pl wild type CtCBMS;
lane 3: 10 pl Y112M; lane 4: 10 pl Y34A; lane 5: 10 ul N120A; lane 6: 10 pl WI2M;
lane 7: 10 pul Y40M; lane 8: 10 pul R72M. Ligand: lane 9: 5 ug BSA; lane 10: 10 pl wild
type CtCBM6; lane 11: 10 pul Y112M; lane 12: 10 pl Y34A; lane 13: 10 pl N120A; lane
14: 10 pl W92M; lane 15: 10 pl Y40M; lane 16: 10 pul R72M.
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Figure 3.7: Qualitative AGE of wild type CtCBM6 and the mutants in gels
containing different ligands.

Wild type CtCBMS6, the mutants (Y34A, W92M, N120A, Y40M, R72M and Y112M)
and BSA (non-binding control) were subjected to AGE, using a 7.5 % polyacrylamide gel
in a Tris/glycine buffer system, pH 8.3, in the presence of different soluble
polysaccharides at a final concentration of 0.1 % (w/v), as described in Section 2.2.4.1.
The gels (with and without ligand) were electrophoresed for 3 h at 10 mA/gel. Proteins
were visualised by staining with Coomassie Blue and destained (Section 2.2.3.1.1). (C)
0.1 % (w/v) Wheat arabinoxylan: No ligand: lane 1: 5 pg BSA; lane 2: 10 pl wild type
CtCBMB6; lane 3: 10 ul Y112M; lane 4: 10 pl Y34A; lane 5: 10 pl N120A; lane 6: 10 pl
W92M; lane 7: 10 pl Y40M; lane 8: 10 pl R72M. Ligand: lane 9: 5 ug BSA; lane 10: 10
ul wild type CtCBM6; lane 11: 10 pul Y112M; lane 12: 10 ul Y34A; lane 13: 10 pl
N120A; lane 14: 10 pl W92M; lane 15: 10 pi Y40M; lane 16: 10 ul R72M. (D) 0.1 %
(w/v) Rye arabinoxylan: No ligand: Lane 1: 5 ug BSA; lane 2: 10 ul wild type Ct-CBM6;
lane 3: 10 ul Y112M; lane 4: 10 pl Y34A; lane 5: 10 ul N120A; lane 6: 10 ul W92M;
lane 7: 10 ul Y40M; lane 8: 10 ul R72M. Ligand: lane 9: 5 pg BSA; lane 10: 10 pul wild
type CtCBMB6; lane 11: 10 pl Y112M; lane 12: 10 pl Y34A; lane 13: 10 pul N120A; lane
14: 10 pl W92ZM; lane 15: 10 ul Y40M; lane 16: 10 ul R72M.
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Figure 3.8: Qualitative AGE of wild type CfCBM6 and the mutants in gels
containing different ligands.

Wild type CtCBMBS, the mutants (Y34A, W92M, N120A, Y40M, R72M and Y112M)
and BSA (non-binding control) were subjected to AGE, using a 7.5 % polyacrylamide gel
in a Tris/glycine buffer system, pH 8.3, in the presence of different soluble
polysaccharides at a final concentration of 0.1 % (w/v), as described in Section 2.2.4.1.
The gels (with and without ligand) were electrophoresed for 3 h at 10 mA/gel. Proteins
were visualised by staining with Coomassie Blue and destained (Section 2.2.3.1.1). (E)
0.1 % (w/v) Barley B-glucan: No ligand: lane 1: 5 pg BSA; lane 2: 10 pl wild type
CtCBM6; lane 3: 10 pul Y112M; lane 4: 10 pl Y34A; lane 5: 10 pl N120A; lane 6: 10 ul
WI2M; lane 7: 10 pl Y40M; lane 8: 10 ul R72M. Ligand: lane 9: 5 pg BSA; lane 10: 10
pl wild type CtCBM6; lane 11: 10 pl Y112M; lane 12: 10 pl Y34A; lane 13: 10 pl
N120A; lane 14: 10 pl W92M; lane 15: 10 ul Y40M; lane 16: 10 ul R72M. (F) 0.1 %
{(w/v) Carboxymethylcellulose (CMC): No ligand: Lane 1: 5 pg BSA; lane 2: 10 pl wild
type CtCBMS6; lane 3: 10 pl Y112M; lane 4: 10 pl Y34A; lane 5: 10 pl N120A; lane 6:
10 ul W92M; lane 7: 10 pl Y40M; lane 8: 10 ul R72M. Ligand: lane 9: 5 ug BSA; lane
10: 10 pl wild type CtCBM6; lane 11: 10 pul Y112M; lane 12: 10 pl Y34A; lane 13: 10 pl
N120A; lane 14: 10 pl W92M; lane 15: 10 pl Y40M; lane 16: 10 ul R72M.
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Figure 3.9: Qualitative AGE of wild type CfCBM6 and the mutants in gels
containing different ligands.

Wild type CtCBMS, the mutants (Y34A, W92M, N120A, Y40M, R72M and Y112M)
and BSA (non-binding control) were subjected to AGE, using a 7.5 % polyacrylamide gel
in a Tris/glycine buffer system, pH 8.3, in the presence of different soluble
polysaccharides at a final concentration of 0.1 % (w/v), as described in Section 2.2.4.1.
The gels (with and without ligand) were electrophoresed for 3 h at 10 mA/gel. Proteins
were visualised by staining with Coomassie Blue and destained (Section 2.2.3.1.1). (G)
0.1 % (w/v) Hydroxyethyl cellulose (HEC): No ligand: lane 1: 5 ug BSA; lane 2: 10 ul
wild type CtCBMB6; lane 3: 10 pl Y112M; lane 4: 10 pl Y34A,; lane 5: 10 pl N120A; lane
6: 10 ul W92M; lane 7: 10 i Y40M; lane 8: 10 ul R72M. Ligand: lane 9: 5 pg BSA; lane
10: 10 pl wild type CtCBM6; lane 11: 10 pul Y112M; lane 12: 10 pl Y34A; lane 13: 10 pl
N120A; lane 14: 10 ul W92M; fane 15: 10 pl Y40M; lane 16: 10 pl R72M. (H) 0.1 %
(w/v) Methy! cellulose: No ligand: Lane 1: 5 ug BSA; lane 2: 10 pl wild type CtCBM6;
lane 3: 10 pl Y112M; lane 4: 10 pl Y34A; lane 5: 10 pl N120A; lane 6: 10 pl W92M;
lane 7: 10 pl Y40M; lane 8: 10 ul R72M. Ligand: lane 9: 5 pg BSA; lane 10: 10 pi wild
type CtCBMBS; lane 11: 10 pl Y112M; lane 12: 10 ul Y34A; lane 13: 10 pl N120A; lane
14: 10 pl WI92M; lane 15: 10 pl Y40M; lane 16: 10 pl R72M.
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To summarise, these results indicate that Ct-CBMBS6 is primarily a CBM that binds
to xylan of varying degrees of substitution.

3.3.2 Quantitative affinity of CrCBMG6 and mutants for soluble

polysaccharides

To quantify the affinity of C+*CBM6 and mutants for oat spelt xylan, quantitative
AGE was used. CtCBM6 and mutants were subjected to gels with and without
various different concentrations of oat spelt xylan. Each pair of gels (presence and
absence of ligand, respectively) were run at 10 mA for the same duration (3 h;
section 2.2.4.1). The distance moved by the wild type and mutants of CtxCBM6
reduced as the concentration [C] of xylan increased from 0 — 1.0 mg/ml, whereas
the migration of the control BSA was not affected (Figures 3.10-3.13). The
migration distance of CrCBM6 and mutants in the presence and absence of ligand
was then measured after the electrophoresed gels had been stained and destained
(Section 2.2.3.1.1). Following destaining of each gel, it was noted that a second
smaller faint band was also visible. When analysing the degree of retardation of
CBM6 (WT) and mutants, the prominent higher MW band for each protein was
used. CBMs, in general, are notorious for not running according to their MW,
which may explain the appearance of a second band, or it may be possible that
there is a proportion of the protein solution that is unable to interact with the

ligand present in the gel and is therefore not retarded.

In AGE, the decrease in mobility of proteins in the presence of soluble ligand is
proportional to the concentration of the ligand added. Thus, the dissociation and
association constants of CBMs for soluble polysaccharides can be calculated by
plotting the change in mobility as a function of ligand concentrations (Takeo,
1984). The relative mobility, which is used to calculate the dissociation constant,
is expressed as the migration distance of the protein sample versus the migration
distance of a non-binding control. Migration distances were measured, in cm,
relative to the top of the gel (base of the wells). The relative migration distance is
the ratio of the samples’ migration distance (d) to that of the reference substance
(D), BSA (d/D). In this way, the relative mobility of wild type and mutants of
CtCBMB6 in the presence (r) and absence (R) of oat spelt xylan were obtained.
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In the case of a protein-ligand complex where the protein migrates into the
polyacrylamide gel, even at high concentrations of ligand, the general affinity
equation (Equation 1; Takeo, 1984) was used to obtain a value for the dissociation

constant (Ky).
1/ R-1)=1/(R-R).(1+K4/[C]) Equation 1

where, R is the relative migration distance (d/D) of the free protein (CtCBM6),
i.e. that obtained in the absence of the macromolecular ligand,
r is the migration distance (d/D) of the protein (CtCBM6 and mutants) in
the presence of ligands,
[C] is the total concentration of ligand (%),
K4 is the dissociation constant of protein for the ligand given as a %
concentration (C %),
R, is the relative migration distance of the complex between protein and
affinity ligand, i.e. that value obtained in the presence of an excess amount

of affinity ligand with all protein molecules binding the ligand.

When the general affinity equation (Equation 1) is plotted taking [C] % as the x
axis and 1 /(R- 1) as the y axis, a straight line is obtained. The equation of the line
is obtained from the reciprocal graph and taking y = 0, the negative value of the
dissociation constant (Ky4) is equal to x and can be calculated. The association
constant (K,) for the interaction was obtained by taking the reciprocal of K4
(1/Ky).

The general affinity equation (Equation 1) was used to determine the dissociation
and association constants for the interaction between wild type CfCBM6 and the
mutants with oat spelt xylan. Data, presented in Table 3.3, show that in the
presence of a high excess of oat spelt xylan, wild type CtCBM6 and the mutants
still had some mobility (Figure 3.13), probably due to the incomplete molecular
sieving effect of the polyacrylamide gel (Takeo, 1984). Figure 3.14 displays a

reciprocal plot of relative mobility against ligand concentration for the wild type
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CBM and the Ky values, estimated from the plot of 1/(R-r) against [C], are given
in Table 3.3.
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Figure 3.10: Quantitative AGE of wild type CfCBM6 and the mutants in gels
containing different concentrations of oat spelt xylan.

Wild type CfCBMS6, the mutants (Y34A, W92M, N120A, Y40M, R72M and Y112M) and BSA
(non-binding control) were subjected to AGE, using a 7.5 % polyacrylamide gel in a Tris/glycine
buffer system, pH 8.3, in the presence of different concentrations (final concentrations) of soluble
oat spelt xylan, as described in Section 2.2.4.1. The gels (with and without ligand) were
electrophoresed for 3 h at 10 mA/gel. Proteins were visualised by staining with Coomassie Blue
and destained (Section 2.2.3.1.1). (A) 0.005 mg/ml: No ligand: lane 1: 5 pg BSA; lane 2: 10 pl
wild type CtCBMBS6; lane 3: 10 pl YI95F; lane 4: 10 pl Y34A; lane 5: 10 pul Y40M; lane 6: 10 pl
R72M; lane 7: 10 pl Y112M. Ligand: lane 8: 5 pg BSA; lane 9: 10 pl wild type CtCBMS6; lane 10:
10 ul Y95F; lane 11: 10 pl Y34A; lane 12: 10 ul Y40M; lane 13: 10 pl R72M; lane 14: 10 pl
Y112M. (B) 0.01 mg/ml: No ligand: Lane 1: 5 ug BSA; lane 2: 10 pl wild type CfCBMG6; lane 3:
10 ul Y9SF; lane 4: 10 pl Y34A; lane 5: 10 pl Y40M; lane 6: 10 pul R72M; lane 7: 10 pl Y112M.
Ligand: lane 8: 5 ug BSA; lane 9: 10 pl wild type CtCBM6; lane 10: 10 pl Y95F; lane 11: 10 ul
Y34A; lane 12: 10 pl Y40M; lane 13: 10 pul R72M; lane 14: 10 pl Y112M. (C) 0.015 mg/ml: No
ligand: Lane 1: 5 pg BSA; lane 2: 10 ul wild type Ct*CBM6; lane 3: 10 ul Y95F; lane 4: 10 pl
Y34A; lane 5: 10 pl Y40M; lane 6: 10 ul R72M; lane 7: 10 pl Y112M. Ligand: lane 8: 5 pg BSA;
lane 9: 10 pl wild type CtfCBMS6; lane 10: 10 ul Y95F; lane 11: 10 pl Y34A; lane 12: 10 ul Y40M;
lane 13: 10 pl R72M; lane 14: 10 ul Y112M.
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Figure 3.11: Quantitative AGE of wild type CfCBM6 and the mutants in gels
containing different concentrations of oat spelt xylan.

Wild type CfxCBMS6, the mutants (Y34A, W92M, N120A, Y40M, R72M and Y112M) and BSA
(non-binding control) were subjected to AGE, using a 7.5 % polyacrylamide gel in a Tris/glycine
buffer system, pH 8.3, in the presence of different concentrations (final concentrations) of soluble
oat spelt xylan, as described in Section 2.2.4.1. The gels (with and without ligand) were
electrophoresed for 3 h at 10 mA/gel. Proteins were visualised by staining with Coomassie Blue
and destained (Section 2.2.3.1.1). (D) 0.02 mg/ml: No ligand: lane 1: 5 ug BSA; lane 2: 10 pl wild
type CtCBM6; lane 3: 10 pl Y9SF; lane 4: 10 ul Y34A; lane 5: 10 pul Y40M; lane 6: 10 pul R72M;
lane 7: 10 pl Y112M. Ligand: lane 8: 5 ug BSA; lane 9: 10 pul wild type C+CBMS6; lane 10: 10 pl
YO95F; lane 11: 10 pl Y34A; lane 12: 10 pl Y40M; lane 13: 10 ul R72M; lane 14: 10 pl Y112M.
(E) 0.03 mg/ml: No ligand: Lane 1: 5 ng BSA; lane 2: 10 pl wild type CtCBMS6; lane 3: 10 ul
YO95F; lane 4: 10 ul Y34A; lane 5: 10 pul Y40M; lane 6: 10 ul R72M; lane 7: 10 pl Y112M.
Ligand: lane 8: 5 pg BSA; lane 9: 10 ul wild type CtCBMS6; lane 10: 10 pl Y95F; lane 11: 10 ul
Y34A; lane 12: 10 pl Y40M; lane 13: 10 pl R72M; lane 14: 10 pl Y112M. (F) 0.04 mg/ml: No
ligand: Lane 1: 5 pg BSA; lane 2: 10 ul wild type CtCBMG6; lane 3: 10 pul Y95F; lane 4: 10 pl
Y34A; lane 5: 10 ul N120A; lane 6: 10 pl W92M; lane 7: 10 ul Y40M; lane 8: 10 pl R72M; lane
9: 10 ul Y112M. Ligand: lane 10: 5 ug BSA; lane 11: 10 ul wild type CtCBMS6; lane 12: 10 pl
Y9SF; lane 13: 10 ul Y34A; lane 14: 10 ul N120A; lane 15: 10 pl W92M; lane 16: 10 pl Y40M;
lane 17: 10 pl R72M; lane 18: 10 ul Y112M.
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Figure 3.12: Quantitative AGE of wild type CtCBM6 and the mutants in gels
containing different concentrations of oat spelt xylan.

Wild type CtCBM6, the mutants (Y34A, W92M, N120A, Y40M, R72M and Y112M) and BSA
(non-binding control) were subjected to AGE, using a 7.5 % polyacrylamide gel in a Tris/glycine
buffer system, pH 8.3, in the presence of different concentrations (final concentrations) of soluble
oat spelt xylan, as described in Section 2.2.4.1. The gels (with and without ligand) were
electrophoresed for 3 h at 10 mA/gel. Proteins were visualised by staining with Coomassie Blue
and destained (Section 2.2.3.1.1). (G) 0.06 mg/ml: No ligand: Lane 1: 5 pg BSA; lane 2: 10 ul
wild type CtCBMB6; lane 3: 10 pl Y95F; lane 4: 10 pul Y34A; lane 5: 10 ul N120A; lane 6: 10 ul
WO92M; lane 7: 10 pul Y40M; lane 8: 10 pl R72M; lane 9: 10 pl Y112M. Ligand: lane 10: 5 ug
BSA; lane 11: 10 pl wild type CfCBMS6; lane 12: 10 pl Y95F; lane 13: 10 ul Y34A,; lane 14: 10 pl
N120A; lane 15: 10 pl W92M; lane 16: 10 ul Y40M; lane 17: 10 pul R72M; lane 18: 10 ul Y112M.
(H) 0.1 mg/ml: No ligand: Lane 1: 5 ug BSA; lane 2: 10 ul wild type C:xCBMS6; lane 3: 10 ul
YO95F; lane 4: 10 pl Y34A; lane 5: 10 ul N120A; lane 6: 10 pul W92M; lane 7: 10 pl Y40M; lane 8:
10 pul R72M; lane 9: 10 pul Y112M. Ligand: lane 10: 5 ug BSA; lane 11: 10 pl wild type CfCBMS6;
lane 12: 10 pl Y95F; lane 13: 10 ul Y34A; lane 14: 10 ul N120A; lane 15: 10 pul W92M; lane 16:
10 pl Y40M; lane 17: 10 pl R72M; lane 18: 10 pl Y112M. (I) 0.2 mg/ml: No ligand: Lane 1: 5 pg
BSA; lane 2: 10 pl wild type CfCBMS; lane 3: 10 1l Y95F; lane 4: 10 ul Y34A; lane 5: 10 ul
N120A; lane 6: 10 ul W92M; lane 7: 10 pl Y40M; lane 8: 10 pul R72M; lane 9: 10 ul Y112M.
Ligand: lane 10: 5 pug BSA; lane 11: 10 pl wild type C:CBMS6; lane 12: 10 pl Y95F; lane 13: 10 pl
Y34A; lane 14: 10 pl N120A; lane 15: 10 pul W92M; lane 16: 10 ul Y40M; lane 17: 10 ul R72M;
lane 18: 10 Wl Y112M.
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Figure 3.13: Quantitative AGE of wild type CfCBM6 and the mutants in gels
containing different concentrations of oat spelt xylan.

Wild type CtCBMS6, the mutants (Y34A, W92M, N120A, Y40M, R72M and Y112M)
and BSA (non-binding control) were subjected to AGE, using a 7.5 % polyacrylamide gel
in a Tris/glycine buffer system, pH 8.3, in the presence of different concentrations (final
concentrations) of soluble oat spelt xylan, as described in Section 2.2.4.1. The gels (with
and without ligand) were electrophoresed for 3 h at 10 mA/gel. Proteins were visualised
by staining with Coomassie Blue and destained (Section 2.2.3.1.1). (J) 1.0 mg/ml: No
ligand: Lane 1: 5 ug BSA; lane 2: 10 pl wild type CfCBM6; lane 3: 10 ul Y95F; lane 4:
10 pl Y34A; lane 5: 10 pul N120A; lane 6: 10 pl W92M; tane 7: 10 pl Y40M; lane 8: 10
ul R72M; lane 9: 10 ul Y112M. Ligand: lane 10: 5 pug BSA; lane 11: 10 pl wild type
CtCBMS6; lane 12: 10 pl Y95F; lane 13: 10 pl Y34A; lane 14: 10 ul N120A; lane 15: 10
ul W92M; lane 16: 10 pl Y40M; lane 17: 10 pul R72M; lane 18: 10 ul Y112M.
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Variant of CBM6 K, (%) Kq (%)
WT 436.68 0.00229
Y34A 52.63 0.019
N120A 3.32 0.301
W92M 8.40 0.119
Y40M 512.82 0.00195
R72M 473.93 0.00211
Y112M 520.83 0.00192

Table 3.3: Affinity of CtCBM6 (wild type) and mutants for oat spelt xylan using

quantitative AGE.

K, (affinity association constant) and K, (dissociation constant) for Ct:CBMS6 (wild type)

and mtants (Y34A, W92M, N120A (Cleft A); Y40M, R72M, Y112M (Cleft B)).
Experiments were carried out as described in Section 2.2.4.1.

The migration distance of the mutants Y34A, W92M and N120A (Figures 3.10-

3.13) were not retarded greatly by the presence of xylan in the gel compared to the

wild type protein (Figures 3.10-3.13). Determination of the K, values showed that

Y34A, W92M and N120A displayed reduced affinity for oat spelt xylan,
compared to the wild type CBM, and therefore Tyr-34, Trp-92 and Asn-120
(located in Cleft A) play a pivotal role in the interaction of Ct-CBM6 with its

ligand, either by interacting directly with xylan or in maintaining the structure of

the binding cleft. In contrast, mutants Y40M, R72M and Y112M showed a

broadly similar affinity for oat spelt xylan to the wild type CBM, as indicated by
their K, values (Table 3.3). It can therefore be concluded that Tyr-40, Arg-72 and

Tyr-112, which are located in Cleft B, do not play a role in the interaction of
CtCBM6 with its ligand.
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Figure 3.14: Reciprocal plot of relative mobility of C-CBM6 (wild type) against oat
spelt xylan concentration.

The relative mobility (R-r) was calculated as described in section 3.3.2. C:tCBM6 was
retarded in the presence of increasing concentrations of oat spelt xylan, while the control
protein (BSA) was not affected by this ligand. The dissociation constant (Ky) can be
estimated from the equation of the line; the value x when y = 0 is the negative value of K.
These data were performed in triplicate with error bars representing the standard
deviation from the mean.

To summarise, qualitatively Y34A, W92M and N120A bound to xylan (Table
3.2), however, quantitative AGE (Table 3.3) revealed that the affinities of these
mutants for oat spelt xylan were 8-fold, 52-fold and 132-fold, respectively, less
than that of the wild type, indicating that these mutants had significantly reduced
xylan binding capacity. These data led to the conclusion that Tyr-34, Trp-92 and
Asn-120 are important in ligand binding and that the location of the ligand-
binding site in CfCBM6 is Cleft A.
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3.4 Thermodynamics of xylooligosaccharides and xylan binding
to CrCBM6

ITC was used to quantify the affinity of C:-CBM6 (wild type only) for various
soluble ligands, and to determine the thermodynamic parameters for these binding
events. Briefly, the K, of CtCBMS6 for its ligands (K,) and the change in enthalpy
(AH®) were determined experimentally from each ITC curve and used to calculate
the change in Gibbs free energy (AG®) and TAS°® (change in entropy) for each

ligand-binding event as described in section 2.2.4.

The data for typical ITC curves generated when CtCBM6 was titrated with a
series of xylooligosaccharides, xylan and cellooligosaccharides are shown in
figures 3.15-3.18 and the full data set is presented in Table 3.4. Binding to each
oligosaccharide may be fitted by a one-binding site model, supporting the view
that the protein contains only a single ligand-binding site. The results show that
CtCBMB6 binds preferentially to xylooligosaccharides and xylan, interacts weakly

with cellooligosaccharides but does not interact with xylose.

The affinity of CtCBMB6 for xylooligosaccharides was shown to increase up to
xylopentaose. The K, of the CBM for xylopentaose is ~ 50 and ~ 100 times higher
than for xylobiose and cellohexaose, respectively. As the K, value did not change
significantly between xylopentaose and xylohexaose, it is likely that the binding
site of CACBM6 can accommodate five xylose residues. CtCBM6 showed higher
affinity for xylopentaose and xylohexaose than for oat spelt xylan as judged by
ITC, which could reflect the lower purity of the polysaccharide. The affinity of
the protein for highly substituted arabinoxylans (rye and wheat) or poorly
substituted xylans (oat spelt and birchwood) is broadly similar. These data
indicate that CfFCBM6 can accommodate highly decorated xylans. The
stoichiometry of binding for all oligosaccharides at saturation was 1:1, indicating
that there is only one ligand-binding site per protein molecule. These data
reinforces the view that CBM6 from C. thermocellum Xynl1A primarily binds to

xylan.
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In all binding events there was a net decrease in entropy, TAS®, and the enthalpy,
AHP, values were large, in a range of — 6.6 to — 19.8 kcal mol ™. These
thermodynamic parameters show that the interactions between CfCBM6 and its

ligands were enthalpically driven and therefore exothermic.

To summarise, the data (Table 3.4) shows that Ct+CBM6 binds preferentially to
xylooligosaccharides and xylan, interacts only weakly with cellooligosaccharides,
and exhibits no detectable affinity for xylose. There is a progressive increase in
ligand affinity up to xylopentaose, suggesting that the ligand-binding site can
accommodate upto five xylose residues. The thermodynamic parameters (Table
3.4) indicate that the binding interaction for all ligands tested was mainly driven
by a favourable enthalpy. It can be concluded, therefore, that C:-CBM6 primarily

interacts with xylan of varying degrees of substitution.
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Figure 3.15: Isothermal titration calorimetry (ITC) analysis of the binding of

xylooligosaccharides to CtCBM6.

CtCBM6 at a concentration of 114.0 pM was titrated with A. Xylose (30 mM) B.
Xylobiose (15 mM) C. Xylotriose (15 mM) D. Xylotetraose (5 mM). The top half of each
panel shows the calorimetric titration of CtrCBM6 with ligand, and the lower half displays
the integrated injection heats from the upper panel, corrected for control dilution heats.
The solid line is the curve of best fit that was used to derive parameters # (stoichiometry),
K, and AH®. AG® was calculated from the standard thermodynamic equation. Molar ratio
is the ratio of ligand to protein. All titrations were performed in 50 mM sodium phosphate

buffer, pH 7.0, at 25 °C, as detailed in Section 2.2.4.2.
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Figure 3.16: Isothermal titration calorimetry (ITC) analysis of the binding of
xylooligosaccharides to C:CBM6.
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CtCBMS at a concentration of 114.0 uM was titrated with E. Xylopentaose (5 mM, 25
°C) F. Xylohexaose (5 mM, 25 °C) and G. Xylopentaose (5 mM, 60 °C). The top haif of
each panel shows the calorimetric titration of Cf{CBM6 with ligand, and the lower half
displays the integrated injection heats from the upper panel, cotrected for control dilution

heats. The solid line is the curve of best fit that was used to derive parameters »
(stoichiometry), K, and AH®. AG® was calculated from the standard thermodynamic

equation. Molar ratio is the ratio of ligand to protein. All titrations were performed in 50
mM sodium phosphate buffer, pH 7.0, as detailed in Section 2.2.4.2.
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Figure 3.17: Isothermal titration calorimetry (ITC) analysis of the binding of xylan
and arabinoxylan to CrCBM6.

CtCBMS6 at a concentration of 114.0 uM was titrated with H. Oat spelt xylan L.
Birchwood xylan J. Rye arabinoxylan K. Wheat arabinoxylan. The top half of each panel
shows the calorimetric titration of C:*CBM6 with ligand, and the lower half displays the
integrated injection heats from the upper panel, corrected for control dilution heats. The
solid line is the curve of best fit that was used to derive parameters n (stoichiometry), K,
and AH®. AG® was calculated from the standard thermodynamic equation. Molar ratio is
the ratio of ligand to protein. All titrations were performed in 50 mM sodium phosphate
buffer, pH 7.0, at 25 °C, as detailed in Section 2.2.4.2.
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Figure 3.18: Isothermal titration calorimetry (ITC) analysis of the binding of
cellooligosaccharides to CtCBM6.

CtCBMS6 at a concentration of 114.0 uM was titrated with L. Cellohexaose M.
Cellopentaose. The top half of each panel shows the calorimetric titration of CtCBM6
with ligand, and the lower half displays the integrated injection heats from the upper
panel, corrected for control dilution heats. The solid line is the curve of best fit that was
used to derive parameters n (stoichiometry), K, and AH®. AG® was calculated from the
standard thermodynamic equation. Molar ratio is the ratio of ligand to protein. All
titrations were performed in 50 mM sodium phosphate buffer, pH 7.0, at 25 °C, as
detailed in Section 2.2.4.2.
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Investigation of the interactions between Clostridium

thermocellum Xyn11A CBM6 and its ligands.

4 Discussion

4.1 Introduction

The primary aim of work undertaken in this chapter was to investigate the ligand
specificity of Clostridium thermocellum Xynl11A CBM6 (CtCBMS6), and to relate
this data to the three dimensional (3D) structure of the domain, which was solved
by Dr M. Czjzek at CNRS, Marseille. Affinity gel electrophoresis (AGE; Section
2.2.4.1) and isothermal titration calorimetry (ITC; Section 2.2.4.2) were used to
determine the ligand specificity of Ct-CBMS6, and to calculate its affinity for a
variety of soluble polysaccharides and the thermodynamic forces driving these
interactions. Structural studies showed that ligand-binding in C:CBMS6 contains
two distinct clefts (designated Cleft A and Cleft B) that could comprise the
ligand-binding site. To identify the location of the ligand-binding site(s) in
CtCBM6, a mutagenesis strategy was employed to support NMR data.

4.2 CBMs with xylan affinity from Clostridia enzymes

The majority of glycoside hydrolases (GHs) comprise, in addition to the catalytic
modules, one or more ancillary non-catalytic modules, which frequently bind
polysaccharides. These hydrolases are referred to as modular enzymes (Warren,
1996). Most modular Clostridia plant cell wall (PCW) hydrolases contain CBMs
and those that are derived from GH family 10 and 11 xylanases display affinity
for xylan. For example, C. stercorarium contains three xylan-binding family 6
CBMs (CsCBM6-1, CsCBM6-2, and CsCBM6-3) (Sun et al., 1998; Boraston et
al., 2003); C. thermocellum contains two CBMs from family 22 (CtCBM22a and
CtCBM22b) (Charnock et al., 2000; Xie et al., 2001b) and also a family 6 CBM
(CtCBMG6) (Fernandes ef al., 1999), which has been the focus of this chapter. It is
presently unclear why two or more CBMs should be present in the same xylan-
degrading enzymes. One possibility is that the modules function in synergy to
increase the affinity of the enzyme for its soluble substrate. Linder et al. (1996)
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demonstrated that a recombinant protein, composed of two CBM1s, showed a
higher affinity for cellulose than the sum of the affinities of the individual
modules. Xynl 1A CBM2b-1 and CBM2b-2 from Cellulomonas fimi (CfXynl1A)
have been shown to act synergistically to increase the affinity of the full-length
enzyme for xylan and cellulose compared to the individual modules. Indeed,

discrete CBM2bs do not appear to interact with cellulose (Bolam ef al., 1999).

Another possibility for the presence of two CBMs in a single enzyme is that the
individual modules bind to different polysaccharides, as proposed by Gill ez al.
(1999). It is possible to envisage that at any one time during the degradation
process, different polysaccharides would be exposed to the aqueous environment.
Thus, by having two CBMs with different ligand specificity, these enzymes are
likely to interact with the PCW, regardless of its degradation state.

4.3 Three dimensional structure of CrCBM6

The CBMs described to date have a “jelly-roll” fold composed almost exclusively
of B-strands. The structures of CBMs from 22 of the 39 families have been
determined and fall into one of three types of modules. For example, CBMs that
bind to crystalline cellulose, known as Type A modules, contain a planar
hydrophobic ligand-binding surface (Xu et al., 1995; Raghothama et al., 2000).
By contrast CBMs that interact with individual polysaccharide chains, known as
Type B modules, accommodate their target ligands in a cleft of varying depth
(Charnock et al., 2000; Czjzek et al., 2001; Boraston et al., 2002a). The final type
of module, Type C, bind to the ends of glycoside chains. Studies have shown that
generally both Type A and Type B CBMs interact with five or six saccharide units
via hydrophobic stacking interactions between alternate sugar rings and aromatic
amino acids, although hydrogen bonds also play an important role in carbohydrate
recognition by Type B modules (Xie ef al., 2001a; 2001b; Pell et al., 2003;
Henshaw et al., 2004).

All structural work on CtCBM6 was carried out by Dr M. Czjzek at CNRS,
Marseille. The structure of C+CBM6 forms a classic lectin-like -jelly roll (Figure

3.2), predominantly consisting of five antiparallel B-strands on one face and four
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antiparallel B-strands on the other face (Czjzek et al., 2001). This type of fold in
CBMs is common with the topology of the ligand-binding site reflecting the
nature of the target ligand. For example, the crystal structure of CBM22b was
resolved by Charmock et al. (2000) and its overall topology is a typical B-jelly roll
consisting of two four 3-stranded sheets. The ligand-binding site in CBM22b is a
shallow groove, along the surface of the jelly roll structure. The structure of
CtCBM6 contains aromatic residues on the surface of two putative ligand-binding
sites, which are common in CBMs (Charnock et al., 2000; Simpson et al., 2000;
Xie et al., 2001b). Similar solvent-exposed aromatic amino acids have been
shown to be directly involved in ligand-binding in CBMs from different families
(Din et al., 1994; Linder et al., 1995; Nagy et al., 1998; Simpson & Barras, 1999;
Kormos et al., 2000; Ponyi et al., 2000). Also, there are polar residues flanking
the aromatic amino acids in cleft A and B of C+CBM6. Hydrophobic stacking and
hydrogen bonding interactions between ligands and surface aromatic and polar
amino acids are thought to be the main forces involved in the association of
protein with carbohydrates. Cf-CBM6 displays a small shallow cleft, lined by two
aromatic residues Tyr-34 and Trp-92 (Figure 3.2; Cleft A). There is also a second
shallow cleft on the concave surface of CtxCBMBS, lined by two aromatic residues
Tyr-40 and Tyr-112 (Figure 3.2; Cleft B). Initially, cleft B was identified as the
primary binding cleft in CxCBMBS, as this resembled the ligand-binding site in
CBM4 and CBM22. NMR and mutational analysis was then carried out on both
clefts to determine the primary binding cleft in C:=CBM6.

4.4 Identification of the ligand-binding site of C-CBM6 by NMR

Structural and mutagenesis studies have indicated that the binding of CBMs from
families 2b, 4b, 13, 15, and 22b (Clarke et al., 1996; Kittur et al., 2003; Nordberg
et al., 1997; Dupont et al., 1998; Fujimoto et al., 2002; Szabé et al., 2001; Pell ez
al., 2003; Charnock et al., 2000; Xie et al., 2001a) to xylan is mediated primarily
by a cleft containing a strip of solvent exposed aromatic residues (usually
tryptophans and tyrosines), which are thought to form hydrophobic stacking
interactions with the xylopyranose rings of the xylose moieties of one xylan chain
(Charnock et al., 2000; Simpson et al., 2000; Xie ef al., 2001a). Hydrogen-
bonding between polar residues flanking this aromatic strip and hydroxyl groups
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in the sugar chain with which ring stacking occurs, as well as with adjacent
chains, also appear to contribute to the binding event (Xu ef al., 1995; Johnson et
al., 1996; Simpson et al., 1999). Two solvent exposed aromatic residues (Tyr-34
and Trp-92; Cleft A), which are not invariant within family 6 CBMs, form a
shallow groove at the surface of Cf-CBM6 and could potentially be part of the
ligand-binding site. Thus, these residues are predicted to possibly be key
components of the ligand-binding site in C+CBM6. However, structural analysis
revealed a second putative binding cleft (Cleft B), which also had two surface
exposed aromatic residues that are more strongly conserved in family 6 CBMs
(Tyr-40, replaced by a tryptophan in a number of family members, and Tyr-112,
replaced by phenylalanine, threonine or valine in a small number of families;
Figure 3.3). Cleft B in C+xCBM6 showed similarities to the binding clefts observed
in families 4 (Johnson et al., 1996) and 22 (Charnock ef al., 2000), thus, it was
possible that these residues could also be key components of the ligand-binding
site in CtCBMBS6. In order to investigate the precise location on CfCBM6 where
xylohexaose, and thus by inference xylan, was binding, the protein was titrated
with xylohexaose and 2D 'H and "N heteronuclear single quantum coherence
(HSQC) NMR spectra recorded over the course of the titration (NMR studies
were carried out by Dr M. Czjzek, CNRS, Marseille). The data showed that the
largest changes in chemical shifts were those of the side chains of Tyr-34 and Trp-
92 (Czjzek et al., 2001), located in cleft A, indicating that they are part of the
ligand-binding cleft. Other residues also showed significant changes in their
chemical shifts and were found to be close to cleft A. None of the residues
situated in cleft B were affected by the titration experiment, indicating that this
region does not constitute the ligand-binding cleft in C-CBMS6. Surrounding the
two aromatic rings in the binding site of cleft A are hydrophilic residues,
including Asn-120. In sugar-binding proteins such as lectins, hydrogen-bonding
between the protein and sugar most commonly occurs via these types of side
chains (Weis and Drickhamer, 1996), i.e. through interactions of sugars with
amide and carboxylate groups. The residue Asn-120 is orientated such that its side
chain group is able to form hydrogen bonds to a polysaccharide stacking between
the exposed tryptophan and tyrosine and, correspondingly, the largest chemical
shift perturbation on ligand-binding was observed in this side chain amide (Czjzek

et al., 2001). Therefore, this residue is also likely to be involved in ligand-binding
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through hydrogen-bonding. In order to demonstrate the location of the ligand-
binding site in CtCBM6, mutants of the likely key residues in cleft A and cleft B

were constructed and their capacity to bind xylan was assessed by AGE.

4.5 Ligand specificity of CtCBM6

CBM family 6 contains modules from 54 enzymes (CAZy). Members of family 6
that bind to cellulose, xylan, mixed B-1,3-1,4-glucan and B-1,3-glucan have been
described, and putative family 6 CBMs are also present in an a-agarase and an o-
1,6-mannanase (CAZy). The first structure determination for a family 6 CBM,
that from CtCBM6 (Czjzek et al., 2001), revealed a B-sheet fold similar to those
of CBMs from families 4 and 22, but with the binding site in a different location.
Family 6 appeared to offer an opportunity for determining how a conserved fold
may present different binding site topologies and modes of interaction to create

different carbohydrate binding specificities.

CtCBMBS6 has been demonstrated from previous work (Fernandes ef al., 1999) and
from this study to be a functional CBM that bound preferemtially to xylan.
Although CtCBM6 bound to the four different forms of xylan, it also interacted to
a small extent with other polysaccharides such as 3-1,4-glucan-linked
carboxymethyl-, hydroxyethyl- and methyl- cellulose and the mixture of (3-1,3-B-
1,4-glycosidic linked barley B-glucan. Thus it can be inferred that the binding site
can mainly accommodate the f3-1,4-linked xylose chain of the hemicellulose, but
has a small degree of flexibility to allow the weak binding of other
polysaccharides. However, it is likely that a stable protein-ligand complex is
observed when the protein interacts with the xylan backbone. From the structure
of this module, C*CBM6 has a shallow groove, thus there is a space for the side
chains of substituted xylans to bind. This is seen for other modules that have had
their structure determined. For example, CfXynl11A CBM2b-1 and CfXyn10B
CBM22b, which also bind to soluble and insoluble xylans and substituted xylans,
have a relatively open cleft, and thus there is a space for the side chains (Simpson
et al., 1999; Charnock et al., 2000). CBM13 from Streptomyces olivaceoviridis
Xynl10A also interacts with decorated xylans and the 3D structure in complex

with a-L-arabinofuranosyl- and 4-O-methyl-a-D-glucuronosyl-

144



xylooligosaccharides demonstrates the accommodation of the side chains in the
cleft (Fujimoto et al., 2004). CBM15 from Cellvibrio japonicus (formerly
Pseudomonas cellulosa) Xyn10C also binds xylan, including decorated xylans
and xylooligosaccharides. The 3D structure reveals a B-jelly roll structure
displaying an extended groove that runs along the concave face of the protein,
forming the binding site for target ligands (Szabo et al., 2001). Within this cleft,
two tryptophan residues form hydrophobic stacking interactions with two
xylopyranose units reflecting the approximate 3-fold helical conformation of
bound xylan. The location of the polysaccharide solvent-exposed 2’ and 3’
hydroxyls reveals how these xylan-binding CBMs can accommodate both

decorated and naked xylans (Szabé et al., 2001).

Hydrophobic stacking interactions and hydrogen bonding are the main forces that
mediate the association of CBMs with carbohydrates (Din ef al., 1994; Linder et
al., 1995; Bray et al., 1996; Matteinen et al., 1997; Nagy et al., 1998; Ponyi et al.,
2000). The data presented in this chapter provides further evidence that aromatic
residues in the binding cleft are important in ligand binding. Amino acids located
on the surface of the two clefts (A and B) of CtCBM6 were mutated, and the
ligand binding capacity of the resultant proteins was assessed. Mutations to Tyr-
40, Arg-72, and Tyr-112, located in Cleft B, did not result in a significant
decrease in affinity of the protein for xylan (Table 3.3). In contrast, the mutants
WI2M, Y34A, and N120A exhibited greatly reduced affinity for oat spelt xylan.
The location of Tyr-34, Trp-92 and Asn-120 in Cleft A indicates that this region
comprises the ligand-binding site of C+CBMS6. The possible explanation for the
greatly reduced loss of binding by these mutations is that Tyr-34, Trp-92 and Asn-

120 are directly involved in ligand binding.

In addition to the hydrophobic interactions, surface polar residues are thought to
hydrogen bond to the hydroxyl groups of the sugar molecules in the target
carbohydrate ligands of CBMs (Xu et al., 1995; Johnson et al., 1996; Tormo et
al., 1996). For example, Asn-120, which is located on the binding face of
CtCBMS6, plays an important role in the binding of the protein to its ligands. The

hydrogen bonding interactions contributed by Asn-120 was critical, as the mutant

145



NI120A showed a significant reduction in affinity for its target ligands when this
residue was mutated (Table 3.3). This finding supports the proposal that polar
amino acids in the binding cleft are directly involved in ligand binding, by
forming hydrogen bonds with the sugar molecules. It is possible, however, that
the loss of affinity was caused by structural changes in the binding site, resulting
in the key carbohydrate-binding residues not being in the proper position to

interact with their target ligand.

The observation that the backbones of all the ligands, which C:CBMS6 binds to
comprise 3-1,4-linked xylosyl residues, indicates that the B-1,4-linked polymer is
the ligand that C*CBMG6 recognises. The fact that CtCBM6 interacts with both
xylan and cellulose, albeit only weakly, suggests that the surface of this protein
can accommodate both twisted and flat ligands, as xylan and cellulose comprise
3-fold helical and planar structures, respectively. Also it is interesting to note that
other CBMs, which display affinity for both soluble and insoluble xylan and
cellulose, have recently been reported (Sun et al., 1998; Simpson et al., 1999;
Abou Hachen et al., 2000; Boraston et al., 2003; Henshaw ef al., 2004). An
explanation for this phenomenon is that the binding site contains residues, located
in different orientations that bind to distinct ligands, or the orientation of surface
residues is flexible, and a conformational change occurs when the protein
associates with its ligand. Another possibility is that the protein binds to terminal
sugar residues of xylan and cellulose and that these interactions do not involve the
C60H of glucose. Such a phenomenon has been observed in both a CBM9
(Notenboom et al., 2001) and in the recently characterised CBM6 from Cellvibrio
mixtus endoglucanase SA (Pires et al., 2004).

Although xylose and glucose are chemically very similar, the only difference
being that xylose lacks the CH,OH group present at the C5 in glucose, the
structures of the polysaccharides generated from B-1,4-linked glucose and xylose
molecules, respectively, are strikingly different. In cellulose chains, cellobiose is
the basic repeating unit, which causes the chain to adopt a planar conformation i.e.
the chains pack closely together in layered sheets (Tormo et al., 1996). Xylan, due
to the missing CH,OH group, does not pack in such an ordered way. Xylotriose is

146



the basic repeating unit in xylan and causes the chains to adopt a helical, rather
than flat conformation (Atkins, 1992). This difference in secondary structure of
the polysaccharides appears to explain how the orientation of the exposed
aromatic residues leads to the difference in ligand specificity between different
families of CBMs. CBMs that recognise planar cellulose chains use coplanar
aromatic residues, whereas CBMs that recognise the twisted xylan chain use

aromatic residues arranged perpendicular to each other (Simpson et al., 2000).

4.6 Interaction mechanism between CfCBM6 and the ligand

CtCBMB6 associates with both soluble and insoluble polysaccharides (Fernandes et
al., 1999; this study). The solved 3D structure of C+CBMBS, the first for a family 6
CBM, possesses a shallow groove/cleft that can accommodate the flexible chain
of soluble ligands and also the rigid structure of insoluble polymers (Czjzek et al.,
2001).

The thermodynamics of ligand binding to C-CBM6 were investigated by ITC.
Two or three independent titration experiments were performed with each ligand.
Stoichiometries, enthalpies and association constants were determined by fitting
the corrected data to a 1:1 bimolecular interaction model. The data (Table 3.4)
indicate that binding is driven primarily by enthalpic forces (AH®), while the
entropic contribution (7AS°) to binding is unfavourable. These results are
consistent with other soluble carbohydrate/protein interactions, which are also
driven by enthalpic forces and have AH® values ranging from 4-25 kcal/mol
(Creagh et al., 1996). It has been argued that enthalpically driven binding reflects
the dominance of hydrogen bonds and van der Waals forces in the interaction
(Tomme et al., 1996), a view supported by the availability of residues capable of
hydrogen bonding with the sugar in CtCBM6 (Figure 3.3).

ITC was used to quantify the interaction of C:xCBM6 with its target ligands.
Representative titration’s that can be deconvoluted to give thermodynamic and
binding parameters are displayed in Figures 3.10-3.13 and the full data set
presented in Table 3.4. The data presented in Table 3.4 reveal that the binding of
CtCBMS to its ligands is associated with negative enthalpy and entropy. The
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thermodynamics of the interaction of C-CBM6 with xylose-based ligands is
typical of the binding of proteins to soluble saccharides. Binding appears to be
driven mainly by enthalpic forces, partly compensated by a negative entropy, in
common with other soluble carbohydrate/protein interactions (Charnock et al.,

2000, Charnock et al., 2002b; Boraston et al., 2003; Henshaw et al., 2004).

The ITC data shows that C-CBM6 binds preferentially to xylan and
xylooligosaccharides of at least two xylose moieties, exhibiting maximum affinity
for the pentasaccharide. CtCBMS6 is thus primarily a xylan-binding module, and
by analogy it is likely that the other members of family 6 CBMs, which are
components of xylanases, also recognise xylan. These modules, however, are also
found in GHs that act on a diversity of plant polysaccharides other than xylan.
Thus, it is likely that, similar to the CBM families 2, 4 and 22, different members
of CBM6 will recognise distinct polysaccharides. This view is supported by a
study that showed that the N-terminal CBM6 in xylanase 11A from C.
stercorarium binds specifically to xylan, whereas the other two CBM6 modules in
this protein bind to cello- and xylooligosaccharides with similar affinity (Boraston
et al., 2003). Furthermore, the C-terminal CBM6 (CmCBM6-2) in C. mixtus
endoglucanase 5A binds to a variety of B-glucans but displays no significant

affinity for xylan, although it binds weakly to xylohexaose (Henshaw et al., 2004)

The stoichiometry for the binding of CtCBMBS6 to xylopentaose is close to one
indicating that the protein module contains one distinct ligand-binding site that
can accommodate these oligosaccharides. This is similar to the stoichiometry of
ligand binding of other CBMs, such as CBM4 (Tomme et al., 1996), CBM9
(Boraston et al., 2001a; 2001b), and CBM22 (Charnock et al., 2000), which also
contain single carbohydrate-binding sites, but is in contrast to the starch-binding
modules of Aspergillus glucoamylase, which accommodates two amylose chains
(Sorimachi et al., 1997). Similarly, CmCBMS6-2 also contains two discrete ligand-
binding sites (Henshaw ef al., 2004)

Enthalpic forces have been shown to promote ligand binding by CfXynl11A
CBM2b-1 and CfCel9B CBM4 (Tomme et al., 1996; Simpson et al., 1999). The
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thermodynamics of CtCBM6-ligand interactions are similar to other proteins that
bind soluble carbohydrates (Tomme ef al., 1996; Boraston et al., 2001a; 2001b;
Charnock et al., 2000), whereas favourable entropic forces dominate the binding
of CBM2a proteins to crystalline cellulose (Creagh ef al., 1996). When interacting
with CtCBMS6, soluble xylan and xylooligosaccharides appear to encounter
conformational restriction with the resultant loss in entropy, which is bigger than
the positive entropy contribution from the release of water from both the protein
and the carbohydrate. Therefore, the main forces that drive the interaction are
enthalpic. The positive entropy derived from CBM?2a-crystalline cellulose
interactions likely reflects the release of ordered water molecules on the surface of
the ligand and protein (Creagh et al., 1996). The loss of conformational entropy
normally associated with the binding of proteins to soluble carbohydrates does not

occur as crystalline cellulose is not highly mobile.

4.7 Role of CBM6 in CfXynl1A

CBMs have been demonstrated to enhance the degradation rate by cellulases and
xylanases against insoluble polysaccharides but not soluble substrates (Din et al.,
1991; 1994; Bolam et al., 1998; Kuno et al., 1998; Sun et al., 1998; Fernandes et
al., 1999; Gill et al., 1999). PfXyn10A CBM2a increased the activity of the
xylanase against a complex of insoluble xylan and cellulose (Gill et al., 1999). It
was shown that CfCel6A CBM2a enhanced catalytic hydrolysis not only by
promoting substrate attachment, but also by disrupting the structure of cellulose,
making the substrate more accessible to enzyme attack (Din et al., 1991; 1994).
CtCBMG6 characterised in this chapter also displayed synergistic action with the
CM against insoluble xylan (Fernandes et al., 1999).

It is currently unclear what the exact role CfCBM6 plays. It is possible that this
module may increase the proximity of the substrate and the protein so as to

influence the degradation of the natural polysaccharide.

It is unclear why CtCBMG6 exhibits this binding pattern, but it is arguable that the
CBM may influence the degradation of xylans and arabinoxylans in the PCW by
full length CfXyn11A. CtCBM6 binds to the xylan backbone and can therefore

increase the effective concentration of the enzyme on the side chains of xylan and
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make the substrate more accessible to attack by the enzyme. This hypothesis is
supported by the observation that Pseudomonas CBMs that have an affinity for
cellulose mediate their effects on catalysis by increasing enzyme-substrate

proximity (Bolam ef al., 1998; Gill et al., 1999).

Interestingly, the interaction between CtCBM6 and xylan is relatively unaffected
by the degree of arabinose substitutions on the polysaccharide backbone. The
arabinose component of oat spelt xylan, birchwood xylan, wheat arabinoxylan and
rye arabinoxylan are 6 %, 10 %, 50 % and 70 %, respectively (Li et al., 2000),
and the protein showed similar affinity for varying degrees of substitution in

different xylans.

It is interesting to note that C-*CBM6, as well as binding to unsubstituted
xylooligosaccharides, is also able to interact with wheat and rye xylans, both of
which are highly substituted at the C2 and C3 positions with arabinose residues
(Joseleau et al., 1992). Structural studies by Atkins (1992) have shown that the
basic 3-fold screw axis of xylan is not significantly affected by the nature and
extent of sugar substitution at the 2 and 3 positions on the xylose ring. This is
highly significant in relation to C£CBMBS6 in the full length enzyme, as in plant cell
walls the majority of xylans are substituted, although the nature and extent of this
decoration varies, depending on the origin and differentiation state of the plant
material (Brett and Waldron, 1996). The observation that C:-CBM6 can
accommodate both highly and poorly substituted xylans indicates that this module
will also be able to bind to a wide range of different plant cell walls, and this
flexibility in ligand specificity provides a possible explanation for the evolution of

family 6 CBMs.

4.8 Ligand-binding in other CBM6s

It is likely that, similar to the CBM families 2 and 4, different members of CBM6
recognise distinct polysaccharides. This view is supported by a study by Boraston
et al. (2001a; 2001b, 2003) that showed that the N-terminal CBM6 in xylanase
11A from C. stercorarium binds specifically to xylan, whereas the other two
CBM6 modules in this protein bind to cello- and xylooligosaccharides with

similar affinity.
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The 3D structures of almost all Type B CBMs determined to date conform to a
classic lectin-like -jelly roll in which a single ligand-binding site comprises a
shallow cleft on the concave surface of the protein. In CBM4 and CBM2,
variation in ligand recognition between different members of these families is
reflected in the structure of this conserved binding site (Boraston et al., 2002a).
While two xylan-binding CBM6s from C. thermocellum Xynl1A (CtCBMG6; this
study) and C. stercorarium putative xylanase (CsCBM6-3) also display a B-jelly
roll fold with a potential ligand-binding site (Cleft B) on the concave surface, a
second possible binding cleft (Cleft A) is located on one edge of the protein
between the loops that connect the inner and outer 3-sheets (Boraston et al.,
2003). However, CsCBM6-3 studies have shown, as with Ct-CBMBS, that only cleft
A binds ligands, while Cleft B is unable to interact with carbohydrates, as it
appears to be partially occluded by a proline-containing loop, analogous to

CtCBM6 (Boraston et al., 2003; Czjzek et al., 2001).

An observation of this study is that proteins that share a common ancestor (as
evident from high structural similarity) have ligand-binding sites in different
locations on the protein scaffold. Thus, data presented in this chapter show that
Cleft A is the ligand-binding site for C:-CBM6, whereas cleft B binds to the target
oligosaccharides in CBM4 and CBM22 (Brun et al., 2000; Xie et al., 2001b),
which share a common evolutionary origin with CBM6. This type of phenomenon
is seen in CBM10 from Pseudomonas xylanase 10A, which binds to crystalline
cellulose and has an oligonucleotide-binding fold, but the ligand-binding site in
the CBM is in a different location to oligonucleotide-binding proteins that have

the same fold (Raghothama et al. 2000).

Another interesting feature of this study is that the variation in the location of the
functional binding-site in the different members of CBM6 may contribute to the
diversity of ligand specificity seen with this family, which contains proteins that
bind to cellulose and xylan. This view is supported by the lack of conservation, in

family 6 members, of residues that are known to play a key role in ligand binding
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in CtCBM6 (Figure 3.3). This suggests that the CBM6 scaffold displays a
remarkable structural and functional plasticity.

As with CsCBM6-3, CtCBMB6 contains a surface loop that partially occludes Cleft
B and thus prevents access to the ligand. It is possible that for other members of
CBMG6, the loop is in a different conformation, making Cleft B accessible to xylan
and xylooligosaccharides. Support for this view comes from a recent study by
Henshaw et al. (2004) on CmCBMS6-2. The structure of CmCBM6-2 shows that
the corresponding “clostridial proline-loop” is much smaller, compared to those in
CtCBM6 and CsCBM6-3, and lacks the ridigity conferred by proline, thus
allowing Cleft B in the Cellvibrio protein to bind to saccharide chains (Henshaw
et al., 2004; Pires et al., 2004). The data showed that the protein has two
functional binding clefts and can accommodate -1,4- and B-1,3-linked glucans in
Cleft A and B and that the two binding sites act in synergy to bind insoluble
cellulose. Only Cleft B, however, interacts with 3-1,3-1,4-mixed linked glucans
such as lichenan and barley B-glucan, supporting the hypothesis that the two
potential binding clefts contribute to the variation in ligand specificity observed

within the CBM6 family (Henshaw et al., 2004).

4.9 Summary

To summarise, CBMs with an affinity for xylan have been shown to be present in
xylan-degrading enzymes including xylanases of GH families 10 and 11, and
arabinofuranosidases from several organisms. Clostridia enzymes contain
functional CBMs that exhibit distinct ligand specificity. Although the interactions
between CBMs and their ligands are different, they share some common features
such as hydrophobic stacking interactions between surface aromatic residues and
sugar rings, and hydrogen bonds between the polar amino acids and the hydroxyl
groups of the sugar polymer. The structures of CBMs, which interact with xylan,
solved to date are similar, comprising clefts rather than a flat binding surface
found in CBMs that interact with crystalline cellulose (Xu et al., 1995;
Raghothama et al., 2000). It can be concluded that the interaction between
CtCBM6 and xylan shares the common mechanism of carbohydrate/protein

association; that is hydrophobic forces and hydrogen-bonds.
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CBMs with an affinity for xylan exist in xylan-degrading enzymes from C.
thermocellum. CtCBMBG is a functional CBM that binds with equal affinity to
highly decorated or poorly substituted xylans. At least two 3-1,4-linked
xylopyranosides are required for C:-CBM6 to bind xylose polymers, and it is likely
that the surface of CtxCBM6 accommodates five xylose residues. The interaction
between CfCBM6 and its ligands is relatively strong, with an association constant
of 3.7x 10° M for xylobiose and 189.0 x 10° M for xylohexaose. The module is

thus a xylan-binding module.

CtCBMG6 binds to its ligands by a combination of hydrophobic stacking
interactions and hydrogen bonding forces. Tyr-34 and Trp-92 stack to the two
faces of a single xylose moiety. In contrast, Asn-120 is not only structurally
important but also is likely to make a direct contribution to ligand binding through
hydrogen bonding interactions, via its hydroxyl group on its side chain to sugar
hydroxyl groups. Indeed, a recent paper by Pires et al. (2004) has shown that Asn-
120 makes strong hydrogen bonds with the O3 and O5 of adjacent xylose residues
in the xylopentaose ligand, while Trp-92 and Tyr-34 stack against the two faces of
the same xylose unit. Pires ef al. (2004) have recently solved the structure of
CtCBM6 to 1.6 A with xylopentaose in complex (Figure 4.1), which occupies the
complete binding site. This provides an insight into the mechanism by which Cleft
A in family 6 CBMs can distinguish between gluco- and xylo- configured ligands.
Xylopentaose has been shown to bind in an almost 3-fold helical orientation
characterised by the internal hydrogen bond from O3 and OS5 of adjacent xylose
molecules (Pires et al., 2004). Such a conformation has previously been proposed
for xylohexaose bound to CBM2b-1 from C. fimi Xynl1A (Simpson et al., 2000),
and observed when the ligand is bound to CBM15 from C. japonicus Xyn10C
(Szabd et al., 2001).

The fact that Ct:CBM6 bound to different forms of soluble xylans implies that the

binding site of this module can accommodate linear xylan and xylan backbones

that contain extensive side chains. AGE and ITC (Tables 3.3 and 3.4) revealed

153



that CrCBMG6 displayed similar affinity for xylans derived from oat spelt,

birchwood, wheat and rye, which is similar to the binding specificity of
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W92

Y34

Figure 4.1: Xylopentaose bound to cleft A of CtCBM6, represented as sticks.
The residues interacting with the ligand are highlighted. Taken from Pires e al., 2004.
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CfXyn11A CBM2b-1 (Simpson et al., 1999) and Xyn10C CBM15 (Szabo et al.,
2001). Both of these CBMs interacted with highly substituted arabinoxylans, and
oat spelt and birchwood xylan, which contain few arabinose side chains. The
CtCBM6 module exhibited weak affinity for cellohexaose, cellopentaose and
HEC, CMC and methyl cellulose (Table 3.2). Data from both AGE and ITC
showed that CtCBM6 interacted much more strongly with xylan than with
cellulose (Figures 3.7, 3.9-3.10, 3.18-3.19; Table 3.2, 3.4). These data suggest that
CtXynl11A makes contact primarily with xylan chains, but its binding surface has

room for different xylan side chains.

Structural studies showed that xylan-binding in Cf*CBM6 contains two distinct
clefts that could comprise the ligand-binding site. Mutagenesis, structural and
NMR data showed that only one of these sites, designated Cleft A, could
accommodate xylooligosaccharides or xylan, while the other cleft, which was

unable to interact with the target ligands, was defined as Cleft B.

4.10 Future work

1. Further mutagenesis studies on CfCBMBS, to elucidate the role other key
amino acids in Cleft A that may be involved in ligand binding.

2. Further crystallisation studies of mutant forms of CtCBM6 co-crystallised
with oligosaccharides.

3. Further biochemical characterisation of mutants using ITC.

4. The role of Ct+CBM6 in the hydrolysis of substrates by full length
CtXynll1A.

5. Remove the proline loop to ascertain whether Cleft B becomes functional.
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Biochemical characterisation and crystallisation studies
of three hyaluronidases from GH69.

5 Results

5.1 Introduction

Hyaluronan (hyaluronic acid; HA) is a high molecular weight linear
polysaccharide composed of a repeating unit of B-1,3-D-glucuronic acid and §3-
1,4-N-acetyl-D-glucosamine (Table 1.1; Kreil, 1995; Laurent et al., 1996; Fraser
et al., 1997). HA plays a central role in the formation and stability of the
extracellular matrix (ECM), for example, in cartilage, skin and brain of
vertebrates, via its interactions with HA-binding proteins and receptors (Day,
1999). Although the majority of HA is found in all tissues and body fluids of
vertebrates, some bacteria also produce high amounts of HA, for example,
Streptococcus pyogenes, Streptococcus zooepidemicus, Streptomyces

hyalurolyticus (Fraser et al., 1997; Menzel and Farr, 1998).

HA can form highly viscous solutions and thereby influence the properties of the
ECM (Kreil, 1995). It has been implicated in many biological processes, including
fertilisation, embryonic development, cell migration and differentiation, wound
healing, inflammation, and growth and metastasis of tumour cells (Laurent and
Fraser, 1992; Kreil, 1995; Laurent ez al., 1996). In general, it is present whenever
rapid repair and regeneration occurs. Being a negatively charged molecule, the
HA polymer takes on considerable amounts of water. In this way, it creates space
between the cell, decreases cell-cell contacts, loosens tissues, by and large, pre-
requisites for cellular migration and altered cellular communication (Laurent et

al., 1996; Fraser et al., 1997).

5.1.1 HA-degrading enzymes

The term hyaluronidase was introduced to denote enzymes that degrade HA
(Menzel and Farr, 1998). However, as mentioned in Section 1.3.1.1.7.1, from the
literature, the term hyaluronidase is used to denote both glycoside hydrolases
(GHs) and polysaccharide lyases (PLs) and therefore the term HA-degrading
enzymes would be more appropriate. For the purposes of this thesis, the term
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hyaluronidase will be used to denote the GHs and hyaluronate lyases will denote
the PLs. Hyaluronidases are found in prokaryotes and eukaryotes, belonging to

families GH56, GH69, GH84 and PL8 (CAZy).

In mammals, HA-degrading enzymes have been found in higher quantities in
testis, liver lysosomes and serum. They are involved in controlling HA levels and
are thus implicated in various diseases related to defects of HA metabolism, such
as arthritis or tumour metastasis (Menzel and Farr, 1998). At least six genes
potentially coding for hyaluronidases are present in the human genome (Csdka et
al., 2001).

Hyaluronidases are found in bacteria, such as Streptococcus pyogenes, and are
thought to be required for the degradation of the HA capsule that surrounds the
bacterium and also for aiding the spread of the organism through host connective
tissue by hydrolysis of the HA component. HA-degrading enzymes are also found
in the venom of insects, such as bees, wasps and hornets, as well as in the venom

of some snakes and lizards (Meyer, 1971; Frost et al., 1996; Cséka et al., 1997).

5.1.2 Streptococcus pyogenes

S. pyogenes (Group A streptococcus) is an important Gram-positive, extracellular,
bacterial pathogen (Cunningham, 2000). As pathogens, group A streptococci have
developed complex virulence mechanisms to avoid host defences (Cunningham,
2000; Bisno et al., 2003). S. pyogenes is distinguished from other streptococci by
the serological grouping methods of Rebecca Lancefield, using immunological
differences in their cell wall polysaccharides (Groups A, B, C, F and G) or
lipoteichoic acid (Group D; Lancefield, 1928; Cunningham, 2000). The group A
carbohydrate antigen is composed of N-acetyl-B-D-glucosamine linked to a
polymeric thamnose backbone (Cunningham, 2000; Figure 5.1). Numerous
‘Lancefield groups’ are now recognised, named by the letters AtoJand K to T,
and though many of these groups include several species, S. pyogenes is the only
species of the group A streptococci (Bisno, 1979). Lancefield also showed that
further subdividing of the group A streptococci into specific serological types was
possible based on the presence of type-specific M (protein) antigens (Rotta et al.,
1971). Streptococcal M protein, which extends from the cell membrane of group

158



A streptococci (Figure 5.1), has been used to divide S. pyogenes into serotypes.
Lancefield called these type-specific antigens M proteins, after the matt
appearance of colonies in which they were first found, and showed that they are
proteins by their sensitivity to proteases such as trypsin. Over 80 different

serotypes of M proteins, usually called M1, M2, M3.....etc.
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Figure 5.1: Cell surface structure of Streptococcus pyogenes and secreted products
involved in virulence.
Taken from http://www.bact.wisc.edu/Bact330/lecturespyo.

have been described. Until recently, it was assumed that the M typing patterns are
generally consistent and that they identify specific strains (Johnson and Kaplan,
1993). However, in recent years it has been shown that M antigen genes have
often been transferred horizontally between different strains so that a single M
type can include very different S. pyogeres strains (Whatmore and Kehoe, 1994;
Whatmore et al., 1994). This questions the reliability of identifying strains by the
above typing systems and the reliability of many epidemiological studies that
associated particular M types of S. pyogenes with particular diseases (Kehoe et
al., 1996).
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5.1.3 Diseases caused by group A streptococci (GAS)

Group A streptococci are extracellular bacterial pathogens that produce a wide
variety of diseases, primarily localised infections of the mucous membranes,
tonsils or the skin, but occasionally invading deeper sites, causing pharyngitis,
impetigo/pyoderma, cellulitis, necrotising fasciitis, toxic streptococcal shock
syndrome, scarlet fever, septicaemia, pneumonia and meningitis (Cunningham,
2000; Bisno et al., 2003). Group A streptococci are the most common bacterial
cause of pharyngitis and primarily affect school-age children (Cunningham,
2000). Pharyngitis ranges from sub-clinical or mild throat infection to more severe
infections producing symptoms including malaise, fever, nausea and inflammation
of the pharyngeal mucosa (Gray, 1991). S. pyogenes can spread to adjacent tissues
to produce tonsillitis, otitis media and sinusitis, and it sometimes invades to cause
septicaemia. Infections of the skin include impetigo, a localised infection that
begins where the skin has been broken or damaged. Further spread of S. pyogenes
may produce erysipelas, a diffuse inflammation of the skin and subcutaneous
tissue. As with pharyngeal infections, S. pyogenes infecting the skin can also
invade to cause septicaemia (Stevens, 1992). In some patients, S. pyogenes
infections can lead to nonsuppurative sequelae, namely acute rheumatic fever and
post-streptococcal acute glomerulonephritis. Acute rheumatic fever occurs only
after pharyngeal infections, which might by asymptomatic, whereas post-
streptococcal acute glomerulonephritis may occur after pyogenic infections of
either the throat or skin. These sequelae are the result, at least in part, of the
immune response to group A streptococci. Post-streptococcal acute
glomerulonephritis presents the distinctive symptoms of uraemia, oedema, and
raised blood pressure, and hence is quite easily diagnosed (Gray, 1991).
Symptoms of acute rheumatic fever include fever, polyarthritis, and carditis
(Homer and Shulman, 1991). Strains of S. pyogenes that produce streptococcal
pyrogenic exotoxins, also called erythrogenic toxins, can cause toxic-shock
syndromes and scarlet fever. In scarlet fever, a hypersensitivity reaction to these
toxins gives rise to a red rash. Toxic shock is caused by the superantigenic activity
of the toxins and the symptoms include fever, hypertension, and a scarlatinal form

rash (Gray, 1991). There has been an increase in sporadic cases of severe GAS
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toxic shock syndrome (Stevens, 1992). Many of these cases were associated with
severe invasive tissue infections such as necrotizing fasciitis, while others
followed apparently mild pharyngitis (Stevens, 1994). Since the incidence of GAS
pharyngitis has not shown a concurrent increase in prevalence, it is thought that
raised virulence and spread of specific strains of streptococci may be responsible
for the upsurge of invasive GAS disease. GAS infections therefore remain a
worldwide problem and continuing research is needed to keep pace with this
evolving pathogen. A wide variety of cell-surface and extracellular factors are
known or suspected to contribute to the virulence of S. pyogenes (Bisno et al.,

2003).
5.1.4 Extracellular virulence factors

5.1.4.1 Pyrogenic exotoxins

The first identification of a streptococcal pyrogenic toxin (Spe) was Dick and
Dick’s discovery of the erythrogenic toxin (1924). SpeA and SpeC are encoded by
bacteriophage and belong to the family of exotoxins that includes the
staphylococcal enterotoxins and toxic shock syndrome toxin, TSST-1 (Betley et
al., 1992). As these toxins are all pyrogenic, they have a close association with
scarlet fever and toxic shock syndrome (Bisno et al., 2003). Other Spes have been
identified from genome sequence information. SpeB is a cysteine protease and
expressed from a chromosomal gene in almost all group A streptococci strains
(Betley et al., 1992; Cunningham, 2000; Bisno et al., 2003). SpeA and SpeC have
superantigenic activity, like the staphylococcal enterotoxins and TSST-1, and they
share significant primary sequence homologies with these staphylococcal toxins
(Betley et al., 1992). However, contrary to earlier reports, SpeB does not appear
to be a superantigenic toxin, and it shares no significant sequence homology with
either the staphylococcal superantigenic toxins or with SpeA and SpeC. It is
thought that SpeB’s contribution to disease results solely from the protease
activity (Betley ef al., 1992) by promoting tissue damage by degrading fibronectin

and vitronectin in the host extracellular matrix (Kapur et al., 1993).

5.1.4.2 Cytolytic toxins

Most group A streptococci express two different cytolytic toxins called
streptolysin O (SLO) and streptolysin S (SLS). SLO, which derives its name from
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its oxygen lability, is a member of the thiol-activated family of toxins (Alouf,
1980). SLO binds to target eukaryotic membranes, such as erythrocytes,
polymorphonuclear leukocytes, platelets and lysosomes, and forms pores in the
membrane through which large cytoplasmic molecules escape and hence cell lysis
occurs (Alouf, 1980; Bisno ef al., 2003). SLO is produced in vivo during S.
pyogenes infections, as indicated by an increase in the levels of anti-SLO

antibodies, suggesting it plays a role in virulence (Alouf, 1980).

SLS is a non-antigenic haemolysin and it is very unstable when it is separated
from large “carrier” molecules such as serum proteins. It exists in intracellular,
cell-surface bound and extracellular forms and is one of the most potent
cytotoxins known (Dale et al., 2002; Bisno et al., 2003). SLS is cytolytic for a
great variety of eukaryotic cells, with the capacity to damage the membranes of
polymorphonuclear leukocytes, platelets and subcellular organelles (Alouf and
Loridan, 1988). SLS causes ions to leak from the cell, resulting in cell lysis by an
osmotic mechanism (Bernheimer, 1972). Unlike SLO, SLS is not inactivated by
oxygen, but it is quite thermolabile (Bisno et al., 2003).

5.1.4.3 Hyaluronidase

Hyaluronidase may aid in the spread of group A streptococci in the host by
breaking down the hyaluronic acid found in connective tissues. However, both of
the genes cloned and sequenced so far, Ay/P (Hynes and Ferretti, 1989) and hylP2
(Hynes et al., 1995) are encoded by streptococcal bacteriophages, which may
have evolved these genes to facilitate phage infection of strains with capsules of
hyaluronic acid, and lack a recognisable signal sequence. Extracellular
hyaluronidase may therefore be either encoded by a chromosomal gene, unlike the
sequenced phage genes, which includes a signal sequence, or released only upon

lysis of phage-infected streptococci.

5.1.4.4 Streptokinase

Streptokinase is secreted by several species of haemolytic streptococci and is of
therapeutic interest as a plasminogen activator (Martin, 1982). It is not itself a
protease, but it promotes the dissolution of blood clots by catalysing the

conversion of plasminogen to plasmin that degrade fibrin (Martin, 1982). Its
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contribution to streptococcal virulence may be the inhibition of the deposition of

fibrin barriers around infected lesions.

5.1.5 Cell surface virulence factors

Lancefield identified several of the cell surface proteins of S. pyogenes and
studied their antigenicity. The most important of these is M protein. Other group
A streptococci cell surface proteins that are thought to contribute to virulence
include lipoteichoic acids (L.TA), fibronectin-binding protein (Protein F) and the

capsule.

5.1.5.1 M protein

The major human host defence against invasive group A streptococcal infection is
that of phagocytosis and killing by polymorphonuclear leukocytes (Bisno et al.,
2003). Thus, a critical group A streptococcal virulence factor is an antiphagocytic
surface constituent known as M protein, which was originally identified by
Lancefield (1928).

In a review by Lancefield (1962), the M antigen is described as a major virulence
factor that inhibits the phagocytosis of M" streptococci by polymorphonucleocytes
(PMNLSs). Lancefield found that immunity to GAS is largely due to anti-M
protein antibodies, which neutralise the antiphagocytic properties of M protein by
opsonising the streptococcal cells. However, these antibodies often cannot protect
against subsequent streptococcal infections since there are over 80 different
serotypes of M antigen and protective antibodies are largely M type-specific with
very limited cross-protection (Lancefield, 1959).

Lancefield’s work showed that M protein could be proteolytically removed from
streptococcal cells, which subsequently retained both viability and the ability to
resynthesise M protein. This suggested that M protein was situated on the cell
wall (Lancefield, 1962). M protein is anchored in the cell membrane, traversing
the cell wall, and appears as fibrils on the cell surface (Cunningham, 2000; Figure
5.1).
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The adherence of group A streptococci to epithelial surfaces allows them to
colonise host surfaces, for example, in the buccal and pharyngeal cavity, which is
continually bathed with saliva or imbibed fluids. In view of the requirement of M
proteins for virulence and their prominent cell surface location, they were
considered likely to have a role in adherence. Several studies into the potential
role of M protein and other streptococcal cell surface moieties as adhesins,
particularly LTA and fibronectin-binding proteins, produced apparently
conflicting results. This may simply reflect the fact that streptococcal adhesin is
complex, relying on several adhesins whose roles vary with the phenotype of the
infecting strain, the type of host cell involved, and other environmental factors.
Early studies implicated M protein as a mediator of group A streptococci
adherence, but subsequent work has shown that M protein does not promote
adhesion to epithelial cells (Caparon ef al., 1991). Group A streptococci surface
proteins that bind fibronectin, such as LTA, which is anchored to proteins on the
bacterial surface, and fibronectin-binding proteins (Protein F), have been shown to

be important in adherence to both throat and skin (Bisno e al., 2003; Figure 5.1).

5.1.5.2 Capsule

A number of possible functions have been suggested for polysaccharide capsules.
The formation by capsules of a hydrated gel around the surface of the bacteria
may protect the bacteria from the harmful effects of dessication (Roberson and
Firestone, 1992). This may be particularly relevant in aiding the transmission of
encapsulated pathogens from one host to the next (Roberts, 1996). Capsular
polysaccharides may promote the adherence of bacteria to both surfaces and to
each other (Roberts, 1996). During invasive bacterial infections, interactions
between the capsular polysaccharide and the host’s immune system can decide the
outcome of the infection (Roberts ef al., 1989). In the absence of specific
antibodies, the presence of a capsule is thought to confer resistence to non-
specific host defence mechanisms (Roberts, 1996). Although most capsular
polysaccharides can elicit an immune response, a small set of capsular
polysaccharides are poorly immunogenic, such as group A streptococcal capsular
hyaluronate (Roberts, 1996; Bisno ef al., 2003). As a consequence of structural
similarities between these capsular polysaccharides and polysaccharides

encountered on host tissue, the capsules are poorly immunogenic, and infected
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individuals mount a poor antibody response to such capsules (Roberts ef al., 1989;
Bisno et al., 2003). Therefore, the expression of these capsules confers some

measure of resistance to the host’s specific immune response (Roberts, 1996).

The group A streptococcal capsule is composed of hyaluronic acid (Figure 5.1),
which is composed of alternating residues of N-acetylglucosamine and glucuronic
acid. The capsule, like M protein, is considered as a virulence factor, conferring
antiphagocytic properties upon the streptococcal cell (Foley and Wood, 1959;
Moses et al., 1997). In addition, the capsule may be an important adherence factor
in the pharynx, since it binds CD44 on epithelial cells (Schrager et al., 1998;
Knudson et al., 2002).

The production of hyaluronic acid is controlled by an operon composed of three
different genes: hasA, hasB and hasC (Crater and vin de Rijn, 1995).
Streptococcal strains vary greatly in their degree of encapsulation, and those with
the most prolific production have a mucoid appearance (Whitnack et al., 1981;
Bisno et al., 2003). Group A streptococcal strains rich in M protein and capsule
are extremely virulent to humans, and mucoid strains have long been seen to
cause deeply invasive infections (Pilot, 1944; Stollerman, 1996; Bisno et al.,
2003). Group A streptococcal capsular hyaluronate is chemically quite similar to
that found in human connective tissue. For this reason it is a poor immunogen and
antibodies to group A streptococcal hyaluronate have been quite difficult to

demonstrate in people (Bisno ef al., 2003).

5.1.5.3 Genome sequence

Ferretti et al. (2001) completed the entire sequence of the group A streptococcal
genome from S. pyogenes SF370 strain M1. The bacterial chromosome of strain
M1 contains genes encoding for the hyaluronic acid capsule (has) operon coding
for the hyaluronidase capsule. The genome sequence confirmed the observation
that bacteriophages are greatly important in genetic variation, and that
introduction of genes encoding toxins and other virulence-associated proteins is
often via phage transduction (W agner and Waldor, 2002). Phage DNA accounts
for 7.1 % of the M1 genome, and codes for three hyaluronidases (Ferretti et al.,
2001).
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Several putative genes encoding proteins with internal repeats of the motif
sequence Gly-X-Y were identified in the S. pyogenes SF370 genome (Ferretti et
al., 2001). These amino acid triplet repeats resemble the characteristic repeating
sequences found in collagen. Of interest is the presence of this collagen repeat in
ORFs HylP2 and HylP3. In these enzymes, 10 repeats of the collagenous Gly-X-Y
repeat are found, with four proline residues in the X-Y position (Figure 5.2). The
10 triplet collagen repeat is the minimum length required to provide stability for a
triple helical structure (Berisio ef al., 2003). Sequence analysis also showed that
this collagen repeat is also found in S. pyogenes bacteriophage H4489A (Figure
5.2; Hynes and Ferretti, 1989), but as yet the function of these sequences is
unknown.
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This chapter will describe the biochemical properties of three structurally related
enzymes, HylP1, HylP2 and HylP3, of S. pyogenes SF370. HylP1, HylP2 and
HylP3 belong to the GH69, a family for which there is limited biochemical
information, with only two enzymes described to date (CAZy). Hence, much of
this results section is dedicated to the biochemical characterisation of HylP1,
HylP2 and HylP3, answering questions such as pH optimum, temperature
optimum, cofactor requirements, substrate preference, mode of action and
absolute kinetic parameters (Ky and k). Although the primary aim of the work
undertaken in this chapter was to clone and investigate the biochemical
parameters of HylP1, HylP2 and HylP3 GH69 from S. pyogenes SF370, data will
also be shown regarding crystallographic studies that were carried out to solve the
3D structure of HylP1, which will allow the structure determination of HylP2 and
HylP3 by molecular replacement.

The results show that ORFs HylP1, HylP2 and HylP3, encoding putative
hyaluronidases, from S. pyogenes SF370 were successfully cloned and expressed
in Escherichia coli and purified. ORFs HylP1, HylP2 and HylP3 were shown to
be catalytically active on the substrate hyaluronate and have therefore been
assigned as hyaluronidases. Characterisation of the N-terminally hexahistidine
tagged HylP1 (38.4 kDa), HyIP2 (42.0 kDa) and HylP3 (41.8 kDa) enzymes
revealed an optimum pH of 6.5, 6.0 and 5.5 respectively. At 37 °C, HylP1, HylP2
and HylP3 displayed the highest amount of activity and overall, none of the
enzymes displayed an absolute requirement for any of the divalent ions tested. Ky
for HylP1, HyIP2 and HylP3 has been determined as 0.90, 2.07 and 4.35 mg ml”,
with a kcg of 1390.90, 742.01 and 1253.04 s, respectively, against sodium
hyaluronate. Moreover, PAGE analysis showed each enzyme was endo-cleaving,

generating a range of oligosaccharides.

All three enzymes have been crystallised and sufficient quality diffraction data
obtained for native HylP1 and HylP3 (data collection and processing was
performed by Dr Edward Taylor, YSBL) enabling the determination of crystal
parameters: spacegroup H32 and unit cell dimensions of (a) 58.53 A, (b) 58.53 A
and (c) 86.58 A for native HyIP1 and spacegroup P622 and unit cell dimensions
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of (@) 49.48 A, (b) 49.48 A and (c) 241.0 A for native HyIP3. The 3D structure of
HylP1 has been solved at a resolution of 1.8 A and is composed of three
monomeric strands, comprising o- and -helical strands that are intertwined,
giving rise to the triple-helical nature of the protein. The trimeric structure of
HylP1 resembles a phage tail protein.

5.2 Protein expression and purification

5.2.1 Cloning, expression and purification of HylP1, HylP2 & HylP3 native

recombinant protein

To investigate the biochemical properties of HylP1, HylP2 and HylP3 from
glycoside hydrolase family 69 (GH69), the native recombinant protein was cloned
and expressed. The segment of the HylPI, HylP2, and HyIP3 gene encoding the
putative hyaluronidases from S. pyogenes SF370 were amplified by PCR from the
genomic DNA of S. pyogenes SF370. Different primer pairs (Table 2.7) were used
to generate two PCR products for each gene encoding HylP1, HylP2 and HylP3
(Stop and No stop; Figure 5.3 A; Section 2.2.2.1.2). The amplified DNA was then
digested with the appropriate restriction endonucleases (Figure 5.3 B; Section
2.2.2.1.3) and cloned into similarly restricted pET-22b or pET-28a expression
vectors (Section 2.2.2.1.3) to generate plasmids that encode the protein of interest
with a flanking region on the fragment that codes for a Hise tag at its C- or N-
terminus or no Hisg tag. This was to increase the chance of obtaining soluble,
active protein for HylP1, HylP2 and HylP3. These cloned products were then
transformed into Escherichia coli super competent XI.10-Gold cells, yielding ~ 50
colonies for each construct (Section 2.2.2.1.13.1). Plasmid DNA from these pET
constructs (purified from one colony) was made (Section 2.2.2.1.6.2) and sent for
sequencing using the standard sequencing primers T7 promoter and T7 terminator
(Section 2.2.2.1.10) to confirm the correct gene had been amplified and no
mutations were present. Native recombinant HylP1, HylP2 and HylP3 plasmid
DNA was then chemically transformed into £. coli BL21 chemically competent
cells (DE3; Section 2.2.2.1.13.1) and the recombinant E. coli strain was grown at
37 °C to mid-exponential phase. Expression of HylP1, HylP2 and HylP3 was
induced by the addition of 1 mM IPTG (final concentration) and the cultures
incubated at 30 °C overnight (Section 2.2.1.2.3). Cells were harvested by
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centrifugation and cell free extracts (CFEs) were prepared as described in section
2.2.3.3. From analysis of the CFEs of HylP1, HylP2 and HylP3 containing a C- or
N-terminal Hisg tag or no Hisg tag, it was observed that soluble protein was only
obtained when an N-terminal Hise tag was present for HylP1 (Data not shown). In
contrast, soluble protein was obtained for all three contructs of HylP2 and HylP3
(Data not shown). However, it was decided that the N-terminally tagged
recombinant proteins for HylP2 and HylP3 would be used for further studies.

The proteins were purified from cell free extracts by immobilised metal affinity
chromatography (IMAC) under non-denaturing conditions, using a chelating
sepharose column and an automated gradient elution technique (Section
2.2.3.4.2). The proteins were checked for purity by SDS-PAGE (Section 2.2.3.1;
Figure 5.4), their concentrations determined by Bradford’s assay (Section
2.2.3.7.2) and subjected to biochemical analysis (Section 2.2.5) and crystallisation
studies (Section 2.2.3.8).
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Figure 5.3: Visualisation of DNA bands following agarose gel electrophoresis.

(A) DNA products generated during a PCR (Section 2.2.2.1.2). Lane 1: 1ug ADNA /
Hind 111 ladder (23130, 9416, 6557, 4361, 2322, 2027, 564, 125 bp); lane 2: Spy0628
stop gene (PL12; 1908 bp) from S. pyogenes SF370; lane 3: Spy0628 no stop gene (PL12;
1908 bp) from S. pyogenes SF370; lane 4: HylA stop gene (PL8; 2418 bp) from S.
pyogenes SF370; lane 5: HylA no stop gene (PL8; 2418 bp) from S. pyogenes SF370;
lane 6: HylP1 stop gene (GH69; 1800 bp) from S. pyogenes SF370; lane 7: HylP1 no stop
gene (GH69; 1800 bp) from S. pyogenes SF370; lane 8: HylP2 stop gene (GH69, 1119
bp) from S. pyogenes SF370; lane 9: HyIP2 no stop gene (GH69; 1119 bp) from S.
pyogenes SF370; lane 10: HylP3 stop gene (GH69; 1900 bp) from S. pyogenes SF370;
lane 11: HylP3 no stop gene (GH69; 1900 bp) from S. pyogenes SF370; lane 12: 100 bp
DNA ladder (1500, 1000, 900, 800, 700, 600, 500, 400, 300, 200, 100 bp). (B) DNA
fragments generated during a restriction endonuclease digest (Section 2.2.2.1.3).
Approximately 0.3 ug of each DNA was cut during a digest. Lane 1: HylP1 stop gene
(GH69) restricted with Nde I; lane 2: HylP1 stop gene (GH69) restricted with Xko I; lane
3: HylIP1 stop gene (GH69) restricted with Sal [; lane 4: HylP2 stop gene (GH69)
restricted with Nde [; lane 5: HylP2 stop gene (GH69) restricted with X#o I; lane 6:
HylP2 stop gene (GH69) restricted with Hind I1I; lane 7: HylP3 stop gene (GH69)
restricted with Nde I; lane 8: HylP3 stop gene (GH69) restricted with X0 I; lane 9:
HylP3 stop gene (GH69) restricted with EcoR V; lane 10: HylP1 no stop gene (GH69)
restricted with Nde I; lane 11: 1 Kb DNA ladder (10, 8, 6, 5, 4, 3,2, 1.5, 1, 0.5 Kb). All
DNA samples were subjected to 1.0 % (w/v) agarose gel electrophoresis at 100 mA for
40 min (Section 2.2.2.1.4). Following electrophoresis, gels were soaked in a 10 pg/ml
solution of EtBr for 10 min, washed with distilled water, and placed on a UV illuminator
and a fluorescent image taken (Section 2.2.2.1.5).
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Figure 5.4: 12 % SDS-PAGE of HylP1, HylP2 and HylP3 purification.

HylP1, HylP2 and HyIP3 (native recombinant) were purified from E. coli cells,
harbouring plasmids of HylP1, HylP2 and HylIP3 encoding putative hyaluronidases, by
IMAC using chelating sepharose™. Each recombinant protein possessed an N-terminal
Hiss tag. A gradient elution technique was used with the FPLC® at a linear flow rate of
149.0 cm/h (Section 2.2.3.4.2). Lane 1: High molecular weight (HMW) markers (205,
116, 97, 84, 66, 55, 45 kDa); lane 2: 20 ul of 1:10 HylP1 (38.4 kDa); lane 3: 20 pl of 1:10
HylIP2 (42.0 kDa); lane 4: 20 pl of 1:10 HylP3 (41.8 kDa); lane 5: Low molecular weight
(LMW) markers (66, 55, 45, 36 kDa). Proteins were visualised by staining with
Coomassie Blue and destained (Section 2.2.3.1.1).
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5.2.2 Expression and purification of Seleno-methionine HylP1, HylP2 and
HylP3
For crystallisation and 3D structure determination, Se-Met containing HylP1,
HylP2 and HylP3 were produced. HylP1, HylP2 and HylP3 plasmid DNA coding
for a Hise tag at the N-terminus, previously cloned (Section 5.1.1), was chemically
transformed into E.coli B834 chemically competent cells (DE3; Section
2.2.2.1.13.1) and the recombinant E. coli strain was grown at 37 °C until an ODss,
of ~ 0.2 was obtained. The cells were harvested and washed, as described in
section 2.2.1.2.4, and used to inoculate the Se-Met media (Section 2.1.3.1.4). The
recombinant E. coli strain was then grown at 37 °C to mid-exponential phase
before induction with 1 mM IPTG (final concentration) and the cultures incubated
at 30 °C overnight (Section 2.2.1.2.4). Cells were harvested by centrifugation and

cell free extracts were prepared as described in section 2.2.3.3.

The proteins were purified from cell free extracts by IMAC under non-denaturing
conditions, using a chelating sepharose column and an automated gradient elution
technique (Section 2.2.3.4.2). The eluted proteins were dropped into tubes
containing 10 mM DTT (final concentration) and the proteins were checked for
purity by SDS-PAGE (Section 2.2.3.1), their concentrations determined by
Bradford’s assay (Section 2.2.3.7.2) and subjected to crystallisation studies
(Section 2.2.3.8).
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5.3 Kinetic analysis of HylP1, HylP2 and HylP3

5.3.1 Michaelis-Menten parameters for hyaluronate hydrolysis

To investigate the activity of the N-terminally tagged HylP1, HylP2 and HylP3
against hyaluronate, the enzymes were assayed for reducing sugar production with
varying concentrations of the dialysed substrate sodium hyaluronate (Section
2.1.10.2). For all absolute kinetic analysis, 4 to 5 substrate concentrations
(determined empirically and spanning Ky) in the limiting range were chosen and
reactions were performed in triplicate. In order to ascertain if these data reflected
true Michaelis-Menten kinetics, Lineweaver-Burk plots from three independent
data sets were constructed as illustrated in Figures 5.5-5.7 and used to determine

values of Km, kcat and ket / Ky (Table 5.1).

Enzyme Ky (mg ml'l) keat (s’l) keat /Ky (s'I ml mg'l)
HylP1 0.90 1390.90 1545.44
HylP2 2.07 742.01 358.80
HylP3 4.35 1253.04 287.79

Table 5.1: Michaelis-Menten kinetic parameters for the hydrolysis of dialysed
sodium hyaluronate by HylP1, HylP2 and HylP3.

The reactions were performed in triplicate at 37 °C, in 20 mM Tris, pH 7.5 (HylP1), 20
mM MES, pH 6.0 (HylP2) and 20 mM sodium citrate buffer, pH 5.5 (HyIP3), as
described in section 2.2.5.1.4. BSA was included in the reaction at a final concentration
of 1 mg ml', except when HylP3 was assayed as precipitation occured.
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Figure 5.5: Lineweaver-Burk plot for HylP1 against dialysed sodium hyaluronate.
These data were performed in triplicate with error bars representing the standard
deviation from the mean. The reactions were performed at 37 °C, in 20 mM Tris buffer,
pH 7.5, as described in section 2.2.5.1.4. BSA was included in the reaction at a final
concentration of 1 mg ml™,
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Figure 5.6: Lineweaver-Burk plot for HylP2 against dialysed sodium hyaluronate.
These data were performed in triplicate with error bars representing the standard
deviation from the mean. The reactions were performed at 37 °C, in 20 mM MES buffer,
PpH 6.0, as described in section 2.2.5.1.4. BSA was included in the reaction at a final
concentration of 1 mg ml™.
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Figure 5.7: Lineweaver-Burk plot for HylP3 against dialysed sodium hyaluronate.
These data were performed in triplicate with error bars representing the standard
deviation from the mean. The reactions were performed at 37 °C, in 20 mM sodium
citrate buffer, pH 5.5, as described in section 2.2.5.1.4. No BSA was added to the reaction
as precipitation occurred.
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5.3.2 Calculation of Ky, k..; and k., / Ky from raw data

The calculation of k., (s'l) required the use of three constants. Firstly, the relative
molecular mass (RMM) of glucose (C¢H;206) was calculated to be 180.0.
Secondly, the number of molecules in one mole (Avagadro’s number; 6.022 x
1023) was used to calculate the number of molecules of product produced per
second. Finally, for the conversion of enzyme weight in Daltons to weight in

grams, the constant for the weight of one Dalton in grams was used: 1.661 x 10

g.
Ky and kcat were then calculated from the Lineweaver-Burk plot as follows:

Ky (mg ml™") = -1 / (X intercept on Lineweaver-Burk plot)

Vinax (U mg'l) = {1/y)/ 10’ / RMM Glucose x 10®/ (Total protein added in mg)
keat (51) = Vinax / 10°/ 60 x (6.022 x 10%) / W

Where,
1/ y = gradient of line when x =0
U = umol of product produced per minute
W = Number of enzyme molecules per mg of protein: 0.001 g / (weight of
1 enzyme in Daltons x (1.661 x 102%)).

Kwm was calculated simply by dividing —1 by the X intercept in the Lineweaver-

Burk plot to give Ky in mg mi™.

keat is calculated by first obtaining a value for V. in pmoles of product produced
per minute per mg (U mg™') and was calculated as follows: if x =0, theny =y
intercept, then 1 / y = mg of product produced per min. This value is then divided
by 10° to convert into g of product produced per min. This value is then divided
by the RMM of glucose (180.0 g L'l) to give moles of product produced per min,
which is subsequently multiplied by 10° to convert into umoles of product
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produced per min and is defined as U. The total reaction volume of 900 ul was
taken into account and U was multiplied by 0.9. U is then divided by the total
amount of enzyme added to the assay (mg). This gives the value for V., which
is: Units of enzyme activity per mg (U mg™). Vmax is then converted from pmoles
of product produced per min per mg, into moles of product produced per minute
per mg, by dividing Vyax by 10°. Moles of product produced per minute per mg, is
then converted into moles of product produced per second per mg by dividing by
60. Moles of product produced per second per mg is then converted into
molecules of product produced per second per mg, by multiplying by Avagadros
number (6.022 x 10%). Finally, the number of enzyme molecules present in 1 mg
(W) is calculated. Firstly, the weight of one enzyme in grams is calculated by
multiplying the enzyme weight in Daltons by the weight of 1 Dalton in grams
(1.661 x 10*). The weight of 1 mg in grams, 0.001g, is then divided by the
weight of one enzyme in grams to yield the number of enzyme molecules present
in 1 mg (W). The number of molecules of product produced per second is then
divided by the number of enzyme molecules present in 1 mg to yield the number

of molecules of product produced per second per enzyme molecule, known as kca.

Specificity constants (s ml mg™) were determined simply by dividing kca by Km.

5.4 Biochemical and biophysical parameters of HylP1, HylP2
and HylP3

5.4.1 Determination of pH optimum

The N-terminally tagged HylP1, HylP2 and HyIP3 proteins were shown to have
an optimum pH of 6.5, 6.0 and 5.5, respectively, against dialysed sodium
hyaluronate (2 mg ml”! final concentration; section 2.2.5.1.5). A range of sodium
citrate buffers were used to determine pH optimum of each enzyme. Assays were
carried out at 37 °C and the release of reducing sugar was measured over time.
Figure 5.8 shows the effect of pH on enzyme activity and each curve was

constructed from three independent data sets.
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Rate

Figure 5.8: The effect of pH on the rate of enzyme activity against dialysed sodium
hyaluronate.

The reactions were performed in triplicate, with error bars representing the standard
deviation from the mean, at 37 °C and at final substrate concentration of 2 mg ml™.
Sodium citrate buffers (20mM final concentration) was used in the pH range 3.0-7.0. No
BSA was added to the reaction mix, as precipitation occurred in the presence of sodium
citrate buffers, as described in section 2.2.5.1.5. Each point of the graph represents the
mean for HylP1 (¢), HylP2 (a) and HyIP3 (4).

5.4.2 Determination of temperature and thermostability

At 37 °C, HylP1, HylP2 and HyIP3 displayed the highest amount of activity
against the dialysed substrate sodium hyaluronate (Section 2.2.5.1.6), when added
chilled to a pre-warmed reaction mix, as shown in Figure 5.9. At temperatures
above and below 37 °C, all three enzymes exhibited significantly reduced activity

and complete inactivation between 67 °C and 77 °C.

Upon pre-incubation for 20 min at various temperatures prior to assay (Section
2.2.5.1.6), the enzymes HylP1, HylP2 and HylP3 retained the highest activity at

27 °C and were completely inactivated above 47 °C, as shown in Figure 5.10.
The effect of temperature on enzyme activity and stability was determined from

three independent data sets, with the release of reducing sugar content being

measured over time.
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Figure 5.9: The effect of temperature on the rate of enzyme activity against dialysed
sodium hyaluronate.

The reactions were performed in triplicate, with error bars representing the standard
deviation from the mean, at 27, 37, 47, 57, 67, and 77 °C, at a final substrate
concentration of 2 mg ml™”. 20 mM Tris, pH 7.5 (HyIP1), 20 mM MES, pH 6.0 (HylP2)
and 20 mM sodium citrate buffer, pH 5.5 (HylP3), were used, as described in section
2.2.5.1.6. BSA was included in the reaction at a final concentration of 1 mg/ml, except
when HylIP3 was assayed as precipitation occured. Each point of the graph represents the
mean for HylP1 (¢), HylP2 (m) and HylP3 ().
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Figure 5.10: The effect of temperature on enzyme stability as measured by rate of
activity against dialysed sodium hyaluronate.

The reactions were performed in triplicate, with error bars representing the standard
deviation from the mean, at 37°C and at a final substrate concentration of 2 mg ml, after
pre-incubation of each enzyme for 20 min at 27, 37, 47, 57, 67, and 77 °C. 20 mM Tris,
pH 7.5 (HylP1), 20 mM MES, pH 6.0 (HylP2) and 20 mM sodium citrate buffer, pH 5.5
(HylP3), were used, as described in section 2.2.5.1.6. BSA was included in the reaction at
a final concentration of 1 mg/ml, except when HylP3 was assayed as precipitation
occured. Each point of the graph represents the mean for HylP1 (¢), HylP2 (m) and
HylP3 ().
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5.4.3 Determination of divalent ion requirement

When HylP1, HylP2 and HylP3 were tested with a range of divalent cations
(Section 2.2.5.1.7; 1 mM final concentration), it was observed that none of the
enymes had an absolute requirement for any of the ions tested, as the activity of
each enzyme was not affected significantly. The data for the effects of divalent
ions on enzyme activity is presented in Figure 5.11. Enzyme activity for HylP1
was shown to decrease slightly when MgCl, was added; HylP2 activity was
slightly reduced in the presence of BaCl, and MgCl, and HylP3 showed the most
significant decrease in enzyme activity when MnCl, was added. Optimal enzyme
activity was observed when Co®* jons were added to the reaction for HylP1,

HylP2 and HylP3.
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Figure 5.11: The effect of divalent cations on enzyme activity (A) HylP1, (B) HylP2
and (C) HylIP3.

Reactions were performed in triplicate, with error bars representing the relative standard deviation
from the mean, at 37 °C and at a final substrate concentration of 2 mg mi™, in 20 mM Tris, pH75
(HyIP1), 20 mM MES, pH 6.0 (HyIP2) and 20 mM sodium citrate buffer, pH 5.5 (HylP3), as
described in section 2.2.5.1.6. BSA was included in the reaction at a final concentration of 1
mg/ml, except when HylIP3 was assayed as precipitation occured. Divalent cations (Ba®", Ca®",
Co®, Mg”*, Mn* and Ni**) were added to reactions at a final concentration of 1 mM. Each column
represents the mean value for (A) HyIP1, (B) HylP2 and (C) HylP3.

183



5.5 Mode of enzymatic action of HylP1, HylP2 and HylP3
enzymes by PAGE analysis

To determine whether all three enzymes share a common mode of action against
sodium hyaluronate, the release of reducing sugar was followed with time as
essentially described in section 2.2.5.1.3. Partial digestion of sodium hyaluronate
with HylP1, HylP2, and HylP3 yields a homologous series of oligosaccharides, as
demonstrated by PAGE (Section 2.2.5.2). Hyaluronate samples digested to
differing extents are separated into a ladder-like series of bands. Since all of the
hyaluronate fragments generated by enzymatic digestion have the same charge-to-
mass ratio, separation occurs on the basis of fragment size, with the smallest
species migrating most rapidly. Figure 5.12 shows typical electrophoretic patterns
for an arbitrary hyaluronate oligosaccharide mixture following digestion with
HylP1, HylP2 and HylP3. Upon analysis of the digestion products of HylP1,
HylP2, and HylP3, each enzyme appears to display a random endolytic mode of
cleavage on sodium hyaluronate yielding a range of oligosaccharides. Undigested
high molecular weight sodium hyaluronate shows only limited migration into the

15.5 % polyacrylamide gel matrix (Figure 5.12).
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Figure 5.12: PAGE-stained patterns of HA samples digested with (A) HylP1, (B)
HylIP2 and (C) HylP3 over time.

Sodium hyaluronate (2 mg ml” final concentration) in 20 mM HEPES, pH 7.0, was
digested with HyIP1 (0.17 ug), HylP2 (0.28 ug) or HylP3 (0.35 pg) at various time points
at 37 °C. Digests were terminated by boiling for 5 min. Digests were separated on a 15.5
% polyacrylamide gel under non-denaturing conditions in TBE buffer (Section 2.2.5.2).
Gels were electrophoresed at +12 °C at 250 V for 20 min, 500 V for 10 min and 450 V
for Smin, or until the Bromophenol blue tracking dye (Section 2.2.1.9.3.6) reached within
~1 cm of the bottom of the gel. (A) HylP1: lane 1: 60 min, lane 2: 40 min, lane 3: 20 min,
lane 4: 10 min, and lane 5: 0 time. (B) HyIP2: lane 1: 60 min, lane 2: 40 min, lane 3: 20
min, lane 4: 10 min, and lane 5: 0 time. (C) HylP3: lane 1: 60 min, lane 2: 40 min, lane 3:
20 min, lane 4: 10 min, and lane 5: 0 time. Oligosaccharides were stained with a
combined Alcian Blue and Silver staining method, as detailed in Section 2.2.5.2.
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5.6 Collagen-binding assay

A CLUSTAL W (1.82; Figure 5.2) multiple sequence alignment of a
representative sample of ORFs from GH family 69 showed that three putative
genes encoded proteins with internal repeats of the motif sequence Gly-X-Y.
These amino acid triplet repeats resemble the characteristic repeating sequences
found in collagen. Sequence analysis showed ORFs HylP2 and HylP3 from S.
pyogenes SF370 to contain this collagen repeat, the function of which is not as yet

known.

A crude binding assay was carried out to determine whether the N-terminally
tagged HylP2 and HylP3 proteins could bind to insoluble collagen through their
internal collagen-like repeat (Section 2.2.5.6). The same assay was also carried
out in the presence of the N-terminally tagged HylP1 protein and BSA, as
negative non-binding controls. Each protein (HylP1, HylP2, HylP3 and the BSA
control) could be detected in the washes after binding, indicating that there was no

binding (data not shown).
5.7 Crystallisation of HylP1, HylP2, and HylP3 enzymes

5.7.1 Native recombinant crystallisation of HylP1, HylP2 and HylP3

HylP1, HylP2, and HylP3 N-terminally tagged proteins were purified to apparent
homogeneity (as judged by SDS-PAGE; section 2.2.3.1; Figure 5.4) and buffer
exchanged into 10 mM HEPES, 50 mM CaCl,, pH 7.4. The proteins were then
concentrated to between 10 — 20 mg ml™ for crystallisation studies. Crystals of
HylP1, HylP2, and HylP3 were grown by vapour phase diffusion using the
hanging-drop method (Section 2.2.3.8.2). HylP1 crystals were obtained in HSI 33
(4 M NaF; Appendix C), HylP2 in HSII 1 (2 M NaCl, 10 % (w/v) PEG 6000;
Appendix C) and CSSI 22 (0.2 M KBr, 8 % (w/v) PEG 20K, 8 % (w/v) PEG
550mme; Appendix C) and HyIP3 in HSI 6 (0.2 M MgCl,, 0.1 M Tris-HCI pH
8.5, 30 % (w/v) PEG 4000; Appendix C). Optimisation studies for HylP1, HylP2,
and HylP3 were then carried out around these conditions with the addition of

different cryoprotectants in the drops. For HylP1, equal amounts of protein and
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Figure 5.13: Crystals of native recombinant HylP1 from S. pyogenes SF370.
Crystals were grown by the hanging-drop method (Section 2.2.3.8.2). Equal amounts of
protein and reservoir solution (3.5 M Sodium formate, final concentration) were mixed
and MPD (15 % (v/v) final) was added to the drop. Hexagonal crystals grew after a few
days at 22 °C.
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reservoir solution, containing 3.5 M sodium formate, were mixed. MPD (15 %
(v/v) final) was also added to the drop. Hexagonal crystals grew after a few days
at 22 °C (Figure 5.13). A single crystal was removed from the drop using a rayon
fibre loop and transferred into a cryoprotectant solution consisting of the crystal
growth buffer supplemented with 15 % (v/v, final) MPD, prior to freezing the
crystals in liquid nitrogen. A rayon fibre loop was used to mount the crystal and
an image collected using a Rigaku X-ray generator and a MAR 30 cm image plate
at YSBL. Crystals that diffracted beyond 2.8 A were saved and stored in liquid
nitrogen for further analysis at the ESRF at Grenoble. The structural data obtained
to date for HylP1 and HylIP3 is given in Table 5.2. All data collection and analysis
was performed by Dr E. Taylor, Dr Johan Turkenburg, Prof. Eleanor Dodson and
Prof. Gideon Davies at YSBL.

5.7.2 Se-Met crystallisation of HylP1

As there were no other related structural modules available for molecular
replacement, anomalous data was required to solve one of the HylP structures.
Due to the high degree of homology between all three structures (CAZy) it was
likely that the structure solution of one of the HylP proteins would provide a

molecular replacement module to the remaining two.

There are two general ways of obtaining anomalous data. The incorporation of
seleno-methionine into the protein at translation, normally achieved with the use
of a methionine auxotroph and labelled seleno-methionine used in conjunction
with a minimal media, or the use of a heavy metal soak. This is where heavy
metal ions such a uranium, lead or mercury are soaked into the crystals, these bind
to the protein specifically and uniformly. Both methods result in regular points of
high electron density throughout the lattice. The difference between a native data
set and one with an anomalous signal may be used to calculate the phases and
solve the structure. Where only a single wavelength is used this is known as a
single anomalous difference or SAD experiment. Where a tuneable radiation
source is available, the anomalous signal may be optimised by using multiple
wavelengths, which is known as a MAD experiment. MAD data sets are collected
at the peak, inflection and a remote from a single crystal. Comparisons between

these three sets, gives a more accurate calculation of phases and position of the
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heavy atom. The HylP1 structure was solved using phase data obtained from a
MAD experiment using incorporated seleno-methionine and a SAD experiment
using a uranium acetate soak. These phases were then applied to a higher
resolution native data set, and used to calculate the electron density. The scaling
details for the solution of HylP1 may be seen in Table 5.2. DTT was maintained
in the purification buffers to prevent the oxidation of the selenium (oxidised

selenium has a more diffuse absorption edge).

The pET-28a vector harbouring the expressed inserts for HylP1, HylP2, and
HylP3 were transformed into E. coli B834 (DE3; Section 2.2.2.1.13.1), an
expression strain disabled with regards to methionine metabolism. The HylIP1,
HylP2, and HylIP3 proteins were expressed, as described in section 2.2.1.2.4, in
Se-Met minimal media (Section 2.1.3.1.4). HylP1, HylP2, and HylP3 N-
terminally tagged proteins were purified to apparent homogeneity (as judged by
SDS-PAGE; Section 2.2.3.1) and buffer exchanged into 10 mM HEPES, 50 mM
CaCly, 1 mM DTT, pH 7.4. The proteins were then concentrated to between 10 —
20 mg ml” for crystallisation studies. The Se-Met-substituted protein did not
produce crystals under the same conditions as the native protein and also in the

presence of 1 mM DTT.

5.7.3 Seeding of HylP1 native and Se-Met forms

The technique of seeding crystals was used in order to try and encourage the Se-
Met-substituted HylP1 protein to grow. This essentially involves adding
microseeds of the native recombinant HylP1 crystals into the drop with both
forms of the protein to help promote growth. Crystals of HylP1 in both native
recombinant and Se-Met forms were grown from microseeds in 3.5 M sodium
formate (Section 2.2.3.8.3) over a period of a few days and a few weeks
respectively at 22 °C. Single crystals were then flash-cooled in liquid nitrogen and
transferred into a liquid nitrogen cryo stream using a rayon fibre loop to determine

diffraction quality.

5.7.4 Heavy metal derivatives of HylP1

This technique was employed to try and obtain better phasing power at lower
resolutions in the absence of Se-Met substituted HylIP1 crystals. The TagBr;»
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cluster compound was allowed to diffuse into the HylP1 native hexagonal
crystals, as described in section 2.2.3.8.4, and mounted onto the goniometer in
order to determine diffraction quality. The crystals were then preserved in liquid
nitrogen and transported to the ESRF at Grenoble, where it was remounted on the
single-axis goniometer for data collection. The data was collected by Dr E.

Taylor, YSBL.

5.8 Diffraction analysis of HylP1 and HylP3

Preliminary X-ray diffraction analysis revealed that crystals of HylP1 belong to
space group H32 with unit cell dimensions a =58.53 A, »=58.53 A and c =
586.58 A for native recombinant HylP1 and space group P622 and unit cell
dimensions of a = 49.48 A, b =49.48 A and ¢ = 241.0 A for native recombinant
HylP3 crystals. There is one molecule of HylP1 or HylP3 in the asymmetric unit.
The data collected at the ESRF on beamline ID-14.2 is presented in Table 5.2.
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5.9 Three-dimensional structure of HylP1

The 3D structure of HylP1 was solved at a resolution of 1.8 A. The 3D structure
(Figure 5.14), extending from residues 7 to 337 (LRVQ to LILKK from sequence;
Figure 5.2), is composed of three monomeric strands, comprising o~ and B-helical
strands, that intertwine to form a trimer. Using molecular replacement, the
structures of HyIP2 and HylP3 have been determined and the structures are
truncated forms of HylP1.
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Figure 5.14: Structure of S. pyogenes SF370 HylP1 hyaluronidase.
Ribbon diagram of the side view of the trimer. There is one molecule of HyIP1 in the
asymmetric unit. The three HylP1 monomers are coloured red, green and blue.
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Figure 5.15: Structure of S. pyogenes SF370 HyIP1 hyaluronidase.
(A) Ribbon diagram of the C-terminal end of the trimer. (B) Ribbon diagram of the N-
terminal end of the trimer. The three HylP1 monomers are coloured red, green and blue.
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Biochemical characterisation and crystallisation studies
of three hyaluronidases from GH69.

6 Discussion

6.1 Introduction

The primary aim of the work undertaken in this chapter was to biochemically
characterise three structurally related putative hyaluronidases from Streptococcus
pyogenes SF370 and to determine their three-dimensional (3D) structures. A
reducing sugar assay was used to determine biochemical parameters for HylP1,
HylP2 and HylIP3 and polyacrylamide gel electrophoresis (PAGE) analysis was
undertaken to identify the mode of action of each enzyme. Moreover,
crystallisation studies of all three enzymes resulted in the 3D structure
determination of HylP1 and truncated versions of HylP2 and HylP3.

6.2 Glycoside hydrolases with hyaluronidase activity

Glycoside hydrolases (GHs) are enzymes that hydrolyse the glycosidic bond
found in polysaccharides, oligosaccharides, glycoproteins, glycosaminoglycans
(GAGs) and proteoglycans, and have been classified into families based on
primary structure similiarity (Henrissat, 1991; Henrissat and Bairoch, 1996;
Coutinho and Henrissat, 1999).

Hyaluronidases are widespread in nature and are found in mammals, insects,
leeches and bacteria (Meyer, 1971; Kreil, 1995; Frost et al., 1996). The substrate
for these enzymes, hyaluronan (hyaluronic acid; HA), is becoming increasingly
important and is now recognised as a major participant in processes such as cell
motility, wound healing, embryogenesis and has been implicated in cancer
progression (Frost ef al., 1996). Also, hyaluronidase is associated with
mechanisms of entry and spread, for example, as a virulence factor for pathogenic
bacteria, for tissue dissection in gas gangrene, as a means of treponema spread in
syphilis and for penetration of skin and gut by parasites (Frost et al., 1996; Csdka

et al., 1997; Menzel and Farr, 1998). Hyaluronidase also comprises a component
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of the venom of a wide variety of organisms, including bees, wasps, hornets, fish,

snakes and lizards (Frost et al., 1996; Csoka et al., 1997).

On the basis of sequence similarity, mammalian and insect hyaluronidases have
been classified as belonging to GH family 56. Hyaluronidase from bee venom
(Apis mellifera; Hya) specifically degrades HA in the extracellular matrix of skin
(Markorié-Housley et al., 2000). Hya shares as much as 30-40 % sequence
identity with several mammalian enzymes, including the sperm PH-20 protein
(Gmachl and Kreil, 1993; Lin ef al., 1994; Markori¢-Housley et al., 2000); and
the human lysosomal enzymes Hyal-1 (Csoka et al., 1997; Frost et al., 1997,
Triggs-Raine et al., 1999) and Hyal-2 (Lepperdinger et al., 1998). Sperm PH-20
hyaluronidase has been shown to be essential for fertilization (Lin et al., 1994;
Frost et al., 1996; Cherr ef al., 2001) and the human lysosomal enzymes have
been shown to be involved in HA turnover (Frost et al., 1997; Lepperdinger et al.,
1998). The hyaluronidase isolated from frog kidney (Xenopus laevis; XKH1) also
belongs to GH56 and is required for HA degradation in this organ (Reitinger et
al., 2001).

The hyaluronidases from Streptococcus pyogenes bacteriophage H4489A (hylP
and hylP2) show a high degree of similarity and can be found in GH69.
Interestingly, one major region of difference is the deletion (or addition) of a
collagen-like Gly-X-Y region in AyIP (Hynes and Ferretti, 1989; Hynes et al.,
1995; Hynes and Walton, 2000). However, this region is missing in Ay/P2,
suggesting that these repeats are not important for the enzymatic activity of
hyaluronidase (Hynes et al., 1995).

The origin of this collagen-like region of DNA in the hyaluronidase genes is
unknown; however, it is clearly widespread, since the sequence is present in other
strains (Hynes ef al., 1995). This study has shown that the three open reading
frames (ORFs) HylP1, HylP2 and HylP3 from S. pyogenes SF370 do indeed code
for active hyaluronidases and belong to GH69. As with the bacteriophage
hylauronidase AylP, HylP2 and HylP3 possess the motif sequence Gly-X-Y.
HylP1, however, like hylP2, lacks this region and it is therefore possible to
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speculate that this collagen-like domain is not important for enzyme activity, but

may play some other role.

6.3 Biochemical characterisation of HylP1, HylP2 and HylP3

Successful cloning and expression of ORFs HylP1, HylP2 and HylP3 from S.
pyogenes SF370 has shown that these proteins possess hyaluronidase activity.
This observation prompts the question why does S. pyogenes SF370 possess three
enzymes capable of degrading its own capsule? It is known that the bacterium S.
pyogenes possesses a HA capsule to evade phagocytosis by the host, as it is
antigenically similar to HA of host connective tissue (Cunningham, 2000; Bisno
et al., 2003). It can be postulated that S. pyogenes SF370 requires one
hyaluronidase to digest the HA capsule surrounding the bacterium and two other
hyaluronidases, which contain a collagen domain, to aid in the spread of the

organism through tissue invasion and infection.

Quantitative analysis of the kinetics of HylP1, HylP2 and HylP3, after the release
of oligosaccharides from hyaluronate degradation, yields k., and Ky for native
recombinant HyIP1 of 1390.90 s and 0.90 mg ml™'; HylP2 of 742.01 s™ and 2.07
mg ml™; and HyIP3 of 1253.04 s and 4.35 mg ml”, respectively. HylP1 showed
a high specificity constant (1545.44 s ml mg‘l) on sodium hyaluronate compared
to HylP2 (358.80 s ml mg™) and HylP3 (287.79 s ml mg™"). However, since no
other type of hyaluronate was used to assay HylP1, HylP2 and HylP3, no
comparisons can be made. The Ky for HylP1 is comparable to the Ky of pig liver
hyaluronidase (0.64 mg ml™; Joy ef al., 1985). Unlike some of the hyaluronate
lyases that have been characterised (Baker et al., 1997), HylP1, HylP2 and HylP3

were not active against the substrate chondroitin.

Interestingly, the optimum pH for HylP1, HylP2 and HylP3 varies slightly (6.5,
6.0 and 5.5, respectively; Figure 5.8) against the substrate sodium hyaluronate.
The significance, if any, of this is as yet to be established, but it may be

speculated that there is some variation in the mechanistic and structural features of
all three enzymes that allows them to function at a different pH. Alternatively, it is
possible that HylP2 and HylP3 are mechanistically very similar to HylP1,
however, the tertiary structure of the enzymes are unable to withstand the slightly
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higher pH tolerated by HylP1. This may also explain the diminished activity
HylP2 and HylP3 display against sodium hyaluronate. It may also be that S.
pyogenes SF370 requires one hyaluronidase to firstly degrade its own HA capsule
and secondly, two other hyaluronidases to degrade host HA during tissue
invasion, depending on the degree of infection, thus would require hyaluronidases
that function at different pHs. In comparison, purified bovine testicular
hyaluronidase has a pH optimum for the hydrolysis of potassium hyaluronate at
5.2 in the presence of NaCl, and at 6.0 in the absence of NaCl (Gorham et al.,
1975). Pig liver hyaluronidase activity was measured on potassium hyaluronate at
a pH optimum of 4.0 in the presence of 0.1 M NaCl and a pH optimum of 3.4 in
the presence of 0.3 M NaCl (Joy et al., 1985). The activity of hyaluronidases from
human serum and placenta was optimum between pH 3.4 and 4.0 (Fiszer-Szafarz
et al., 2000). Characterisation of human urinary hyaluronidase was found to have
a pH optimum of 3.4. The presence of 0.1 M NaCl caused an increase in pH

optimum to pH 3.8, and a decrease in overall activity (Csoka et al., 1997).

Given that S. pyogenes SF370 is a known strict human pathogen (Ferretti et al.,
2001) and therefore unlikely to be exposed to temperatures greater than 37 °C, it
1s therefore understandable that HylP1, HylP2 and HylP3 displayed optimum
catalytic performance at this temperature (Figure 5.9). Samples of HylP1, HylP2
and HylP3 were heated at various temperatures from 27 to 77 °C for 20 min and
assayed for activity. Figure 5.10 shows that the thermal stability profiles for
HylP1, HylP2 and HylP3 are nearly identical. The activity of these enzymes after
pre-incubation at various temperatures showed that these enzymes are not very
thermostable. The highest activity was observed after pre-incubation at 27 °C,
however, all three enzymes had lost ~ 50 % activity compared to when HylP1,
HylP2 and HyIP3 were assayed at 37 °C without pre-incubation of the enzyme.
Pre-incubation of HyIP1, HylP2 and HylP3 at 37 °C produced a significant
decrease in enzyme activity and at temperatures > 47 °C, all three enzymes were
inactivated. In comparison, human serum and placenta hyaluronidases faired
slightly better when thermal stability profiles were carried out. Samples were
heated at various temperatures from 37 to 70 °C for 5 min and were shown to be

stable up to 46 °C (Fiszer-Szafarz et al., 2000).
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In order to assay the effects of divalent ions on the activity of HylP1, HylP2 and
HylP3, various divalent ions were added to the reaction at a final concentration of
1 mM to ensure any effects were observed. HylP1, HylP2 and HylP3 did not show
any requirement for divalent ions (Figure 5.11). It should be noted, however, that
although the enzymes did not shown any requirement for divalent ions during the
degradation of hyaluronate, CaCl, was shown to be essential during the
purification process. Elimination of CaCl, during the purification process resulted
in precipitation of each protein. The role of Ca®*, if any, is still to be established,
but it maybe necessary for the stability of each enzyme. Further analysis of the
HylP1 structure is therefore needed to see if a metal ion is present in the structure
and at the current stage of refinement of HylP1, there appears to be a metal ion

present.

6.4 Mode of enzymatic action of HylP1, HylP2 and HylP3

Oligomeric and polymeric fragments of GAGs can be separated by
electrophoresis through a polyacrylamide matrix. A ladder-like series of bands is
observed, in which bands correspond to species differing in chain length. HylP1,
HylP2 and HyIP3 display a ‘random’ endo depolymerisation pattern against
sodium hyaluronate, with the generation of a range of oligosaccharides (Figure
5.12). PAGE analysis shows clearly this random endolytic mode of cleavage
pattern, similar to that observed by Min and Cowman (1986) and Ikegami-Kawai
and Takahashi (2002). In both studies, HA samples were digested to varying
extents by bovine testicular hyaluronidase to yield a homologous series of

oligosaccharides in a ladder-like series of bands.

Random endolytic cleavage suggests that HylP1, HylP2 and HylP3 are able to
adopt a wide variety of substrate binding modes, leading to the gradual
degradation of longer oligomers into shorter oligomers without resulting in a
disproportionate accumulation of shorter products early in the reaction. Upon
further analysis of the 3D structure of HyIP1, and therefore HylP2 and HylP3, it
may be found that the active site topology displayed by HylP1 is an ‘open’ cleft
active site, which is known to be a common feature of random binding hydrolytic

polysaccharide degraders (Davies and Henrissat, 1995).
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6.5 3D structure of HylP1

The 3D structure of HylP1 from S. pyogenes SF370 was solved at a resolution of
1.8 A and was shown to belong to space group H32. The 3D structure (Figures
5.14 and 5.15) is composed of three monomers, made up of o- and p-helical
strands that intertwine to form a trimer. The topography of HylP1 reveals distinct
similarities with the tail protein from bacteriophage T4 (Kanamaru et al., 2002).
HylP1 is a phage-associated hyaluronidase from S. pyogenes SF370 and it can be
seen from the 3D structure to possess the phage tail characteristics from the
bacteriophage T4. This resemblance allows speculation of the role HylP1 may
play in S. pyogenes SF370. Assuming that HyIP1 is a phage structural protein,
how does HylP1 interact with the tail fibre proteins? This is analogous to the
lysozyme domain containing cell-puncturing device of the recently solved 3D
structure of bacteriophage T4 (Kanamaru et al., 2002). Unlike bacteriophage T4
that has a lysozyme domain linked to the tail fibre protein, the hyaluronidase
component of HylP1 is is an integral part of the tail fibre protein. It is possible
that the phage tail from HyIP1 is likely to adhere to the cell membrane of S.
pyogenes, which will faciliate degradation of the HA capsule that surrounds the
bacterium. Bacteriophage T4 has a very efficient mechanism for infecting cells
(Kanamaru et al., 2002). The key component of this process is the baseplate,
located at the end of the phage tail, which is required to penetrate the outer cell
membrane of Escherichia coli. The interaction of the baseplate tail fibres with the
outer cell membrane disrupts the intermembrane peptidoglycan layer, promoting
subsequent entry of phage DNA into the host (Kanamaru et al., 2002). The 3D
structure of bacteriophage T4 shows that it is a modular protein, which possesses
lysozyme activity that is attributable to the attached lysozyme domain. This
lysozyme domain is required to digest the cellular intermembrane peptidoglycan
layer during phage tail attachment (Kanamaru et al., 2002). It is therefore possible
to speculate that HylP1 uses a similar process in S. pyogenes SF370. Unlike
bacteriophage T4, HylIP1 is not a modular protein, but it is possible to speculate
that like bacteriophage T4, HylIP1 uses its phage-like tail to anchor itself to the
cell membrane of S. pyogenes to enable the hyaluronidase component to digest
the surrounding HA capsule. Once the capsule is degraded, the bacterium is then

free to eject enzymes into the host and cause infection. It may be possible that the
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other two phage-encoded hyaluronidases (HylP2 and HylP3) expressed by S.
pyogenes SF370 are used to facilitate spread of the organism through host tissues

during infection by degrading the HA found in host connective tissue.

A number of questions arise with regard to the phage-associated HylP1, HylP2
and HylP3 hyaluronidases. Firstly, are HylP1, HylP2 and HyIP3 involved in S,
pyogenes infection? This could possibly be determined by examining expression
levels of prophage-encoded putative virulence factors by growing a co-culture of
S. pyogenes strain SF370 with epithelial pharyngeal cells, for example, to
determine whether the prophage-encoding hyaluronidases HylP1, HylP2 and
HylP3 are expressed during infection. Alternatively, it is likely that the S.
pyogenes SF370 hyaluronidases will be maximally synthesised when the microbe
is propagated in the presence of HA as the sole carbon source. Thus, by
propagating S. pyogenes on this growth media and then separating the synthesised
proteins using two-dimensional (2D) gel electrophoresis, i.e. by
isoelectrofocusing followed by denaturing PAGE, it may be possible to identify
expressed hyaluronidases. These proteins can then be purified from the gel,
fragmented and their unique fragmentation profile determined using mass
spectrometry. Secondly, nothing is known about the host and environmental
signals or genetic regulatory features that control the expression of phage-
associated hyaluronidases in S. pyogenes SF370. If HylP1, HylP2 and HylIP3 are
expressed during normal growth of S. pyogenes SF370, i.e. with bacterial
promoter control, then are they secreted and how? The genome sequence of S.
pyogenes SF3770 (Ferretti et al., 2001) has identified, due to sequence similarity
searches, that this strain of S. pyogenes carries four ORFs that are likely to encode
hyaluronidases. Apart from HylP1, HylP2 and HylP3 (GH69) that have been
shown to be hyaluronidases (This thesis), the remaining hyaluronidase (SPy1600;
GH84) annotated sequence has recently been shown to be an N-acetyl-B-
glucosaminidase (Personal communication, Mr. W.L. Sheldon). Therefore, it is
likely that the remaining three hyaluronidases are expressed, but what secretion
system does S. pyogenes SF370 use to excise these enzymes extracellulary during
infection? Finally, if HylP1, HylP2 and HylP3 are not expressed as discrete ORFs
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in S. pyogenes SF370, then are they expressed only in association with the phage

particle i.e. during induction of the lytic cycle?

6.6 Role of hyaluronidases

Hyaluronidase from bee venom has been shown to facilitate the process of
degrading the skin extracellular matrix during the penetration of venom
constituents into the body (Kemeny et al., 1984; Gmachl and Kreil, 1993;
Markori¢-Housley et al., 2000). Likewise, degradation of HA in the extracellular
matrix of tissues is presumed to be the key event in the enzyme mediated

spreading process during snakes’ envenomation (Girish et al., 2002).

The sperm protein PH-20 has hyaluronidase activity and has been shown to be
present on the plasma membrane of human, monkey, mouse and guinea pig sperm
(Gmachl et al., 1993; Lin et al., 1993, Lin et al., 1994; Arming et al., 1997,
Primakoff et al., 1998; Li et al., 2002). The function of sperm protein PH-20 is to
use its hyaluronidase activity to hydrolyse the HA-rich cumulus matrix that
surrounds the egg during sperm penetration (Lin et al., 1994; Li et al., 2002). The
hyaluronidase from X laevis is exclusively expressed in the cells of the adult frog
kidney where it either may be involved in the reorganisation of the extracellular
architecture or in supporting physiological demands for proper renal functions

(Reitinger ef al., 2001).

HA is the sole component of the capsule of group A streptococci (Hynes ef al.,
1995; Cunningham, 2000; Bisno et al., 2003). The capsule has been shown to be
an important virulence factor of this organism by virtue of its ability to resist
phagocytosis (Wessels ef al., 1991; Wessels et al., 1994). The hyaluronidases
from S. pyogenes bacteriophage H4489A (hylP and hylP2) are thought to be
required to degrade the HA capsule that surrounds the bacterial host cell, thereby
facilitating attachment of phage to the cell wall (Hynes et al., 1995; Hynes and
Walton, 2000). HyIP contains a series of ten Gly-X-Y amino acid triplets, closely
resembling the characteristic repeating sequences found in collagen (Stern and
Stern, 1992; Hynes et al., 1995). A possible role in human disease has been
suggested by Hynes et al. (1995). This collagen-like repeat found in the

bacteriophage hyaluronidase could induce antibodies, which may cross-react with
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tissue collagen and result in the polyarthritis often associated with rtheumatic

fever.

Production by S. pyogenes of both a HA capsule and hyaluronidase enzymatic
activity capable of destroying the capsule is an interesting, yet unexplained,
phenomenon. It is possible to speculate that the three hyaluronidases (HylP1,
HylP2 and HylP3) expressed by S. pyogenes SF370 confer virulence, but as they
are known to be phage-associated have, through evolution of the bacterium, been
commandeered into the bacterial genome from bacteriophages as a strategy of
invasion. As with AylP from bacteriophage H4489A, HylP2 and HyIP3 from S.
pyogenes SF370 contain a collagen-like repeat within the proteins. This ten-triplet
repeat is the minimum length required for maintaining thermodynamic stability of
a triple-helical collagen molecule (Cséka et al., 1997). As yet, the function of
these sequences in HylP2 and HylP3 is unknown. It is possible that this collagen
domain may be able to interact with intact collagen molecules found in host
tissues. If hyaluronidases HylP2 and HylP3 are secreted extracellulary by the
bacterium, it seems possible that these enzymes could function as a virulence
factor enhancing initial attachment of the bacteria to the host collagenous tissues
and then facilitating subsequent tissue invasion, as speculated for bacterial
hyaluronidases (Csoka et al., 1997). Production of hyaluronidase by group A
streptococci has long been suggested to aid the organism in its spread through the
connective tissue (McClean, 1941) hence, hyaluronidase has been designated as

one of the spreading factors of microbial origin (Hynes et al., 1995).

6.7 Summary

HA, a major polysaccharide component of human connective tissue, is targeted by
virulence factors of many human bacterial pathogens, such as S. pyogenes. The
development of inhibitors to key virulence factors expressed by the invading
organisms, thus preventing their establishment is essential. A structural and

mechanistic understanding of these enzymes will ultimately facilitate this goal.

To summarise, HA-degrading enzymes have been shown to be present in a wide
range of organisms from GH families 56, 69 and 84. This present study shows that
ORFs HylP1, HylP2 and HylP3 from S. pyogenes SF370 do indeed code for
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active hyaluronidases. Characterisation of the N-terminally tagged HylP1, HylP2
and HylP3 revealed an optimum pH of 6.5, 6.0, and 5.5, respectively, highest
amount of activity was observed at 37 °C and none of the three enzymes were

very thermostable.

Progress towards a fundamental comprehension of protein/carbohydrate
interactions of GH69 enzymes, which facilitate glycosidic bond cleavage, is
currently hampered by a lack of 3D structural information. Recent structural
studies on HylP1 from S. pyogenes SF370 has led to the elucidation of the 3D
structure. The structure of HylP1 resembles a phage tail protein and although
comparison with the bacteriophage T4 structure shows they are different, they
appear to share some common features such as this phage tail structure. Also from
comparisons with bacteriophage T4 it is possible to speculate that the phage-like
tail from HyIP1 adheres to the cell membrane of S. pyogenes to enable the
hyaluronidase to facilitate the degradation of the HA capsule surrounding the

bacterium.

Of interest is the presence of a collagenous domain in HylP2 and HylP3, which is
of sufficient length to potentially provide stability for a triple helical structure.
This collagen-like domain is also present in S. pyogenes bacteriophage H4489A,
so a greater understanding as to why this region is present in various organisms is
needed. Both primary sequence analysis and structural data is providing evidence
of divergent evolution between S. pyogenes SF370 hyaluronidases and

bacteriophage-associated hyaluronidases.

6.8 Future studies

Numerous opportunities for future studies exist in the areas of research covered in
this thesis. To identify the location of the active site in HylP1, a mutagenesis
strategy would ultimately need to be employed. Armed with a detailed
biochemical analysis together with sequence homology data for GH69, site-
directed mutants of HylP1, HylP2 and HylP3 could be constructed and
biochemically characterised, providing valuable data on the relative importance of
highly conserved amino acids. Using the recently solved 3D structure of HyIP1

would then allow the location of mutated amino acids within the active site to be
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identified. Finally, crystallisation of an inactive mutant in complex with a HA
oligomer would allow the location of conserved amino acids in relation to the

substrate, hence potentially elucidating the roles of conserved amino acids.

Although HylP1, HyIP2 and HyIP3 have been shown to use an endo mode of
action, there is still a great amount to be learned about the mechanism for these
family 69 enzymes. HylP1, HylP2 and HyIP3 could be further characterised using
high performance anion exchange chromatography (HPAEC) in terms of its
depolymerisation pattern exhibited against HA. This will provide important
insights into the binding mechanism, whether it is retaining or inverting, for a

family for which there is currently no information.

Overall aim would be to study the structure/function relationship of
hyaluronidases produced by S. pyogenes SF370 in detail in order to understand
what renders closely related enzymes active at different pH or under varying

environmental conditions.
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Appendix A

Chemicals, media and enzymes used in this study.

Al: Chemicals

Acros
Alanine
Alcian Blue GX8
Bicine
1,4-Butanediol
Cysteine
3,5-Dinitrosalicylic acid
1,6-Hexanediol
Imidazole
Lithium acetate
2-Methyl-2,4-pentanediol
Phenylalanine
Serine
Sodium phosphate (dibasic)
Sodium phosphate (monobasic)
Threonine

BDH Laboratory Supplies
Nitric acid
Propan-2-ol

Bio-Gene
5-bromo-4-chloro-3-indoyl-$3-D-galactoside (X-GAL)

Citrus Colloids Ltd
Apple pectin, experimental blend
Lime pectin, experimental blend

Fisher BioReagents
Acrylamide/Bisacrylamide 37.5:1, 40 % solution
Coomassie Blue R-250
Lysozyme, egg white
Methanol
Phenol

Fisher Chemicals
Acetic acid, glacial
Ammonium acetate
Ammonium citrate
Ammonium dihydrogen phosphate
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Ammonium nitrate
di-Ammonium hydrogen phosphate
tert-Butyl alcohol
Cadmium chloride
Cadmium sulphate
Caesium chloride

Cobalt chloride

Calcium acetate
Dimethylsulphoxide (DMSO)
1,4-Dioxane
Ethyleneglycol
Formaldehyde

Iron (II) chloride

Lithium chloride

Lithium nitrate

Lithium sulphate
Magnesium acetate
Magnesium nitrate
Morpholinoethanesulfonic acid (MES)
PEG 200

PEG 400

PEG 600

PEG 1000

PEG 1500

PEG 4000

PEG 6000

PEG 8000
Polypropyleneglycol 2000
Potassium bromide
Tri-Potassium acetate
Potassium fluoride
Potassium formate
Potassium iodide
Potassium nitrate
Potassium sodium tartrate
Potassium sulphate
Potassium thiocyanate
Sodium cacodylate
Sodium citrate

Sodium iodide

Sodium fluoride

Sodium formate

Sodium nitrate

Sodium sulphate

Sodium tartrate

Sodium thiocyanate
Tryptophan

Zinc acetate

Zinc sulphate
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Fluka

Jeffamine
Tri-Lithium citrate
PEG 550mme
PEG 2000mme
PEG 5000mme
PEG 10000

PEG 20000

Hampton Research

Aqua Sil

Hayman Ltd

Absolute alcohol (ethanol)

Megazyme

Barley B-glucan
Carboxymethylcellulose
Carobgalactomannan
Cellopentaose (Gs)
Cellohexaose (Gg)
CM-Pachyman

Locust bean galactomannan
Methylcellulose

Pectin galactan

Potato galactan
Rhamnogalacturonan
Rye arabinoxylan

Sugar beet arabinan
Wheat arabinoxylan
Xylobiose (X3)
Xylotriose (X3)
Xylotetraose (X4)
Xylopentaose (Xs)
Xylohexaose (Xs)

Melford Laboratories Ltd

Agarose (High gel strength)

Glycine

Isopropyl-pB-D-Thiogalactopyranoside (IPTG)
Kanamycin monosulphate

Tris [Hydroxymethyl] aminomethane (Tris-HCI)

Riedel-deHaén

Sigma

Hydrochloric acid
Sulphuric acid

Acrylamide/Bisacrylamide 37.5:1, 30 % solution
Ammonium chloride
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Ammonium fluoride

Ammonium formate

Ammonium persulphate (APS)
Ammonium sulphate

Ammonium tartrate

Ampicillin (D[-]-a-Aminobenzylpenicillin)
Arginine

Asparagine

Aspartic acid

Barium chloride, dihydrate

Birchwood xylan

Boric Acid

Bradford reagent

Bovine serum albumin, Fraction V (BSA)
Bromophenol Blue

Calcium chloride, dihydrate
Chloramphenicol

Citric acid, trisodium salt dihydrate

Cobalt chloride, hexahydrate

Collagen, Type I, insoluble, from bovine achilles tendon
Ethidium bromide

Ethylene diamine tetraacetic acid, disodium salt (EDTA)
Ferrous sulphate, heptahydrate
D-(+)-Glucose

Glycerol

Glutamic acid

Glutamine
N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulphonic acid] (HEPES)
Hexaamminecobalt (III) chloride
Hexadecyltrimethylammonium bromide
Histidine

Hydroxyethyl cellulose

Isoleucine

Isopropanol

Lauryl sulphate, sodium salt (SDS)
Leucine

Lysine

Magnesium chloride, hexahydrate
Magnesium sulphate, heptahydrate
Manganese chloride, tetrahydrate
2-Mercaptoethanol

Methyl mercury (II) chloride

Niacinamide

Nickel (IT) chloride, hexahydrate

Nickel sulphate

Oat spelt xylan

PEG 3350

Platinum (II) 2,2°,6’,2-terpyridine, dihydrate
Polyethyleneimine, (50 % w/v)

Potassium acetate
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Potassium chloride

Potassium dichromate
Potassium phosphate, dibasic
Potassium phosphate, monobasic
Proline

Pyridoxine monohydrochloride
Riboflavin

Silver nitrate

Sodium acetate, anhydrous
Sodium carbonate

Sodium chloride

Sodium hydroxide

Sodium sulphite, anhydrous
Sucrose
N,N,N’,N’-tetramethylethylene diamine (TEMED)
Tetracycline

Thiamine

Triton X-100

Tyrosine

Uranyl acetate

Urea

Valine

Xylose (X1)

A2: Media

Oxoid
Agar (Bacteriological agar N° 1)
NZ Amine (Casein hydrolysate)
Tryptone
Yeast Extract

A3: Enzymes

The enzymes, and reaction buffers used in this study are shown in the Tables A3,

A3ii and A3iii.
Invitrogen Corp.:

Enzyme Buffer composition 1 x

Pfx (DNA polymerase) Patented

Table A3i: Enzyme and reaction buffer (1 x).
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New England Biolabs:

Enzyme

Buffer composition 1 x

Dpn 1

Buffer 4 (20 mM Tris-acetate, 10 mM
Magnesium acetate, 50 mM Potassium
acetate, | mM DTT, pH 7.9)

Hind 111

Buffer 2 (10 mM Tris-HCI, 10 mM MgCl,,
50 mM NaCl, 1 mM DTT, pH 7.9)

Ndel

Buffer 4 (20 mM Tris-acetate, 10 mM
Magnesium acetate, S0 mM Potassium
acetate, | mM DTT, pH 7.9)

Xho1

Buffer 2 (10 mM Tris-HCI, 10 mM MgCl,,
50 mM NaCl, 1 mM DTT, pH 7.9)

Lysozyme (Hen egg white)

Used un-buffered

T4 DNA ligase

50 mM Tris-HCl pH 7.5, 10 mM MgCl,, 10

mM DTT, 1mM ATP, 25 pug ml” acetylated

BSA

Table A3ii: Enzymes and reaction buffers (1 x).

Promega:

Enzyme

Buffer composition 1 x

Alkaline phosphatase (Calf intestinal) | 50 mM Tris-HC1 pH 9.3, 1 mM MgCl,,

0.1 mM ZnCl,, 1 mM spermidine

BamH 1

Buffer E (6 mM Tris-HCl, 6 mM MgCl,,
100 mM NaCl, | mM DTT, pH 7.5)

EcoR1

Buffer H (90 mM Tris-HCl, 10 mM
MgCly, 50 mM NacCl, pH 7.5)

EcoRV

Buffer D (6 mM Tris-HC1, 6 mM MgCl,,
150 mM NaCl, 1 mM DTT, pH 7.9)

Sal 1

Buffer D (6 mM Tris-HC1, 6 mM MgCl,,
150 mM NaCl, 1 mM DTT, pH 7.9)

T4 DNA ligase

30 mM Tris-HCI pH 7.8, 10 mM MgCl,,
10 mM DTT, ImM ATP, 5 % PEG

Pfu (DNA polymerase)

10 mM KCl, 10 mM (NH4),SO4, 20 mM
Tris-HC1 £H 8.8, 2 mM MgSQOy4, 0.1 %
Triton® X-100, 0.1 mg mI” BSA
(nuclease-free)

Taq (DNA polymerase)

10 mM Tris-HCI pH 9.0, 1.5 mM MgCl,
50mM KCl, 0.1 % Triton® X-100

Table A3iii: Enzymes and reaction buffers (1 x).

Ad: Size standards

DNA
New England Biolabs:

1 Kb DNA ladder (10, 8, 6, 5, 4, 3,2, 1.5, 1, 0.5 Kb)
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Promega:

100 bp DNA ladder (1500, 1000, 900, 800, 700, 600, 500, 400, 300, 200,

100 bp)

Lambda DNA / Hind 11 ladder (23130, 9416, 6557, 4361, 2322, 2027,
564, 125 bp).
Protein
Sigma:

Proteins M.W. (Da) High Low

Myosin, rabbit muscle 205000 X
B-Galactosidase, E. coli 116000 X
Phosphorylase b, rabbit muscle 97000 X
Fructose-6-phosphate Kinase, 84000 X
rabbit muscle
Albumin, bovine serum 66000 X X
Glutamic Dehydrogenase, bovine 55000 X
liver
Ovalbumin, chicken egg 45000 X X
Glyceraldehydes-3-phosphate 36000 X X
Dehydrogenase, rabbit muscle
Carbonic Anhydrase, bovine 29000 X
erythrocytes
Trypsinogen, bovine pancreas 24000 X
Trypsin Inhibitor, soybean 20000 X
a-Lactalbumin, bovine milk 14200 X
Aprotinin, bovine lung 6500 X

Table A4: Molecular weight distribution in Sigma Markers.
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AS: Kits

Macherey-Nagel GmbH (Germany):
NucleoSpin® Extract 2 in 1

NucleoSpin® Plasmid
NucleoSpin® Extract / Plasmid kit Buffer components / function
buffers
Buffer Al Resuspension buffer: contains RNase
Buffer A2 Lysis buffer
Buffer A3 Binding buffer: contains guanidinium
hydrochloride
Buffer A4 Wash buffer: contains ethanol
Buffer AE Elution buffer: 5 mM Tris-HCI pH 8.5
Buffer AW Wash buffer: guanidinium
hydrochloride
Buffer NT1 Binding buffer
Buffer NT2
Buffer NT3 Contains ethanol
Buffer NE Flution buffer: 5 mM Tris-HCI, pH 8.5

Table ASi: Components of NucleoSpin® kits.
Absolute components are patented.

Stratagene:
QuikChange™ Site-Directed Mutagenesis Kit

Materials provided
Pfis turbo DNA polymerase (2.5 U pul™)
Reaction buffer (10 x)
Dpn 1 restriction enzyme (10 U pul™)
dNTP mix

Table ASii: Components provided with QuikChange™ Site-Directed Mutagenesis
kit.

A6: Resins

Amersham Pharmacia Biotech AB
Chelating Sepharose™ fast flow resin
Sephadex™ G-25 medium resin

Clontech Labs Inc.
Talon™ resin
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Appendix B
Vectors used in this study and their expanded polylinker region.

B1: pGEM® -T Easy (Promega)

Xmn| 2009
Scal 1890 o 71
. 1 start

ftor Apal 14
Aat |} 20
Sphi 26
BstZ | 31
Amp’ Ncoll 37
P pGEM®-T Easy ez Bstz| | 43
Vector 7T Not| 43
(3015bp) Sac i 49
EcoR | | 52
Spel 64
EcoR | 70
Not | 77
BstZ| 77
, Psti 88
ori Sali a0
Nde | 97
Sacl 109
BstX1 |[118
Nsi 127
141

T spe

T7 Transcription Start

5 ... TGTAA TACGA CTCAC TATAG GGCGA ATTGG GCCCG ACGTC GCATG CTCCC GGCCG CCATG
3 ... ACATT ATGCT GAGTG ATATC CCGCT TAA[CC CGGG”C TGCAG| CGTAC GAGGG CCGGC GGTAC

T7 Promoter

Apall Aattt Sphl BstZ 1 Ncol
GCGGC CGOGG GAATT CGATTS Yy o ins ert) ATCAC TAGTG AATTC GCGGC CGCCT GCAGG TCGAC
CGCCG GCGCC CTTAA GlCTA I TTAGTG ATCAC TTAAG CGCCG GCGGA CGTCC AGCTG
Not! Sac il EcoR Spel  Ecoml Pet | Sall
BstZ | BstZ 1

SP6 Transcription Start

CATAT GGGA GAGCT CCCAA CGCGT TGGAT GCATA GCTTG AGTAT TCTAT AGTGT CACCT AAAT ... 3
|GTATA CCCTCTCGA Gf}GTT GCGCA ACCTA CGTA}' CGAAC TCATA AGATA TCACA GTGGATTTA ... &
| | ' '

SP6 Promoter

Ndel Sacl BstX| Nsil

Figure B1: pGEM®-T Easy vector.
Plasmid DNA prepared by digestion with EcoR V and 3’ terminal thymidines added.
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B2: pCR®-Blunt (Invitrogen Corp.)

M13 Reverse priming site Miu )

i
201 CACACAGGAA ACAGCTATGA CCATGATTAC GCCAAGCTAT TTAGGTGACG CGTTAGAATA
GTGTGTCCTT TGTCGATACT GGTACTAATG CGGTTCGATA AATCCACTGC GCAATCTTAT
NsiI i Hir'rd [H] prnl Sacll BlamHI Splel

CTCAAGCTAT GCATCAAGCT TGGTACCGAG CTCGGATCCA CTAGTAACGG CCGCCAGTGT
GAGTTCGATA CGTAGTTCGA ACCATGGCTC GAGCCTAGGT GATCATTGCC GGCGGTCACA

EcTRI Ec?R| Pslll Ec’oRV
GCTGGAATTC AGG CCTGAATTCT GCAGATA
CGACCTTAAG TCC Blunt PCR Product GGACTTAAGA CGTCTAT

Not i Xho | Nsil Xbal Apla | T7 promoter/priming site

|
TCCATCACAC TGGCGGCCGC TCGAGCATGC ATCTAGAGGG CCCAATTCGC CCTATAGTGA
AGGTAGTGTG ACCGCCGGCG AGCTCGTACG TAGATCTCCC GGGTTAAGCG GGATATCACT

M13 Forward (-20) priming site
GTCGTATTAC AATTCACTGG CCGTCGTTTT ACAACGTCGT GACTGGGAAA ACCCTGGCGT 470
CAGCATAATG TTAAGTGACC GGCAGCAAAA TGITGCAGCA CTGACCCTTT TGGGACCGCA/

AN

pCR®-Blunt
3.5 kb

S
=
o
E
<
S

I~

Figure B2: pCR®-Blunt vector.
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B3: pET-21a (Novagen)

Ava l(158)
Xho 1(158)
Not I(166)
Eag [(166)
Hind lil(173)
Sal I(179)
Sac (190)
EcoR 1(192)
BamH 1(198)

Nhe 1(231)
Nde 1(238)
Xba 1(276)
Bgl 11(342)
SgrA 1(383)
Sph 1(539)
EcoN 13599)
PfiM l(646)
ApaB [(748)

Sty I(57)
Bpu1102 1(80)

Dra lli(5201)

Sca I(4538)

Pvu l(4428) Miu l(1064)

Pst 1(4303) Bcl I(1078)

BstE 1i(1245)
Bmg 1(1273)
Bsa l(4119 Apa 1(1275)

Eam1105 1(4058)

- +
PELZ1aM)

BssHIl(1475)
EcoR V(1514)
Hpa {(1570)

AlwN 1(3581)
PshA 1(1909)

PpuM I2171)
Psp5 11(2171)
BspLU11 1(3185) Bpu10 [(2271)
Sap 1(3049)

Bst1107 1(2936) BspG 1(2691)

Tth111 {(2910)

T7 promoter primer #69348-3
17 promoter lac operator Xbat rhs

- Eagl Aval
_Ndel Nhel  T7+Tag PET-210 pork) EcoRt Sac| _Sall HindMl _Not!  _Xhol His-Tag

TATACATATGGCTAGCATGAC TGGTGGACAGCAAATGGGTCGCGEATCCGAATTCGAGCTCCGTCRACAAGCTTGLBGCCGCACTCGAGCACCACCACCACCALCACTGA
MetAtaSerMetTheGlyGiyGinGInMatGlyArgl!ySert] uPheGiuleuArgArgGinAlaCyst iyArgTheArgAloProProProProProleu

PET-21b .. GGTCGGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGECCGCALTCGAGCACCACCACCACCACCACTGA
pET"21gw‘ . .GiyArgAspProAsnSerSerServolAsptysLevAlaAloAlaleuBlubisHisHisHisHisHIsEnd
...TACCATGGCTAGC... | pET-21c.d ...GGTCGGATCCGAATTCGAGLTCCGTCGACAAGCTTGCGBCCECACTCGAGCACCACCACCACCACCACTEA

MethiaSer. . ...GiyArglleArglieArgAlaProSerThrSerLeuArgProHisSerSer Thr ThrThr ThrThrThrGiy
Bpuito21 T7 terminator

GATCCGECTGCTAACAAAGCCCGAAAGBAAGCTBAGTTGGC TGCTECCACCGLTGABCAATAACTAGCATAACCCC TTGGEGLLTCTAAACGBETCTTGAGEBEGTTTITTE
T7 terminator primer #69337-3

pET-21a-d(+) cloning/expression region

Figure B3: pET-21a vector.
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B4: pET-22b (Novagen)

Ava J(158)
Xho i(158)
Not i(166)
Eag I(166)
Hind Hl(173)
Sal l(179)
Sac I(190)
EcoR 1(192)
BamH l{193)
Nco [(220)
Msc [{225)
BseR 1(260)
BspM 1(268)
Nde 1(288)
Xba l(326)

Bpu1102 i(80)

Dra Hl(5251)

Bgl 1i(392)
SgrA 1(433)

S;gah I(éeg)

A PfIM 1(596)
ApaB 1(798)
Sca 1(4588)

Pvu l(4478)
Mlu i(1114)

Pst 1(4353) Bcl 1(1128)
BstE ll(1295)
Bmg 1(1323)

Bsa (4169 AS l(1325)

Eam1105 l(4108)

- +
PELZZb()

BssH 1l(1525)
Hpa {(1620)

AlwN 1(3631)
PshA 1(1959)
BspLU11 1(3215) Psp5 li2221)
Sap 1(3099) Bpu10 {(2321)
Bst1107 1(2986)
Tth111 1(2960) BspG l2741)

T7 promoter primer #69348-3

Bl T7 promoter 1ac operator Xbal Ibs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA
Noei Ml pelB leader MselNal BamH | EooR| Sac)

TATACATATGAAATACCTGCYGECGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGCGATGGCCATGGATATCGGAATTAATTCGGATCCGAATTCGAGCTCC
HetiysTyrLeuleuProThrAloAiaAlaGlyleuleuleuleuAiaAlaBinProaloMetAl MetAsplleClylleAsnSerAspProAsnSerSerSer
Eagl Ava i* signal peptidase
Sall Himd i _ Not! Xhol His-Tag Bput1021 R
GTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAAC
VatAsplyslLeuAloAloAlateuGluHisHisHisHIsHisHIsEnd
17 T7 terminator primer #69337-3

TAGCATAACCCCTTGGGGCCTCTAAACGRGTCTTGAGEGGTTTITTIG

PET-22b(+) cloning/expression region

Figure B4: pET-22b vector.
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B5: pET-28a (Novagen)

Xho I(158)
Not [(166)
Eag I(166)
Hind 1li(173)
Sal 1(179)
Sac [(190)
EcoR 1(192)
BamH 1(1938)
Nhe 1(231)
Nde 1(238)
Nco I(296)
Xba 1(335)

Bagt 1(401)

SgrA 1(442)
Sph 1(598)

Bpu1102 1(80)

Dra lll(5127)

Pvu 1(4426)
Sgf 1(4426)

Sma 1(4300)

Cla l(4117)
Nru 1(4083)

-28a(+
PELZ8at*)

Eco57 1(3772)

AlwN 1(3640)

BssS (3397) PshA 1(1968)
Bgl 1(2187)
Fsp 1(2205)
Psp5 11(2230)

BspLU11 {(3224)
Sap 1(3108)

Bst1107 §(2995)

Tth111 1(2969)

Mlu 1(1123)
Bl 1(1137)

BstE 1i(1304)
Apa [(1334)

BssH 1i(1534)

EcoR V(1573)
Hpa l(1629)

T7 promoter primer #69348-3

PET UDS"BBBﬂID"me' #69214-3 T7 promoter lac operator Xba 3

Neol His-Tag _Nde) Nhel TTT:
TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTECCGLACEGCAGCCATATGGCTAGCATGACTGGTGGACAGCAA
MetGlySerSerHisHigHisHisHIsHIsSerSerGiyLeuValProArgGlySerHisMetAlaSerMetThrGlyGiyGInGIn
thrombin

I rh:
AGATCTCGATCCLGCGAAATTAATACGACTCAC TATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT TTAACT T TAAGAAGGAGA

. .iGlyArqlleArg! |sArgAioProSerThrSerlevArgProttisSerSer ThrThrThrThriheThrGlulisArgleut suThrlysPro. .

Eag|
e BanH1EcoR| Sacl_ _Sall Hindll __ Noll  Xhol His-Tag
ATGGGTCGCGGATCCGAATTCGAGCTCCGTCGACAAGCTTRCGGCCGCACTCRAGCACCALCACCACCACCACTEAGATCCGGCTEGCTAACAAABCEE pET-28a(+}
MetGlyArgGlySerGluPheGiuleuArgArgG | nAiaCysGiyArgThrArgAlaProProProProProleuArgSerGiyCysind
.. .GGTCGGGATCCGAATTCGAGC TCCGTCGACAAGCTTECGECCGEALTCGAGCACCACCACCACCACCACTBAGATCLGECTYRCTAACAAAGCCE pET-28b(+}
. GlyArgAspProAsnSerSerSerValAspLysieuAlahiaAialeuGiuHisHisHisHisH sHisEnd
. .GGTCGEATCLGAATTCGAGCTLCOTCBACAAGC TTGLGECCBCACTCGAGCACCACCACCACCACCACTSAGATCCGRCTGCTAACAAAGECT pET-28c(+}

Bpu1102 | 17 terminator
GAAAGGAAGLTGAGTTGBCTECTGCCACCGCTGAGCAATAACTABCATAACCCCTTRRBECCTCTAAACBGRTCTTGAGGGETTTITTE

—
T7 terminator primer #69337-3
pET-28a-c(+) cloning/expression region

Figure B5: pET-28a vector.
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Appendix C

Protein crystallisation screens
Tables CI, CII, CIII, CIV and CV show the solutions used to screen for crystal
development. Those screens in tables CI and CII are named Clear Strategy Screen
(CSS) I and II respectively from Molecular Dimensions. The following
abbreviations describe precipitants: polyethylene glycol (PEG), monomethylether
(MME), Jeffamine (O-(2-Aminopropyl)-O’-(2-methoxy-ethyl)polypropylene

glycol 500).
C1: CSS 1
Tube Number | Salt Precipitant
1 0.3M Sodium Acetate 25% (w/v) PEG 2Kmme
2 0.2M Lithium Sulphate 25% (w/v) PEG 2Kmme
3 0.2M Magnesium Chloride 25% (w/v) PEG 2Kmme
4 0.2M Potassium Bromide 25% (w/v) PEG 2Kmme
5 0.2M Potassium Thiocyanate | 25% (w/v) PEG 2Kmme
6 0.8M Sodium Formate 25% (w/v) PEG 2Kmme
7 0.3M Sodium Acetate 15% (w/v) PEG 4K
8 0.2M Lithium Sulphate 15% (w/v) PEG 4K
9 0.2M Magnesium Chloride 15% (w/v) PEG 4K
10 0.2M Potassium Bromide 15% (w/v) PEG 4K
11 0.2M Potassium Thiocyanate 15% (w/v) PEG 4K
12 0.8M Sodium Formate 15% (w/v) PEG 4K
13 0.3M Sodium Acetate 10% (w/v) PEG 8K, 10%
(w/v) PEG 1K
14 0.2M Lithium Sulphate 10% (w/v) PEG 8K, 10%
(w/v) PEG 1K
15 0.2M Magnesium Chloride 10% (w/v) PEG 8K, 10%
(w/v) PEG 1K
16 0.2M Potassium Bromide 10% (w/v) PEG 8K, 10%
(w/v) PEG 1K
17 0.2M Potassium Thiocyanate 10% (w/v) PEG 8K, 10%
(w/v) PEG 1K
18 0.8M Sodium Formate 10% (w/v) PEG 8K, 10%
(w/v) PEG 1K
19 0.3M Sodium Acetate 8% (w/v) PEG 20K, 8% (w/v)
PEG 550mme
20 0.2M Lithium Sulphate 8% (w/v) PEG 20K, 8% (w/v)
PEG 550mme
21 0.2M Magnesium Chloride 8% (w/v) PEG 20K, 8% (w/v)
PEG 550mme
22 0.2M Potassium Bromide 8% (w/v) PEG 20K, 8% (w/v)
PEG 550mme
23 0.2M Potassium Thiocyanate 8% (w/v) PEG 20K, 8% (w/v)
PEG 550mme
24 0.8M Sodium Formate 8% (w/v) PEG 20K, 8% (w/v)

PEG 550mme

Table CI: CSS I components.
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C2: CSS 1T

Tube Number | Salt Precipitant

1 1.5M Ammonium Sulphate

2 0.8M Lithium Sulphate

3 2M Sodium Formate

4 0.5M Potassium dihydrogen

Phosphate

5 0.2M Calcium Acetate 25% (w/v) PEG 2Kmme

6 0.2M Calcium Acetate 15% (w/v) PEG 4K

7 2.7M Ammonium Sulphate

8 1.8M Lithium Sulphate

9 4M Sodium Formate

10 1M Potassium dihydrogen

Phosphate

11 0.2M Calcium Acetate 10% (w/v) PEG 8K, 10%
(w/v) PEG 1K

12 0.2M Calcium Acetate 8% (w/v) PEG 20K, 8% (w/v)
PEG 550mme

13 40% (v/v) MPD

14 40% (v/v) 2,3-Butane-diol

15 5mM Cadmium Chloride 20% (w/v) PEG 4K

16 0.15M Potassium Thiocyanate | 20% (w/v) PEG 550mme

17 0.15M Potassium Thiocyanate | 20% (w/v) PEG 600

18 0.15M Potassium Thiocyanate | 20% (w/v) PEG 1500

19 35% (v/v) Isopropanol

20 30% (v/v) Jeffamine 600M pH
6.5

21 5mM Nickel Chloride 20% (w/v) PEG 4K

22 0.15M Potassium Thiocyanate | 18% (w/v) PEG 3350

23 0.15M Potassium Thiocyanate | 18% (w/v) PEG 5Kmme

24 0.15M Potassium Thiocyanate | 15% (w/v) PEG 6K

Table CII: CSS II components.
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C3: Hampton screen 1

Tube Salt Buffer Precipitant
Number
1 0.02M Calcium 0.1M Sodium 30% (v/v) 2-
Chloride dihydrate | Acetate trihydrate Methyl-2, 4-
pH 4.6 pentanediol
2 0.4M Potassium
Sodium Tartrate
tetrahydrate
3 0.4M Ammonium
dihydrogen
Phosphate
4 0.1M Tris 2M Ammonium
Hydrochloride pH | Sulphate
8.5
5 0.2M tri-Sodium 0.1M HEPES- 30% (v/v) 2-
Citrate dihydrate Sodium pH 7.5 Methyl-2, 4-
pentanediol
6 0.2M Magnesium 0.1M Tris 30% (w/v) PEG
Chloride Hydrochloride pH | 4000
hexahydrate 8.5
7 0.1M Sodium 1.4M Sodium
Cacodylate pH 6.5 | Acetate trihydrate
8 0.2M tri-Sodium 0.1M Sodium 30% (v/v) iso-
Citrate dihydrate Cacodylate pH 6.5 | Propanol
9 0.2M Ammonium | 0.1M tri-Sodium 30% (w/v) PEG
Acetate Citrate dihydrate 4000
pH 5.6
10 0.2M Ammonium | 0.1M Sodium 30% (w/v) PEG
Acetate Acetate trihydrate 4000
pH 4.6
11 0.1M tri-Sodium 1M Ammonium
Citrate dihydrate dihydrogen
pH 5.6 Phosphate
12 0.2M Magnesium 0.1M HEPES- 30% (v/v) iso-
Chloride Sodium pH 7.5 Propanol
hexahydrate
13 0.2M tri-Sodium 0.1M Tris 30% (v/v) PEG 400
Citrate dihydrate Hydrochloride pH
8.5
14 0.2M Calcium 0.1M HEPES- 28% (v/v) PEG 400
Chloride dihydrate | Sodium pH 7.5
15 0.2M Ammonium | 0.1M Sodium 30% (w/v) PEG
Sulphate Cacodylate pH 6.5 | 8000
16 0.1M HEPES- 1.5M Lithium
Sodium pH 7.5 Sulphate
monohydrate
17 0.2M Lithium 0.1M Tris 30% (w/v) PEG
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Sulphate Hydrochloride pH | 4000
monohydrate 8.5
18 0.2M Magnesium 0.1M Sodium 20% (w/v) PEG
Acetate tetrahydrate | Cacodylate pH 6.5 | 8000
19 0.2M Ammonium | 0.1M Tris 30% (v/v) iso-
Acetate Hydrochloride pH | Propanol
8.5
20 0.2M Ammonium | 0.1M Sodium 25% (w/v) PEG
Sulphate Acetate trihydrate 4000
pH 4.6
21 0.2M Magnesium 0.1M Sodium 30% (v/v) 2-
Acetate tetrahydrate | Cacodylate pH 6.5 | Methyl-2, 4-
pentanediol
22 0.2M Sodium 0.1M Tris 30% (w/v) PEG
Acetate trihydrate | Hydrochloride pH | 4000
8.5
23 0.2M Magnesium 0.1M HEPES- 30% (v/v) PEG 400
Chloride Sodium pH 7.5
hexahydrate
24 0.2M Calcium 0.1M Sodium 20% (v/v) iso-
Chloride dihydrate | Acetate trihydrate Propanol
pH 4.6
25 0.1M Imidazole pH | 1M Sodium Acetate
6.5 trihydrate
26 0.2M Ammonium | 0.1M tri-Sodium 30% (v/v) 2-
Acetate Citrate dihydrate Methyl-2, 4-
pH 5.6 pentanediol
27 0.2M tri-Sodium 0.1M HEPES- 20% (v/v) iso-
Citrate dehydrate Sodium pH 7.5 Propanol
28 0.2M Sodium 0.1M Sodium 30% (w/v) PEG
Acetate trihydrate Cacodylate pH 6.5 | 8000
29 0.1M HEPES- 0.8M Potassium
Sodium pH 7.5 Sodium Tartrate
tetrahydrate
30 0.2M Ammonium 30% (w/v) PEG
Sulphate 8000
31 0.2M Ammonium 30% (w/v) PEG
Sulphate 4000
32 2M Ammonium
Sulphate
33 4M Sodium
Formate
34 0.1M Sodium 2M Sodium
Acetate trihydrate Formate
pH 4.6
35 0.1M HEPES- 0.8M Sodium
Sodium pH 7.5 dihydrogen
Phosphate, 0.8M
Potassium
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dihydrogen

Phosphate
36 0.1M Tris 8% (w/v) PEG
Hydrochloride pH | 8000
8.5
37 0.1M Sodium 8% (w/v) PEG
Acetate trihydrate 4000
pH 4.6
38 0.1M HEPES- 1.4M tri-Sodium
Sodium pH 7.5 Citrate dihydrate
39 0.1M HEPES- 2% (v/v) PEG 400,
Sodium pH 7.5 2M Ammonium
Sulphate
40 0.1M tri-Sodium 20% (v/v) iso-
Citrate dihydrate Propanol, 20%
pH 5.6 (w/v) PEG 4000
41 0.1M HEPES- 10% (v/v) iso-
Sodium pH 7.5 Propanol, 20%
(w/v) PEG 4000
42 0.05M Potassium 20% (w/v) PEG
dihydrogen 8000
Phosphate
43 30% (w/v) PEG
1500
44 0.2M Magnesium
Formate
45 0.2M Zinc Acetate | 0.1M Sodium 18% (w/v) PEG
dihydrate Cacodylate pH 6.5 | 8000
46 0.2M Calcium 0.1M Sodium 18% (w/v) PEG
Acetate hydrate Cacodylate pH 6.5 | 8000
47 0.1M Sodium 2M Ammonium
Acetate trihydrate Sulphate
pH 4.6
48 0.1M Tris 2M Ammonium
Hydrochloride pH | dihydrogen
8.5 Phosphate

Table CIII: Hampton screen I components.
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C4: Hampton screen I1

Tube Salt Buffer Precipitant
Number
1 2M Sodium 10% (w/v) PEG 6000
Chloride
2 0.5M Sodium 0.01M
Chloride; 0.1M Hexadecyltrimethylammonium
Magnesium Bromide
Chloride
hexahydrate
3 25% (v/v) Ethylene Glycol
4 35% (v/v) Dioxane
5 2M Ammonium 5% (v/v) iso-Propanol
Sulphate
6 1M Imidazole pH 7.0
7 10% (w/v) PEG 1000; 10%
(w/v) PEG 8000
8 1.5M Sodium 10% (v/v) Ethanol
Chloride
9 0.1M Sodium | 2M Sodium Chloride
Acetate
trihydrate pH
4.6
10 0.2M Sodium 0.1M Sodium | 30% (v/v) MPD
Chloride Acetate
trihydrate pH
4.6
11 0.01M Cobaltous | 0.1M Sodium | 1M 1,6 Hexanediol
Chloride Acetate
hexahydrate trihydrate pH
4.6
12 0.1M 0.1M Sodium | 30% (v/v) PEG 400
CadmiumChloride | Acetate
dihydrate trihydrate pH
4.6
13 0.2M Ammonium | 0.1M Sodium | 30% (w/v) PEG 2000mme
Sulphate Acetate
trihydrate pH
4.6
14 0.2M Potassium 0.1M ftri- 2M Ammonium Sulphate
Sodium Tartrate Sodium
tetrahydrate Citrate
dihydrate pH
5.6
15 0.5M Ammonium | 0.1M tri- 1M Lithium Sulphate
Sulphate Sodium monohydrate
Citrate
dihydrate pH
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5.6

16 0.5M Sodium 0.1M tri- 2% (w/v) Ethylene Imine
Chloride Sodium Polymer
Citrate
dihydrate pH
5.6
17 0.1M tri- 35% (v/v) tert-Butanol
Sodium
Citrate
dihydrate pH
5.6
18 0.01M Ferric 0.1M tri- 10% (v/v) Jeffamine M-600
Chloride Sodium
hexahydrate Citrate
dihydrate pH
5.6
19 0.1M tri- 2.5M 1,6 Hexanediol
Sodium
Citrate
dihydrate pH
5.6
20 0.1IM MES 1.6M Magnesium Sulphate
pH 6.5 heptahydrate
21 0.1M Sodium 0.1M MES 2M Sodium Chloride
dihydrogen pH 6.5
Phosphate; 0.1M
Potassium
dihydrogen
Phosphate
22 0.1M MES 12% (w/v) PEG 20000
pH 6.5
23 1.6M Ammonium | 0.1M MES 10% (v/v) Dioxane
Sulphate pH 6.5
24 0.05M Caesium 0.1M MES 30% (v/v) Jeffamine M-600
Chloride pH 6.5
25 0.01M Cobaltous | 0.1M MES 1.8M Ammonium Sulphate
Chloride pH 6.5
hexahydrate
26 0.2M Ammonium | 0.1M MES 30% (w/v) PEG 5000mme
Sulphate pH 6.5
27 0.01M Zinc 0.1M MES 25% (v/v) PEG 550mme
Sulphate pH 6.5
heptahydrate
28 1.6M tri-Sodium Citrate
dihydrate pH 6.5
29 0.5M Ammonium | 0.1M HEPES | 30% (v/v) MPD
Sulphate pH 7.5
30 0.IM HEPES | 10% (w/v) PEG 6000; 5%
pH 7.5 (v/v) MPD
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31 0.IM HEPES | 20% (v/v) Jeffamine M-600
pH 7.5
32 0.1M Sodium 0.IM HEPES | 1.6M Ammonium Sulphate
Chloride pH 7.5
33 0.1M HEPES | 2M Ammonium Formate
pH 7.5
34 0.05M Cadmium | 0.1M HEPES | 1M Sodium Acetate trihydrate
Sulphate hydrate pH 7.5
35 0.IM HEPES | 70% (v/v) MPD
pH 7.5
36 0.IM HEPES | 4.3M Sodium Chloride
pH 7.5
37 0.IM HEPES | 10% (w/v) PEG 8000; 8%
pH 7.5 (v/v) Ethylene Glycol
38 0.IM HEPES | 20% (w/v) PEG 10000
pH 7.5
39 0.2M Magnesium | 0.1M Tris pH | 3.4M 1,6 Hexanediol
Chloride 8.5
hexahydrate
40 0.1M Tris pH | 25% (v/v) tert-Butanol
8.5
41 0.01M Nickel (II) | 0.1IM Tris pH | 1M Lithium Sulphate
Chloride 8.5 monohydrate
hexahydrate
42 1.5M Ammonium | 0.1M Tris pH | 12% (v/v) Glycerol anhydrous
Sulphate 8.5
43 0.2M Ammonium | 0.1M Tris pH | 50% (v/v) MPD
dihydrogen 8.5
Phosphate
44 0.1M Tris pH | 20% (v/v) Ethanol
8.5
45 0.01M Nickel (II) | 0.1M Tris pH | 20% (w/v) PEG 2000mme
Chloride 8.5
hexahydrate
46 0.1M Sodium 0.1M Bicine | 20% (w/v) PEG 550mme
Chloride pH 9.0
47 0.1M Bicine | 2M Magnesium Chloride
pH 9.0 hexahydrate
48 0.1M Bicine | 2% (v/v) Dioxane; 20% (w/v)
pH 9.0 PEG 2000mme 10% (w/v)

PEG 20000

Table CIV: Hampton screen II components.
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C5: PEG ion screen

Tube Salt Precipitant
Number

1 0.2M Sodium Fluoride 20% (w/v) PEG 3350

2 0.2M Potassium Fluoride 20% (w/v) PEG 3350

3 0.2M Ammonium Fluoride 20% (w/v) PEG 3350

4 0.2M Lithium Chloride 20% (w/v) PEG 3350
anhydrous

5 0.2M Magnesium Chloride 20% (w/v) PEG 3350
hexahydrate

6 0.2M Sodium Chloride 20% (w/v) PEG 3350

7 0.2M Calcium Chloride 20% (w/v) PEG 3350
dihydrate

8 0.2M Potassium Chloride 20% (w/v) PEG 3350

9 0.2M Ammonium Chloride 20% (w/v) PEG 3350

10 0.2M Sodium lodide 20% (w/v) PEG 3350

11 0.2M Potassium Iodide 20% (w/v) PEG 3350

12 0.2M Ammonium Iodide 20% (w/v) PEG 3350

13 0.2M Sodium Thiocyanate 20% (w/v) PEG 3350

14 0.2M Potassium Thiocyanate 20% (w/v) PEG 3350

15 0.2M Lithium Nitrate 20% (w/v) PEG 3350

16 0.2M Magnesium Nitrate 20% (w/v) PEG 3350
hexahydrate

17 0.2M Sodium Nitrate 20% (w/v) PEG 3350

18 0.2M Potassium Nitrate 20% (w/v) PEG 3350

19 0.2M Ammonium Nitrate 20% (w/v) PEG 3350

20 0.2M Magnesium Formate 20% (w/v) PEG 3350

21 0.2M Sodium Formate 20% (w/v) PEG 3350

22 0.2M Potassium Formate 20% (w/v) PEG 3350

23 0.2M Ammonium Formate 20% (w/v) PEG 3350

24 0.2M Lithium Acetate 20% (w/v) PEG 3350
dihydrate

25 0.2M Magnesium Acetate 20% (w/v) PEG 3350
tetrahydrate

26 0.2M Zinc Acetate dihydrate 20% (w/v) PEG 3350

27 0.2M Sodium Acetate 20% (w/v) PEG 3350
trihydrate

28 0.2M Calcium Acetate hydrate | 20% (w/v) PEG 3350

29 0.2M Potassium Acetate 20% (w/v) PEG 3350

30 0.2M Ammonium Acetate 20% (w/v) PEG 3350

31 0.2M Lithium Sulphate 20% (w/v) PEG 3350
monohydrate

32 0.2M Magnesium Sulphate 20% (w/v) PEG 3350
heptahydrate

33 0.2M Sodium Sulphate 20% (w/v) PEG 3350
decahydrate

34 0.2M Potassium Sulphate 20% (w/v) PEG 3350
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35 0.2M Ammonium Sulphate 20% (w/v) PEG 3350

36 0.2M di-Sodium tartrate 20% (w/v) PEG 3350
dihydrate

37 0.2M Potassium Sodium 20% (w/v) PEG 3350
Tartrate tetrahydrate

38 0.2M di-Ammonium Tartrate 20% (w/v) PEG 3350

39 0.2M Sodium dihydrogen 20% (w/v) PEG 3350
Phosphate monohydrate

40 0.2M di-Sodium hydrogen 20% (w/v) PEG 3350
Phosphate dihydrate

41 0.2M Potassium dihydrogen 20% (w/v) PEG 3350
Phosphate

42 0.2M di-Potassium hydrogen 20% (w/v) PEG 3350
Phosphate

43 0.2M Ammonium dihydrogen | 20% (w/v) PEG 3350
Phosphate

44 0.2M di-Ammonium hydrogen | 20% (w/v) PEG 3350
Phosphate

45 0.2M tri-Lithium Citrate 20% (w/v) PEG 3350
tetrahydrate

46 0.2M tri-Sodium Citrate 20% (w/v) PEG 3350
dihydrate

47 0.2M tri-Potassium Citrate 20% (w/v) PEG 3350
monohydrate

48 0.2M di-Ammonium hydrogen | 20% (w/v) PEG 3350

Citrate

Table CV: PEG ion screen components.
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Appendix D

Equipment

D1: Autoclaving

Autoclave sterilisation was achieved using a benchtop Prestige® Medical 2100
Classic autoclave at 121 °C, 32 Ib/inch? pressure for 20 min.

D2: Incubators

For the growth of bacteria in liquid cultures a GallenKamp orbital shaker was
used. Growth of bacteria on solid media was performed in a static GallenKamp
incubator. Crystal growth was performed in a LMS cooled incubator.

D3: Freeze drier

Proteins and substrates were lyophilised using the Christ® Alpha 1-2 freeze-drier.

D4: pH meter

All adjustments to the pH of solutions and media were achieved using a Jenway
Ion Meter 3340 calibrated with buffers at pH 4.0, 7.0, and 9.2.

DS5: Reaction vessels
Unless stated otherwise, volumes up to 0.2 ml were contained in 0.2 ml micro-
centrifuge tubes (Starstedt), 0.2-1.5 ml volumes in 1.5 ml micro-centrifuge tubes

(Starstedt) and for volumes > 1.5 ml, 28 ml sterile plastic universal containers
were used (Fisherbrand®).

D6: Centrifugation

Centrifugation of volumes below 1.5ml was achieved using a small Sigma* 1-15
bench top micro-centrifuge. Volumes above 1.5ml were centrifuged in a large
Sigma* 3K18C refrigerated bench top centrifuge, using the rotors and inserts
appropriate to the application (Table D4).
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Rotor  Vessel containing Insert RCF Application

solution
11133 25ml Plastic universal Clay universal 2000 Concentration of
holder (part cells in
N°17049) preparation for
chemical
competency

11133 30kDa cut-off protein  Clay universal 2500 Concentration of

concentrator (Amicon) holder (part protein
N°17049)

11133 200ml Plastic None 5500 Concentration of
centrifuge vessel (part cells
N° 15202)

12158  30ml Plastic None 24000 Separation of
centrifuge tube soluble cell
CEN9534 (part N° extract, from lysed
3119-0030) cells

12131  1.5ml micro- None 24000 Isolation of pellet
centrifuge tube on crude plasmid

extraction

Table D6: Centrifuge rotors, vessels and applications.

D7: Agarose gel kits

Electrophoresis of DNA was achieved using an Owl Scientific EASY-CAST™
electrophoresis system powered by an E-C 570-90 E-C Apparatus Corporation
power pack.

D8: SDS-PAGE gel kit

Electrophoresis of proteins was achieved using a Bio-Rad Mini-PROTEAN® 3
Cell kit powered by an E-C 570-90 E-C apparatus corporation power pack.

D9: Gel documentation

Visualisation of agarose and SDS-PAGE gels was achieved using a Bio-Rad Gel
Doc 2000 system and Quantity One™ software. Hard copies of the gel picture
were produced using a Mitsubishi Video Copy Processor (Model P91), with
Mitsubishi thermal paper (K65HM-cg /High density type, 110 mm x 21 m).

D10: Sonication
Cell lysis was achieved using a MSE Soniprep 150 ultra-sonication machine.

D11: Large scale protein purification

For the large scale purification of proteins a FPLC® (Applied Biosystems) system
was used equipped with the hardware shown in Table D9, together with a EYELA
microtube Pump MP-3 peristaltic pump.
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Hardware (AB) Part Number or code

Pumps x 2 P-500

Conductivity Meter Conductivity Monitor Code N° 18-
1500-00

UV visible Spectrophotometer LKB- Uvicord VW 2251

Fraction collector FRAC - 100

Table D11: Hardware used for large-scale protein purification.

D12: Spectrophotometer

Spectrophotometric measurements were made using a UV visible Helios o
Spectronic Unicam spectrophotometer.

D13: PCR machine

All PCR reactions were performed in an Eppendorf MasterCycler™ PCR
machine.

D14: Microtitre plate reader

All DNSA assays were measured As7o using a FL600 FAK microtitre plate reader
(Bio-Tek Kontron Instruments Inc.) using MicroTek OS software (MTK version

2.5).
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