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ABSTRACT

A comparative thermostability analysis of different partially purified xylanases from
Rhodothermus marinus, Bacillus halodurans, Thermomyces lanuginosus and Pulpzyme HC
was studied using differential scanning fluorometry (DSF), fluorescence spectroscopy and
circular dichroism (CD). The R. marinus xylanase was found to have an optimum
temperature and pH of 90°C and 6 respectively while the B. halodurans xylanase was
optimally active at 70°C and a broad range of alkaline pH of 8 - 10. The commercially
available xylanase from T. lanuginosus showed optimal activity at 50°C and pH 7 while the
Novozyme xylanase Pulpzyme HC showed optimal activity at 60°C and pH 7.

Fluorescence spectroscopy monitored the microenvironment and fluorescence
emission of Trp residues. In their native folded state, Trp are generally located in the core of
the protein but during unfolding they become exposed. The fluorescence changes as the
enzyme undergoes denaturation due to conformational changes and exposure of Trp residues.

Differential scanning fluorometry (DSF) monitors thermal unfolding of proteins in the
presence of a fluorescent dye such as Spyro Orange. A wide range of buffers were tested for
their ability to increase the xylanase stability. T. lanuginosus had the greatest increase in
melting temperature with 0.73M Bis Tris pH 6.5 and peaked highest at 78°C. The B.
halodurans xylanase exhibited high pH stability (pH 4-10) and exhibited very little change in
melting temperature, from 74°C-77°C over the twenty four different conditions. The R.
marinus xylanase had no increase in melting temperature showing a maximum melting
temperature of 90°C.

Circular dichroism (CD) measures unequal absorption of right- and left-handed
circularly polarized light by the molecule. The xylanase from R. marinus exhibited the lowest

AG of 34.71kJ at 90°C as was expected. The B. halodurans xylanase showed a much higher

Xiii



AG of -52.71 at its optimum temperature of 70°C when compared with the xylanases from R.
marinus and T. lanuginosus. When comparing the three xylanases activities at 70°C, it can be
seen that the B. halodurans xylanase exhibited a lower relative activity then both R. marinus
and T. lanuginosus xylanases.

All three techniques offered different information on the structure and function
relationship. Fluorescence spectroscopy, the change in conformation due to fluorescence
emission as a result of increased temperature and salt concentrations. DSF, optimal
conditions for increased stability and activity at higher temperatures and CD, conformational
changes, the fraction of folded protein and change in Gibbs free energy over a range of

temperature.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

Biotechnology has played a major role in the advancement of the paper and pulp
industry and has attracted considerable interest as a way to overcome many ecological and
economical problems related to conventional industrial technologies (Shatalov and Pereira,
2007). Enzymes provide a viable economic and environment friendly alternative as compared
to chemical processes used in the pulp and paper industry. The application of enzymes in
fibre processing has been mainly directed towards the degradation or modification of
hemicelluloses and lignin, while retaining the cellulosic portion (Janardhnan and Sain,
2006). Their activity at high temperatures and ranging pH is necessary in the processes in
pulp and paper industries, where most of the enzymes become susceptible to denaturation
and inactivity. Fluorescence spectroscopy and conventional methods can be used to study
the enzyme denaturation and correlate their optimum activity with respect to temperature
and pH (Edward et al., 2002). Fluorescence spectroscopy has been widely used to study the
xylanase conformation (Nath, 2001; George et al., 2001). Attempts to decipher the residues
involved in the active site of xylanase are made by subjecting them to modification with
different group specific reagents such as o-phthalaldehyde (OPTA), Woodwards Reagent K

(WRK), trinitrobenzenesulphonic acid (TNBS) and diethyl pyrocarbonate (DEP).

Proteins are composed of complex and hierarchically organised structures. In an
aqueous solvent the protein polypeptide chain generally only folds into a sole three-
dimensional conformation and this unique fold and structure ensures an active protein. On the
other hand, this conformation exhibits a marginal stability, equivalent to the energy of very

few hydrogen bonds (Privalov, 1979). This is the reason so many researches study the folding



and unfolding of proteins and how proteins react and change conformation under

denaturation conditions.

The question of how a protein folds into its unique, compact highly ordered, and
functionally active form is one of the most intriguing and perplexing questions of structural
and cellular biology (Jagtap and Rao, 2009). Jaenicke (1987) states that a protein in its
biologically active conformation is as a result of not only folding and assembly but a series of
complex reactions that involve the formation of secondary and tertiary structures, domains
and oligomerization of folded monomers. The stability of proteins is often studied by the
additions of chemical denaturants such as guanidine hydrochloride (GdnHCI) and urea. They
are involved in unfolding proteins by providing increased stability for the unfolded state
when compared with the native state. Chemical denaturation is the standard method in
determining the stability of proteins and in investigating the kinetics and mechanisms of
protein folding reactions (Jagtap and Rao, 2009). Refolding of the denatured proteins in vitro
has been an important issue at the fundamental as well as at the biotechnological level.
Denaturation and renaturation are thermodynamic processes, involving a change in free
energy and large changes in conformation between the denatured and the native states (Arai

and Kuwajima, 2000).

Despite the complexity of these molecules, there are four generally recognized levels
of protein structure. Primary structure refers to the amino acid sequence and the location of
disulfide bonds, secondary structure is the defined spatial relationship of adjacent amino
acids in localized stretches, tertiary structure describes the three-dimensional conformation of
an entire polypeptide chain, and quaternary structure involves the spatial relationship of

multiple polypeptide chains (subunits) in stable associations (Nelson and Cox, 2000 and



Rawn, 1989). Proteins all have unique three-dimensional structure that determines its
function. These three-dimensional structures are stabilized through multiple weak
interactions, including hydrophobic interactions, hydrogen bonds, and ionic interactions
(Nelson and Cox, 2000; Rawn, 1989). Nelson and Cox (2000) describe treatments that disrupt
interactions and severely impact or destroy the three-dimensional structure of proteins with a
subsequent loss of protein function. This demonstrates the relationship between the native

protein structure and conformation and its function and activity.

1.1. Enzymes: Biocatalysts of nature

In nature, the rate or velocity of biochemical reactions are increased by enzymes and the
most important factor is these reactions is the fact that the vast majority of enzymes remain
unchanged and are reusable in the catalyzing of reactions. Historically enzymes have assisted
in the process of the baking of bread as well as the fermentation and brewing of beer. Such
processes were dependant on the production of the enzymes by growing microorganisms or
with the addition of preparations such as rumen or papaya fruit. Therefore, the enzymes were
not used in any pure or characterised form (Kirk et al., 2002). As research continues and
knowledge expands the complex interactions of enzymes and substrates has allowed for the
discovery of novel enzymes and reactions. This knowledge has allowed for the integration of
cleaner, more environmentally friendly enzyme assisted processes where harsher chemicals
were once used. Therefore the demand for enzymes showing increased stability and action

with respect to both temperature and pH has greatly increased.

There are more than 500 commercial products which use these enzymes in their synthesis
and two of the most popular are aspartane, a low calorie sweetener and amoxcillin an

antibiotic (Schoemaker et al., 2003). The world market for industrial enzymes was in the



range of 1.7 and 2 billion US dollars in 2000 and this value is expected to increase several
fold (Bhat, 2000). The industrial enzyme market is divided into three application segments.
The largest segment with 65% of sales is technical enzymes and include enzymes in the
detergent, starch, textile, leather, pulp and paper, and personal care industries. Enzymes in the
food industry, the second largest segment comprising 25% of the market, includes enzymes
employed in the dairy, brewing, wine and juice, fats and oils, and baking industries. Finally,
feed enzymes, encompassing enzymes used in animal feeds, contribute approximately 10% of
the market (McCoy, 2000; Kirk et al., 2002; Hibbert and Dalby, 2005). The global market for
industrial enzymes has continued to increase over the years and was estimated to be around

$3.3 billion in 2010 and this market is expected to reach around $4.4 billion by the year 2015

(Fig. 1.1)
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Fig. 1.1: Growth of the global enzyme market and its application sectors projected
from 2008 to 2015. (www.bccresearch.com/report/enzymes-industrial-
applications.html)
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1.2. Extremozymes: the need for stability
There are many advantages to replacing harsher chemical treatments with more
environmentally friendly enzyme substitutes. However, such enzymes use must provide a

viable economic and results orientated alternative.

The microorganisms that produce xylanases and other glycosidases have been found
in extremely diverse natural habitats such as Rhodothermus marinus, isolated from an
intertidal hot spring in Isafjardardjup in northwestern Iceland (Bjornsdottir et al., 2011),
bacteria isolated from high altitude Andean lakes are placed in Puna desert over 4400 m
above sea level (Dib et al., 2009) and gram-positive bacteria designated as IMU-1 and IMU-2
that were isolated from Asian desert dust (Sasaki et al., 2009). Under mesophilic growth
conditions, xylanolytic activity has been reported in a wide variety of different genera and
species of bacteria, fungi, and yeasts (Gilkes et al., 1991). There are also many different
microorganisms inhabiting and thriving in extreme environmental conditions such as
temperatures above 50 °C and pH over 9, as well as high ionic strength aqueous systems
containing salt approaching saturating conditions (Wong et al., 1988). Environmental
conditions such as temperature, level of hydration, salinity and pressure have a marked
influence on protein stability and therefore on enzyme reaction kinetics. Investigating the
underlying mechanisms behind protein stability and the structure and function aspect can be
achieved by comparing the functionality of proteins adapted to very different temperatures
(Jaenicke et al., 1996 and Zavodszky et al., 1998). Thermozymes, proteins that have become
adapted to extremely high temperatures, are produced by thermophilic or hyperthermophilic
organisms that occupy areas with temperatures ranging from 70 °C to far above 100 °C. Such
an organism is R. marinus isolated from an intertidal hot spring (Bjornsdottir et al., 2011).

They remain folded and functional at elevated temperatures, and are often less active at lower



temperatures. In contrast, similar mesophilic organisms, very similar in structure and with
high sequence homology, keep their specific conformation and their functionality only up to
approximately 60 °C. Introduction some structural properties have been related to increased
thermostability, such as additional hydrogen bonds and salt bridges, shorter loop regions and

increased internal hydrophobicity (Fittera et al., 2001).

There are many microorganisms that are able to grow and even flourish in extreme
environmental conditions. Thermotoga maritima (Winterhalter and Liebl, 1995),
Dictyoglomus sp. (Mathrani and Ahring, 1991), Caldocellum saccharolyticum (Luthi et al.,
1992) and Rhodothermus marinus (Dahlberg et al., 1995). Research has been intensified on
thermostable enzymes such as thermophilic xylanases from Thermonospora sp. and
Actinomadura sp. because of their biotechnological applications (Perez et al., 2002). Danson
et al. (1996) reported the hyperthermophilic and thermophilic enzymes showing optimum
temperature marginally above or equal to growth conditions of the source organism.
Therefore a thermoactive enzyme at 100 °C would have a much higher rate of reaction than
that of a mesophile at 37 °C. The structure and conformation of such enzymes relates to
properties such as thermostability and mode of action and it is these characteristics that are
vital when selecting enzymes for processes in industry. Thermostable enzymes are often
chosen ahead of mesophilic species as most industrial processes operate at high temperatures.
Other advantages of thermostable enzymes include reducing the risk of mesophilic
contamination and improving the bioavailability of organic compounds which therefore
facilitates bioremediation (Becker, 1997). Higher reaction rates are also achieved due to
decreased viscosity (Krahe et al., 1996) and an increased diffusion coefficient of substrates
and higher process yields due to improved solubility of substrates and products and

favourable equilibrium displacement in endothermic reactions (Kumar and Swati, 2001).



The structure of many thermophilic extremozymes such as R. marinus (Abou-
Hachem, 2003), Thermotoga thermarum (Sunna et al., 1996) and Dictyoglomus sp. (Mathrani
& Ahring, 1991), have been elucidated and compared to similar species in using structural
alignment and homology modelling and some interesting data has been uncovered. The
eventual goal of such research is to elucidate and understand an underlying mechanism for
thermostability. Palardarni et al. (2002) suggested three main factors that combine and work
together to promote thermostability. Firstly, an increase of surface charge, secondly,
increased protein hydrophobicity and lastly, the replacement of exposed ‘thermolabile’ amino
acids. Everly and Alberto (2000) also suggested that other adaptations are also important for
thermostability such as the use of chaperonins that assist in the refolding of proteins into their

native, active form.

Biotechnologically useful extremozymes have not only a commercial value but garner
a high level of interest from various industrial sectors. Eichler (2001) suggested that this
translates into the thermozymes needing to possess the ability to flourish and maintain high
activity at both high temperatures and a range of different pH’s which allows them to be used
in a variety of different industrial applications. A few examples of extremozymes and their
industrial applications are highlighted in Table 1.1. High throughput screening technology
has allowed hundreds of different enzymes to be screened to search for variants with differing
and enhanced capabilities. Enzymes have evolved and mutated, allowing them to bind and
actively degrade or change a myriad of different substrates but technology has improved such
that scientists and researchers are able to design enzymes that are tailored to suit the current

and changing needs of industry. This has closed the gap between what nature has provided



and what is actually needed from an enzyme to retain functionality under the conditions of

most industrial processes (Johannes & Zhao, 2006).

Table 1.1. Industrial extremozymes and their applications in industry (adapted from Shiraldi

and De Rosa, 2002).

Microorganisms

Enzymes

Applications

Thermophiles

(50 °C — 110 °C)

Psychrophiles

(0°C-20°C)

Alkalophiles

(pH>9)

Amylases & glycosylases

Lipases

Xylanases

Proteases

DNA polymerases

Esterases

Amylases, lipases & proteases

Dehydrogenases

Cellulases & proteases

Amylases & lipases

Starch processing &
saccarification

Detergent Formulations

Paper bleaching

Food processing &
detergents

Genetic engineering

Stereo-specific reactions

Polymer degrading agents

Biosensors

Polymer degrading agents

Food additives




1.3. Applications

Over the years the number of possible applications of xylanases in the pulp and paper
industry has increased steadily, and several are in, or are approaching, commercial use.
Currently, the most effective application of xylanase is in prebleaching of kraft pulp to
minimize use of harsh chemicals in the subsequent treatment stages of kraft pulp. While
many applications of enzymes in paper industries are still in the research and developmental
stage, several applications have found their way into the mills in an unprecedented short
period of time in the last decade (Bajpai, 1999). Xylanases have various other applications
other than in the pulp and paper industry. In the food industry xylanases are added in wheat
flour so as to improve dough handling and increase the quality of baked products (Maat et al.,
1992), in the clarification of fruit juices, when used in conjunction with pectinase and
cellulase (Biely, 1985), and as food additives to poultry (Bedford and Classen, 1992).
Xylanases are also found in assisting the extraction of coffee, plant oils and starch (Wong and
Saddler, 1992). In the agricultural and animal feed industry xylanases are used to improve the
nutritional properties of agricultural silage and grain feed (Kuhad and Singh, 1993).
Xylanases can also be utilized in the degumming of plant fibre sources such as flax, hemp,
jute and ramie (Kapoor et al., 2001; Puchart et al., 1999; Sharma, 1987).

Enzymatic usage, when compared with harsher traditional chemical methods, has
many benefits. Increasing specificity in reactions, providing a process that is more
environmentally friendly and saving energy which all leads to a decrease in costs
(Covarrubias, 2006). In the pulp and paper industry the treatment of wood pulps with
enzymes is labelled fibre modification. This involves treatment of the wood pulps with
hydrolysing enzymes that work on the fibre cellulose which helps reduce mechanical

treatment that is usually used to achieve the desired fibre properties. The use of enzymatic



fibre modification is one such process that has helped in improve upon traditionally chemical
based processes.

The pulp and paper industry generates a high volume of toxic and highly persistent
chlorinated organic by products by using chlorine as a chemical bleach agent for the pre-
treatment of pulp. The environmental and legislative pressures have forced the pulp and paper
industry to modify its pulping, bleaching and effluent treatment technologies to reduce the
environmental impact of mill effluents (Bajpai et al., 1994). The more environmentally
friendly processes, biobleaching and bioprocessing of pulps, is one way the pulp and paper
industry is attempting to use biological means to minimise waste production (Beg et al.,
2001). Paice et al. (1992) states that xylanases are being used primarily to remove the
lignincarbohydrate complexes (LCC) that are created during Kraft pulp processes. These
LCC act as physical barriers that decrease the permeability of bleaching chemicals on the
pulp. Xylanases acting as bleaching boosters is still a recent application of biotechnology to
the pulp and paper industry. The enzymatic removal of xylan from the fibre surface allows
for increased success for chemical bleaching of lignin-derived material. One such
commercially available xylanase is Pulpzyme HC that is produced by submerged
fermentation of a selected strain of Bacillus. It catalyses the hydrolysis of deacetyled xylan
substrates and contains endo-1,4-B-D-xylanase activity. The enzyme is stable at
recommended working conditions at pH 6.5 - 9.5 and temperature 40 °C — 65 °C (Roncero et

al., 2000).

1.4. Classification of xylanases
Endoxylanases (EX) have been classified into families 5, 8, 10, 11 and 43 of glycosyl
hydrolases, based on hydrophobic cluster analysis and similarities in their amino acid

sequences (Coutinho and Henrissat, 1999). Henrissat and Bairoch (1993) suggest that from
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sequence alignments, xylanases have evolutionary links from two ancestral proteins and can
therefore be grouped into two large families, viz., F and G which are analogous to family 10
and 11 of glycosyl. Members of the two largest and best known families are the family F/10
and family G/11 xylanases (Jeffries, 1996). Withers (2001) has shown to link a common
feature of both families of enzymes as their endo-acting characters. It is demonstrated that
viscometrically and the double displacement mechanism of the hydrolysis of the glycosidic

bond, means that both types of enzymes are retaining glycanases.

Harris et al. (1994) stated members of family 10 typically have a high molecular mass, acidic
pl and display an (a/B)s barrel fold structure. This structure has one face of the molecule
having a large radius with the catalytic site near the narrower end, closest to the carboxyl
terminus of the B-barrel. The glycoside family 11 is monospecific as it consists solely of ‘true
xylanases’ that are exclusively on D-xylose containing substrates. They have a low molecular
mass and a B-jelly roll fold structure. Their structure consists of -pleated sheets formed into
a two layered trough that surrounds the catalytic site. This structure has been likened to a
palm and fingers of a right hand (Fig 1.2) (Torronen and Rouvinen, 1997). The xylanases
from R. marinus and B. halodurans are family 10 while the xylanase from T. lanuginosus and

Pulpzyme HC were included in family 11.
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EX of family 10 EX of family 11

Fig. 1.2: Ribbon representations of the main fold of the catalytic domains of the
endoxylanases (EX) of family 10 and 11 (Davies and Henrissat, 1995).
1.5 Structure of xylan

Lignocellulose is the most abundant and renewable biomass available on earth. It
comprises three major groups of polymers, cellulose (a linear homopolymer of -1,4 linked
glucose units), hemicellulose (noncellulosic polymers including glucans, mannans, arabinans,
galactans and xylans) and lignin (a complex polyphenol) (Kuhad and Singh, 1993). In plant
cells, xylan is one of the three major structural polysaccharides and is localized in the cell
wall matrix (Fig. 1.3). The relative distribution of lignocellulosic components in the cell walls
is dependent on the plant species and on the stage of growth and development. Xylan, the
second most abundant polysaccharide in nature, is the major component of hemicelluloses. It
is a heterogeneous polysaccharide consisting of -1,4-linked deoxy residues on the backbone
but also contains arabinoses, glucuronic acids and arabinoglucuronic acids linked to the D-
xylose backbone (Wong et al., 1988). The xylopyranosyl backbone is substituted at positions
C-2, C-3 and C-5 to varying degrees depending upon the plant and the stage of development

of the plant when the polymer was obtained (Joseleau et al., 1992).
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Fig. 1.3: A representation of a typical wood fibre and it’s make up of xylan, cellulose and

lignin. (Techapun et al., 2003).

1.6. Xylan hydrolysis

Due to the heterogeneity nature of xylan, the enzymatic hydrolysis of xylan requires
different activities. Two enzymes, B-1,4-endo-xylanase (EC 3.2.1.8) and B-xylosidase (EC
3.2.1.37), are responsible for hydrolysis of the main chain. The first group attacks the internal
main-chain xylosidic linkages and the second releases xylosyl residues by endwise attack of
xylooligosaccharides. Both of these enzymes are the major components of xylanolytic
systems produced by biodegradative microorganisms such as Trichoderma, Aspergillus,
Schizophyllum, Bacillus, Clostridium and Streptomyces species (Dekker, 1985). Due to its
inherent heterogeneity it requires synergistic activities of different enzymes to achieve

complete hydrolysis (Fig. 1.4).
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Fig. 1.4: a) Structure of xylan and the sites of its attack by xylanolytic enzymes. The
backbone of the substrate is composed of 1,4- B-linked xylose residues. Ac., Acetyl group; a-
araf., a-arabinofuranose; a-4-O-Me-GlcUA, a-4-O-methylglucuronic acid; pcou., p-coumaric
acid; fer., ferulic acid. (Collins et al., 2005). (b) Hydrolysis of xylo-oligosaccharide by -
xylosidase (Collins et al., 2005).

Enzymatic cleavage of the glycosidic bond may follow two different mechanisms
resulting either in overall retention or inversion of the anomeric configuration (McCarter and
Withers, 1994). Different sites of attack by microbial xylanases can also occur on plant xylan
structures (Fig. 1.5). In both cases, the reaction proceeds by general acid catalysis requiring a
proton donor and a nucleophile. The first step in the reaction sequence consists of a
protonation of the glycosidic oxygen. In the case of the inverting mechanism, a water
molecule (activated by the nucleophile) attacks the anomeric carbon atom from the anterior,
leading to inversion of the absolute configuration. The retaining mechanism, on the other

hand, involves two consecutive inverting nucleophilic attacks. The first by the nucleophile

and subsequently by a water molecule, resulting in overall retention of the anomeric
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configuration. It is still an unclear as to whether the nucleophile forms a covalent bond to the

anomeric carbon or if its negative charge only stabilizes the positive charge of the reaction
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Fig. 1.5: Hypothetical plant xylan structure showing different substituent groups with sites of
attack by microbial xylanases (Beg et al., 2001).

intermediate (Sinnot, 1990) (Fig 1.6). At least three different types of active-site topologies
are known to exist in glycosyl hydrolases (Davies and Henrissat, 1995). Pockets are optimal
for monosaccharidases, and enzymes adapted to substrates with a large number of available
chain ends. A tunnel was observed in cellobiohydrolases (Rouvinen et al., 1990). This
topology requires the polysaccharide chain to be threaded through, which is optimal for
fibrous substrates such as native cellulose. The tunnel appears to be a special case of the third
topology, the cleft or groove. Clefts allow the binding of several consecutive sugar units in
linear or branched polymeric substrates, and they are commonly observed in endo-acting

polysaccharidases (Gruber et al., 1998).
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Fig. 1.6: Simplified scheme of the mechanism with nucleophilic attack of the glycosidic bond
by the nucleophile, Glu or Asp, respectively, followed by the formation of an intermediate
with a covalently bound glycosyl residue and its release by nucleophilic displacement by a

water molecule).
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1.7. Thermophilic xylanases

Previous xylanase applications were performed at pH 5 and 6, using a low
concentration of enzyme. Producers of enzymes have made great strides in improving the
properties of enzymes that are able to operate in the neutral pH range. Producers will
continue to tailor the enzymes to conditions of industry such as mills in the paper and pulp
industry that work at alkaline pH, high temperature and shorter retention times (Roncero et
al., 2000). Interest in enzymes for industry has continued to grow with respect to their application
in clarification of juices and wines, conversion of renewable biomass into liquid fuels and in
development of environmentally sound pre-bleaching processes in the paper and pulp
industry (Kulkarni et al., 1999). Extensive studies with respect to industrial applications of
xylanases exist but the far less information is available on molecular enzymology and clinical

implications (Tarvainen et al., 1991).

Properties of thermophilic xylanases in reviews have described characterization of
xylanases from microbial systems (Kulkarni et al., 1999; Sunna & Antranikian, 1997;
Warren, 1996). Xylanases from Thermoanaerobacterium sp. (Shao et al., 1995) and
Thermotoga thermarum (Sunna et al., 1996) showed higher molecular weights of 350 kDa
and 266 kDa respectively. Few bacterial and fungal xylanases show maximal activities at
temperatures between 60 °C — 80 °C (Khasin et al., 1993; McCarthy et al., 1985). The
purified endoxylanases from various species belonging to the genus Thermotoga are
optimally active at temperatures between 80 °C and 105 °C (Simpson et al., 1991; Sunna et
al., 1996; Winterhalter & Liebl, 1995). Xylanases from Dictyoglomus sp. exhibited a half-
life of 80 min at 90 °C (Mathrani & Ahring, 1991). Clostridium stercorarium Xylanase

exhibited a temperature optimum of 70 °C and a half-life of 90 min at 80 °C. The
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thermophilic fungi include Thermoascus aurantiacus (Khandke et al., 1989), which produces
a thermostable xylanase reported to be stable at 70 °C for 24 h, Paecilomyces variota
(Krishnamurthy et al., 1989) and Talaromyces byssochlamydoides (Yoshioka et al., 1981)
with temperature optimum of 65 °C — 75 °C at pH 5 - 6.5. The xylanases that were used in
this study also exhibited thermophilic properties and have adapted to their environment in

novel ways (Table 1.2).

Table 1.2. Thermophilic xylanases of interest in this study, their optimum pH and

temperature as well as their location of isolation.

Organism / Optimum Optimum Source Reference
Xylanase temperature pH
(°C)
R. marinus 90 6-7 Intertidal hot Bjornsdottir et al.,
spring in 2011
Isafjardardjup,
northwestern
Iceland
B. halodurans 70 9-10 Soda Lake Gashaw, 2006
Ethiopian Rift
Valley
T. lanuginosus 50 -70 6-7 Self-heating Singh, 2003
masses of organic
debris
Pulpzyme HC 60 7 Bacillus sp Csiszar et al. 2001

1.8. Fluorescence spectroscopic analyses

The relationship that exists between the structure and function of biological

macromolecules including enzymes is an important issue that warrants study. An enzymes
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ability to retain its conformational integrity, especially when subjected to different
temperatures or pH, has a direct bearing on its stability and catalytic activity. Using the
inherent fluorescent properties of Trp and Tyr residues present in enzymes, the loss of

catalytic activity due to changing conditions can be studied (George, 2001).

Fluorescence is based upon a three stage process that occurs in certain molecules
called fluorophores or fluorescent dyes. A fluorescent probe is a fluorophore that has been
designed to link with a specific region of a specimen or that is set to react to a specific
stimulus. The mechanics of the florescence of probes and other fluorophores is illustrated in

the Jabolonski diagram (Fig. 1.7.)
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Fig. 1.7: Jablonski Diagram of a fluorescence event. The fluorescent molecule begins in its
ground energy state, Sy, and is converted to an excited singlet state, S;, by absorbing energy
in a specific wavelength. The molecule will transition to the relaxed singlet state, S;, by
releasing some of the absorbed energy. Finally, the molecule will return to its ground energy
state by releasing the remaining energy (Behlke et al., 2005).
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Most fluorophores are able to be repeatedly excited and detected unless they are
irreversibly destroyed in the excited state. This is an important factor known as
photobleaching. As the fluorescence is cyclical the ability of a single fluorophore to generate
thousands of detectable photos is instrumental in the high sensitivity attributed to
fluorescence detection techniques. Hvey, described as a photon of given energy (1), the
molecule will transition to the relaxed singlet state by releasing some of the absorbed energy
(2) and Hvem, which is the emission energy of a fluorophore (3). Hvex and Hvey, are unsuitable
for larger more complex molecules in solution (Fig. 1.7). As they are replaced by broad
energy spectra called the fluorescence excitation spectrum and fluorescence emission
spectrum respectively. The energy spectra of fluorescence excitation and emission are
important when considered for applications involving the simultaneous detection of two or
more different fluorophores. The fluorescence excitation spectrum of a single fluorophore in
a dilute solution is usually identical to its absorption spectrum with very few exceptions.
Under similar conditions, however, the emission spectrum is found to be independent of the
excitation spectrum wavelength as a result of partial loss of the energy of excitation during

the excited state lifetime (Behlke et al., 2005).

Folding of proteins into its functional state occurs in several steps. From the native
structure the formation of the secondary structure (2D) which is then followed by the tertiary
structure (3D) arrangement. Often the protein will fold further to obtain a quaternary structure
(4D) organisation. This is most often for oligomeric complex proteins. The reaction where

proteins adopt their native 3D structure is termed protein folding (Fig. 1.8).

Phenylalanine (Phe), Tryptophan (Trp) and Tyrosine (Tyr) are three amino acids that

possess intrinsic fluorescent properties. For experimental use, only Trp and Tyr are used due
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to their excited and emission photons being of a high enough level to produce an adequate
fluorescence signal. Though these residues are used to track protein folding and unfolding,
such experiments are limited to proteins containing either Trp or Tyr residues. These amino
acid residues are instrumental in following the folding and unfolding of proteins not only due
to their high fluorescence signal but that they are sensitive to their environments as the
protein folds and unfolds. When the protein is in its native folded state Trp and Tyr are
usually found within the core of the protein. As the protein becomes partially folded or begins

to unfold more completely the Trp and Tyr residues become exposed to the solvent.
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Fig. 1.8: Figure showing the process from primary structure to quaternary structure of
proteins. After being synthesized, protein folds to acquire its functional 3-D shape. This
reaction starts by secondary structure formation (1) and ends by formation of the tertiary
structure (2) which is how the protein is organized in space. In some cases, the protein needs
to assemble with either other protein chains or identical proteins to form a complex (3). This
is the quaternary structure (4D) (www.physics.nus.edu.sg/~Biophysics/pc3267/Fluorescence
%20Spectroscopy2007.pdf).

Within the protein core a hydrophobic environment exists where Trp and Tyr residues exhibit
a high quantum yield and therefore release high fluorescence intensity. When Trp and Tyr
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residues are exposed to a hydrophilic environment their quantum yields decrease releasing
low fluorescence intensity. For Trp residues especially, there is a strong stoke shifts that is
solvent dependant. Therefore the maximum emission wavelength will change depending on
the environment of the residue. Protein unfolding can be achieved by disturbing the weak
interactions that assist in the folding of proteins such as hydrophobic interactions and
hydrogen bonding. Protein unfolding can be accomplished in many ways the most common
of which are using chemical denaturants such as urea or guanidium hydrochloride, changing
pH and the increase of temperature. It is possible to study either steady state or kinetics of
protein unfolding. For example, the protein is unfolded by increasing temperature, so at each
temperature the protein undergoes unfolding and reaches an equilibrium state which
corresponds to a partially folded or fully unfolded state depending on the conditions. For each
temperature, the fluorescence emission of Trp or Tyr is measured and compared to that of the

native protein (Fig. 1.8).

The fluorescence properties of tryptophan (Trp) residues are sensitive to the
microenvironment of the fluorophore in the protein structure. For this reason, fluorescence
characteristics are widely used to study physico-chemical and dynamic properties of the
tryptophan microenvironment in proteins and the structural transitions and behaviour of
protein molecules as a whole (Lakowicz et al.,1983; Demchenko et al., 1986). The
overwhelming majority of proteins exhibit smooth, non-structured spectra of Trp
fluorescence, which often contain more than one component. This multicomponent nature of
protein spectra makes the unequivocal interpretation difficult and poses a task of
development of methods for the decomposition of tryptophan fluorescence spectra into

elementary components (Burstein et al., 1973; Burstein, 1977).
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1.9. Differential scanning fluorometry (DSF)

An enzymes ability to maintain its activity at different temperatures is often as result
of its inherent structure and conformation. Methods that allow for the identification of an
enzymes ability to function at high temperatures can provide important information whilst
decressing the time when compared with conventional assay methods. DSF is a technique
that is able to screen high numbers of stabilizing conditions for proteins as it only requires
low protein concentrations and amounts. DSF can therefore be beneficial in other
experiments that focus on analytical and biophysical processes that would need high protein
concentrations as well as those that are susceptible to aggregation. Buffers, different salts and
other nonspecific detergents have the ability to greatly increase the stability of proteins and
DSF is able to screen high numbers of such ingredients to ensure a more stable protein
structure. Site specific binding of ligands is another factor that is able to influence the
stability of protein and as such, the protein-ligand interaction can help in elucidating
information concerning function studies such as allosteric effectors and substrate specificity

(Niesen et al., 2007).

Currently, the dye with the most favourable properties for DSF is SYPRO orange, owing to
its high signal-to-noise ratio. For example, with hen egg lysozyme, the increase in the
fluorescence intensity of the dye bound to denatured protein compared to aqueous solution is
almost 500% (Fig. 1.9 A.). The relatively high wavelength for excitation for SYPRO orange,
near 500 nm (Fig. 1.9 B.), also decreases the likelihood that any small molecule would
interfere with the optical properties of the dye and cause, for example, quenching of the

fluorescence intensity. However, not all proteins can be analyzed using SYPRO orange.
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Other dyes should be tested for cases where no unfolding transition is observed using SYPRO

orange.
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Fig 1.9: Optimum excitation of SYPRO orange in protein buffer and gain in
fluorescence upon protein unfolding. Excitation/emission spectra of dye diluted 1:1,000 in a
solution of 75 mg ml/1 hen egg lysozyme in buffer (10 mM 3-(cyclohexylamino)-1-
propanesulfonic acid pH 9.0, 150 mM NaCl), before (black traces) and immediately after
incubation for 5 min at 100 °C (red traces), are shown. Arrows depict position of the custom
filters used in the Stratagene Mx3005p PCR instrument. (a) Normalized excitation spectra,
recorded at a wavelength of 610 nm. (b) Non-normalized emission spectra upon excitation at
492 nm (Niesen et al., 2007).
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1.10. Circular Dichroism (CD)

All proteins are made up of a unique three-dimensional structure that is stabilized by
multiple weak interactions, which include hydrophobic interactions, hydrogen bonds, and
ionic interactions which in turn determine is function (Nelson and Cox, 2000; Rawn, 1989).
Nelson and Cox (2000) describe treatments that disrupt such interactions and severely impact
or destroy the three-dimensional structure of proteins with a subsequent loss of protein
function. This demonstrates the relationship between the native protein structure and

conformation and its function and activity.

CD measures unequal absorption of right- and left-handed circularly polarized light
by the molecule. Although all amino acids except glycine contain at least one asymmetric
carbon atom either in the L or D configuration, most amino acids display only small CD
signals. The protein main chain assumes several principal conformations in aqueous solution:
a-helix, extended B-structure (or B-sheet), turn, and so-called “random coil,” which are non-
regular structures (Fig. 1.10). The a-helix and B-sheet conformations are characterized by
optimal hydrogen bonding between peptide groups in the polypeptide backbone and give rise

to strong CD signals (Toniolo, 1970; Adler et. al., 1973).
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Fig 1.10: Graphical representation and comparison of a-helix, 3-sheet and random coil as
evaluated by circular dichroism.
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1.11. Rationale of study

There are many uses for xylanases in industry at present. Animal feed, baking,
surfactants, wines and biobleaching are just a few. The information on structure and function
and their correlating relationship is still in need of further research. To ensure the varied
needs of industry are met such studies have to continue to fill in the gap between what is
presently available and what is needed. In a more focused field, enzymatic biobleaching has
the potential to lighten the load of heavy and damaging chemical processes that are currently
still being used. Global warming and the detrimental effects and burdens of humanity are
highlighting ‘greener’ technologies more than ever before. To meet such demands and even
surpass the requirements of industry to ensure such a paradigm shift occurs, further research
is definitely necessary. Industries need xylanases that are both afordable to use and ensure
productivity is not adversely affected. Xylanases that are, preferably, optimally active at high
temperatures and varying pH values are necessary to suit different processes that demand
different conditions. Further research into the relationship between structure and function of
extremozymes such as xylanases from Rhodothermus marinus, (that are optimally active at
90°C) and Bacillus halodurans, (active over a wide range of pH values as well as being an
alkalophile and active at pH 8, 9 and 10) could yield interesting and important results. It
could help uncover how the structure of the xylanases enables them to, not only be active, but
flourish under such harsh conditions. Novel techniques, such as differential scanning
fluorometry (DSF), circular dichroism (CD) and fluorometric analyses, help uncover
important structural information of such xylanases. DSF can be used to quickly and
efficiently assess the enzymatic stability in a vast amount of buffers, salt and glycerol
conditions to achieve the most stable conditions. Fluorescence spectroscopy attempts to
correlate Trp residue fluorescence with changes in temperature and the effect of GdnHCI on

enzyme denaturation. CD elucidates the fraction of folded protein and the Gibbs free energy
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from temperatures from 20 °C to 95 °C. Each technique offered unique insights into the
structure-function relationships of xylanases that exhibit desirable qualities such as extreme
thermostability and alkalophilic characteristics. Further engineering of other enzymes with
the information gathered improves the chances of the creating enzymes that are tailor made

for industrial processes.

The enzyme technology group at DUT have been involved in the biochemical
characterisation of crude, purified and recombinant enzymes generated by directed evolution.
It was thus appropriate that a more structural analytical approach be applied to accurately
determine the structure — function relationship between enzymes. Therefore xylanases
showing desirable traits such as R. marinus and B. halodurans were studied as well as
commercially available T. lanuginosus and Pulpzyme HC to, not only further the structure -

function relationship, but investigate this relationship in advantageous xylanases.
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CHAPTER 2: BIOCHEMICAL CHARACTERISATION AND FLUORESCENCE

SPECTROSCOPY OF XYLANASES

2.1 INTRODUCTION

Thermostable enzymes are defined by their ability to remain active above the
maximum growth temperatures of the organism as well as those with increased stability
above 50 °C over an extended time period (Gupta and Gupta, 1993). Enzymes with such
stability and activity are often used in industrial applications. This leads to a need for
characterisation of organisms and their enzymes in an attempt to find enzymes with suitable
properties that will allow for their application in industry. As such xylanases that are
produced and isolated from thermophilic fungi are usually found to have higher
thermostability than those of mesophilic fungi (Steiner et al., 1987). Dahlberg et al. (1993)
further states that xylanases that have been produced by thermophilic eubacteria and
archaebacteria have a longer half life at 80 °C and above than when compared with other
thermophilic fungi. Strains of T. lanuginosus have shown high thermostability but have also
found to be active over a wide range of pH values (Anand et al., 1990). The xylanase isolated
from R. marinus showed an optimum activity at 90 °C (Bjornsdottir et al., 2011) and B.
halodurans produces at xylanase that is not only active at 70 °C but is also highly alkophilic
having stability from pH 7 to 10 (Gashaw, 2006). Biochemical characterisation is integral and
often the first step in the understanding of enzyme properties both for further study as well as

for industrial purposes.

In an attempt to understand the catalytic mechanism of an enzyme, it is essential to

study the structural elements and the three-dimensional conformation of the active site.
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Chemical modification of reactive amino acid side chains in the active site helps to identify

residues that are important for catalysis (George, 2001).

Fluorescence spectroscopy has been widely used to study the conformation of
xylanases. A red-shift of the emission wavelength can be caused by different solvent
molecules that surround the fluorophore (Spampinato et al., 2007) and blue-shift when the
fluorescence intensity decreases (Vivian and Callis, 2001). Raja et al. (1999) explains red
shifting as an emission maximum that is at a longer wavelength and lower energy then than
that of the excitation and the energy difference between maximum excitation and emission is
known as the Stokes Shift. All charged amino acid residues can significantly influence red-
shifting but the residues Lys, Arg, Glu and N- or C terminal residues have the greatest effect
on fluorescence shifts. Protein and water both effect the shift but their ratio of contribution is
often hard to anticipate. Such charged groups that are located close to the Trp residues often
dominate shift mechanisms and water often causes a blue shift in fluorescence (Vivian and

Callis, 2001).

Nath et al. (2001) studied the structure and function analyses of xylanases from
alkalophilic thermophilic Bacillus sp. and it has been shown how pH induces conformational
and structural changes of xylanase using fluorescence spectroscopy. Tryptophan fluorescence
quenching was found to be dependent on pH and exhibited unfolding above pH 8 as revealed
by a red shift in the emission maximum of the enzyme as well as decreases in the
fluorescence intensity. George et al. (2001) used fluorometry in an attempt to identify the
residues involved in the active site of xylanase by subjecting them to modification with
different group specific reagents such as o-phthalaldehyde (OPTA). OPTA reacts with lysine

and histidine residues present in the active sites of the enzyme to form a fluorescent isoindole
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derivative inactivating the xylanase. The formation of isoindole derivatives leads to an
increase in fluorescence intensity at 415 nm confirming the formation of an isoindole

derivative.

The present chapter describes the study of different temperatures and varying pH and
its effects on the four separate xylanases. Temperature and pH optima are important in
ensuring maximum Xylanase activity and in selecting process applicable enzymes for
industrial processes. Fluorescence spectroscopic analyses attempts to correlate the effects of

temperature and chemical denaturation with GdnHCI on the structure of the xylanase.
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2.2. MATERIALS AND METHODS

2.2.1. Materials

Crude xylanases from Rhodothermus marinus and Bacillus halodurans were obtained
from the Department of Biotechnology, Lund University, Sweden. Commercial xylanases
Thermomyces lanuginosus DSM 5826 and Pulpzyme HC were purchased from Sigma-
Aldrich and Novozyme respectively. The xylanase from T. lanuginosus was expressed in
Aspergillus niger and stabilized by the addition of wheatflower supplied by Sigma-Aldrich
(Catalogue). All the xylanases were partially purified by gel filtration (Sephadex G75) before
evaluation. DNS (dinitrosalicylic acid) and BSA (bovine serum albumin). Birchwood xylan

were procured from Roth chemicals, Germany.

Fluorescence measurements were performed using quartz cuvettes on a Cary Eclipse
Fluorescence Varian spectrophotometer. A single cell peltier was connected to the
spectrophotometer which precisely controlled the temperature in the cuvette. Guanidine
hydrochloride used for chemical denaturation was obtained from Sigma-Aldrich. All other

chemicals were of analytical grade.

2.2.2. B-Xylanase assay

Endo-1,4-pB-D-xylanase activity was assayed according to Bailey et al. (1992) by
incubating the diluted enzyme solution at pH 7 and a temperature of 50 °C for 30 min by
using a substrate solution of 1.0% (w/v) birchwood xylan. Reducing sugars were assayed by
adding 3 ml of DNS reagent, boiling for 5 min, cooling, and measuring the absorbance at 540

nm. One unit of xylanase activity is defined as the release of one nmol of product per second.
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2.2.3. Determination of pH and temperature optima of xylanases

The pH optima for B-xylanase activities were determined by measuring the enzyme
activities at 50 °C in 50 mM sodium acetate (pH 4, 5), sodium phosphate (pH 6, 7), TrisCl
(pH 8, 9) and bicarbonate buffer (pH 10). The optimum temperature for activity was
determined by incubation of the activity assay at the pre-determined pH for R. marinus (pH
6), B. halodurans (pH 9), T. lanuginosus (pH 7) and Pulpzyme HC (pH 7) over a temperature
range of 50°C to 90°C (10°C increments). Samples were evaluated for xylanase activity over

30 minutes as described in section 2.2.2.

2.2.4. Comparison of birchwood xylan hydrolysis by xylanase

A comparison of birchwood xylan hydrolysis was evaluated by applying 10 units/ml of
each xylanase from R. marinus, B. halodurans, T. lanuginosus and Pulpzyme HC at their pre-
determined pH optima and over a temperature range of 50 °C to 90 °C (10 °C increments) for
30 minutes. Samples were then evaluated for xylanase activity as described as in section

2.2.2.

2.2.5. Fluorescence spectra emissions at different temperatures

Emission spectra were captured for each xylanase (1 mg/ml) in a 3 ml reaction volume
for R. marinus (pH 6), B. halodurans (pH 9), T. lanuginosus (pH 7) and Pulpzyme HC (pH
7). A Cary Eclipse Fluorescence Varian spectrophotometer with a single cell peltier
connected, was used to accurately control the temperature in the cuvette for each reaction.
The reaction mixtures were incubated for 10 min over a temperature range of 50 °C to 90 °C
(10 °C increments). Fluorescence was excited at a wavelength of 295 nm and the emission

was recorded from 300 nm to 500 nm. The slit widths on both excitation and emission were

32



set at 5nm and the spectra were obtained at 1 nm/min. Fluorescence data were corrected by

running control samples of buffers and smoothed as described by Dash et al. (2002).

2.2.6. Fluorescence spectra emission at different GAnHCI concentrations
Emission spectra were captured for each of the xylanases as described as in section 2.2.5
with increasing guanidine hydrochloride (GdnHCI) concentrations of 0.5 M, 1.0 M, 2.0 M

and 3 M, respectively, evaluated at each temperature (50 °C to 90 °C in 10 °C increments).
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2.3. RESULTS AND DISCUSSION

2.3.1. Optimum temperature and pH for xylanases

The optimum conditions for hydrolysis of xylan by the xylanase from R. marinus was
found to be at 80 °C to 90 °C (Fig. 2.1A) at pH 6 (Fig. 2.2A). Activity dropped sharply at 100
°C. Optimum activity at pH 6 was 20 % and 30 % than at pH 5 and pH 7, respectively.
Previous studies on R. marinus have showed it to produce a xylanase that is optimally active

at 90 °C and pH 6 (Bjornsdottir et al., 2011).

The B. halodurans xylanase at pH 9 exhibited 100 % relative activity at 70 °C. Enzyme
activity dropped to 10 % at 80 °C after 30 min with the total loss of all activity at 90 °C. The
xylanase exhibited 80 % activity at 60°C (Fig. 2.1B) and showed optimum activity at pH 9
when assayed at 70 °C (Fig. 2.2B) and exhibited pH stability from 7 to 10 retaining relative
activity values of between 90 % and 100 %. At pH 8 the relative activity dropped to 90 %
which could be attributed to the xylanase exhibiting less activity at a slightly basic pH.
Gashaw (2006) stated that, when assayed at pH 10, the optimum temperature of the xylanase
from B. halodurans was found to be 70 °C. These results are significant due to the fact that
industrial xylanases need to have specific qualities to ensure maximum effectiveness such as

pH stability and thermostability.

The xylanase from T. lanuginosus showed maximum activity at 50 °C but still retained
over 90 % relative activity at 60°C and 80 % relative activity at 70 °C at pH 7 (Fig. 2.1D).
The xylanase exhibited an optimum pH of 7 and retained 50 % relative activity at pH 4 while

exhibiting a relative activity of 35 % at pH 10 (Fig. 2.2D). Cesar and Mrsa (1996) previously
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reported that the xylanase from T. lanuginosus was found to have an optimum pH of 7 and an

optimum temperature of 60 °C to 70 °C.

Pulpzyme HC displayed maximum activity at 60°C (Fig. 2.1D) and pH 7 with 94 %
retention of activity at pH 8 (Fig. 2.2D). Reduced enzyme activity (25 % and 65 % relative
activity) was evident at 40 °C and 50 °C, respectively. Pulpzyme HC exhibited only 18 %
and 68 % activity at pH 4 and pH 5, respectively, confirming its inability to function in the
acidic pH range. A similar pattern was evident beyond pH 8. Previous studied have found
that Pulpzyme HC is optimally active at pH 7 to 8 and a temperature of 60 °C to 70 °C

(Bhardwaj et al. 1996).
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Fig. 2.1: Influence of incubation temperature over 30 min on the activity of B-xylanases from
A. R. marinus (pH 6). B. B. halodurans (pH 9). C. T. lanuginosus (pH 7). D. Pulpzyme HC
(pH 7). Each value is a mean of triplicate determinations with standard deviation (SD +/-).
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2.3.2. Comparison of birchwood xylan hydrolysis by xylanases

The efficiency of birchwood xylan hydrolysis was compared using 10 units of the four
xylanases. Percentage relative activity was calculated for each enzyme and measured against
Pulpzyme HC which demonstrated the highest activity. All xylanases, other than the xylanase
from T. lanuginosus, demonstrated optimum xylan hydrolysis at their respective temperature
optima (Fig. 2.1). Pulpzyme HC when applied to birchwood xylan at 60 °C, its optimum
temperature, displayed the greatest degree of hydrolysis in comparison to the remaining three
xylanases tested at the same concentration. Furthermore this xylanase retained 92 % of its
activity at 70 °C, however, rapid denaturation followed at higher temperatures. The xylanase
from R. marinus showed a gradual increase in activity from 50 °C and displayed 86 % and 90
% relative activity at 80 °C and 90 °C, respectively. The R. marinus xylanase was shown to
exhibit a maximum specific activity of 2670 nkat.mg™ on oat spelts xylan with birchwood
xylan and larchwood xylan showing almost two-fold less activity of 1320 nkat.mg™
(Nordberg-Karlsson et al., 1998). The xylanase from R. marinus confirmed its extremophilic
properties with increasing activity at higher temperatures (80 °C and 90 °C), making it a
desirable candidate for industrial application. The T. lanuginosus xylanase displayed similar
activity for 50°C and 60 °C and only exhibited 76 % relative activity at 70 °C for 10 units.
Yin et al. (2008) found optimum enzyme activity for T. lanuginosus on oat spelts xylan at 70
°C. The xylanase from B. halodurans displayed maximum activity at 70 °C with birchwood
xylan as well as 95 % for beechwood xylan and 85 % for oat spelt xylan (Gashaw et al.,
2006). However, the B. halodurans xylanase demonstrated poor xylan hydrolysis at all
temperatures from 50 °C to 90 °C when compared with the other three xylanases tested which
indicated that although it displayed desirable alkalophilic properties and optimal activity at 70
°C its ability to hydrolyse xylan was inferior to the other three xylanases tested (Fig. 2.3).

Substrate specificity experiments have been performed to ascertain optimum substrate
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activity and kinetic parameters. One such is an endo-1, 4-beta-xylanase from Trichoderma
reesei, that displayed 108 % activity for Birchwood xylan with oat spelts xylan (100 %) and
cellulosic substrates including Gellan gum (11 %) and Avicel (1.9 %) showing significantly
less activity (He et al.,, 2009). Information pertaining to substrate specificity and
thermostability is important when considering what enzymes can be utilized in industrial
applications. The study of thermostable proteins is extensive and has been used as a tool in
understanding mechanisms for achieving thermostability. Mesophilic, thermophilic and
hyperthermophilic enzyme sequences have been compared in an attempt to elucidate the
interactions that are responsible for enhanced thermostability (Kinjo and Nishikawa, 2001).
Such proteins have already proven to be extremely useful for high temperature applications
(Flores and Ellington, 2002).
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Fig. 2.3: Comparison of birchwood xylan hydrolysis using 10 units of each -xylanase from
R. marinus (pH 6) (m), B. halodurans (pH 9) (e), Pulpzyme HC (pH 7) (A), T. lanuginosus
(pH 7) (V). Each xylanase was incubated for 30 min over a temperature range of 50 °C to 90
°C and percentage relative activity was calculated for each enzyme and measured against
Pulpzyme HC.
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2.3.3. Fluorescence spectra of xylanases at increasing temperatures

Fluorescent spectroscopy gives insight into the microenvironment of Trp residues in the
protein. The structure and conformation of enzymes will change due to conditions of
temperature, pH and changing salt concentrations. As the conformation of the enzymes
changes the microenvironment of Trp residues will subsequently change. The temperature
dependant fluorescence spectra of the thermostable R. marinus xylanase exhibited the lowest
maximum fluorescence intensity with a maximum of 120 arbitrary units (a.u) (Fig. 2.4A)
when compared to the other three xylanases. R. marinus which produces a highly
thermophilic xylanase, exhibited its lowest fluorescent intensity at 90°C with a relative
activity of 100 % (Table 2.1). This could be due to the fact that, in its optimum conformation,
the Trp residues are in an increased hydrophobic environment and therefore give off a lower
fluorescence. It could also be attributed to non-radiated processes that deactivate the singlet-
excited state as this trend is found in all four of the xylanases studied (Suresh Kumar, 2006).
The R. marinus xylanase displayed an emission Ayax at around 340 nm from 50 °C to 70 °C
which increased to 355 nm at its optimum temperature of 90 °C. The emission shift is due to
tryptophan residues being further exposed to the solvent as native enzymes often display a
fluorescence spectrum over 338 nm to 350 nm which indicated the Trp residues present in the

differential environments (Favilla et al., 2002; Shashidhara et al., 2007).

The xylanase from B. halodurans also showed a low intensity with a maximum of 225
a.u. observed (Fig. 2.4A). The xylanase was thermo tolerant with 100% relative activity
observed at 70 °C and 76 % relative activity recorded at 60 °C (Table 2.1). It is also highly
alkalophilic displaying maximum activity between pH 7 to pH 10 (Fig 2.2B). Both R.
marinus and B. halodurans xylanases showed low fluorescence intensity values and being

thermophilic enzymes this could be attributed to the structure of enzymes that are able to
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tolerate high temperatures and the positioning of Trp residues in hydrophobic
microenvironments. The maximum emission was observed at 455 nm which is unusual after
excitation at 295 nm. This emission could be explained by the addition of nicotinamide
adenine dinucleotide phosphate-oxidase (NADPH) to the buffer to stabilize the enzyme
solution. Therefore is could be the reason why the maximum emission was recorded at 455
nm rather than 350 nm. The B. halodurans xylanase showed minor Anax deviation over the
temperature range and similar results were evident from the work of Satyanarayana (2006)
where studies on an alkaline thermophilic Bacillus xylanase displayed a constant Amax at
increasing temperatures. The two partially purified enzymes indicated low intensity values
and as thermophilic enzymes, this could be attributed to the structure of enzymes that are able
to tolerate high temperatures and the positioning of Trp residues in hydrophobic

microenvironments.

The T. lanuginosus xylanase had an optimum temperature of 50°C exhibiting 100 %
relative activity and still exhibited 84 % relative activity at 70°C (Table 2.1). In figure 2.4C,
the control displayed a maximum fluorescence intensity of 750 a.u. and at 70 °C an intensity
of 250 a.u. was recorded. Shashidhara et al. (2010) indicated similar intensity values when
subjecting a-mannosidase to thermal denaturation with a maximum fluorescence intensity of
760 a.u. at 30 °C with a subsequent decrease in fluorescence intensity as the temperature was
increased. The xylanase from B. halodurans at 70 °C showed similar emissions at the same
temperature. Both R. marinus and B. halodurans xylanases showed high relative activities at
70°C (71% and 100 %, respectively) but showed lower relative activities at 50°C (24 % and
56 %, respectively). The emission Amax Of the xylanase from T. lanuginosus was
approximately 341 nm for temperatures from 50 °C to 70 °C where maximum activity was

observed and continued to increase to 348 nm at 80 °C and 350 nm at 90 °C. This could
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indicate that enzymes able to function at higher temperatures having structural similarities at
least with respect to Trp residue microenvironments and fluorescent emission. Similar results
have been obtained by thermal denaturation of a-mannosidase where, from 30 °C to 60 °C,
Amax €Mission was 338 nm and at higher temperatures of 70 °C and 90 °C a red shift occurred

and the Amax Increased to 350 and 353 nm, respectively (Shashidhara et al., 2010)

Pulpzyme HC is a commercially available enzyme with an optimum temperature for activity
at 60 °C. At 50 °C and 70 °C, the relative activity was found to be 64 % and 62 %
respectively. The enzyme lost the majority of its activity at 80 °C and 90 °C retaining only 10
% and 8 % relative activity, at the respective temperatures (Table 2.1). Pulpzyme HC showed
a high intensity of 500 a.u. and 300 a.u. at 50 °C and 60 °C, respectively (Fig. 2.4D).
Pulpzyme HC also exhibited an emission Amax OFf 346 nm at its optimum temperature of 60°C
which increased sharply to 356 nm and 363 nm for 80 °C and 90 °C, respectively which
indicate a red-shift in emission Anax @S the xylanase begins to unfold due to denaturation at
high temperatures. Results from the thermal denaturation of bile salt hydrolase from
Bifidobacterium longum displayed a similar trend whereby Anax was 330 nm at temperatures
up to 55 °C and at higher temperatures a red shift was observed where the Amax increased to

350 nm which was presumed to be a result of Trp exposure to solvent (Suresh Kumar, 2006).
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Table 2.1: Temperature and corresponding relative activity values (%) of different xylanases
(2 mg/ml) assayed for 30 min from 50 °C to 90 °C using 1% birchwood xylan at their pH

optima shown in parenthesis.

Organism / Xylanase

Temperatures (°C)

50 60 70 80 90
R. marinus (pH 6) 24 50 71 99 100
Relative Activity (%)
B. halodurans (pH 9) 56 76 100 11 5
Relative Activity (%)
T. lanuginosus (pH 7) 100 91 84 17 5
Relative Activity (%)
Pulpzyme HC (pH 7) 64 100 62 10 8

Relative Activity (%)
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Fig. 2.4: Thermal emission spectra of xylanases (1 mg/ml) from A. R. marinus (pH 6). B. B.
halodurans (pH 9). C. T. lanuginosus (pH 7). D. Pulpzyme HC (pH 7).excited at 295nm and
recorded at a wavelength of 300 nm to 400 nm at various temperatures: 50°C (o), 60°C (A),
70°C (©), 80°C (¢) and 90°C (V).
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2.3.4. Fluorescence spectra of xylanases subjected to chemical denaturation with

GdnHCI at increasing temperatures

The current knowledge of the protein mechanism of folding and unfolding has come
from concentrated and intense studies on protein denaturation using theoretical and
biophysical methods (Ballery et al., 1993; Wuthrich, 1994). The use of chemical denaturants
such as GAnHCI and urea has assisted in the investigation of the role of the active sight in
enzyme catalysis and which could also lead to stabilizing alternative states of conformation
as well as in the study of the unfolding and refolding of protein conformation (Lopez et al.,

2011; Jiao et al., 2010).

At 50 °C the xylanase from R. marinus displayed a relative activity of 24 % (Table 2.1)
and in the absence of GdnHCI displayed a maximum fluorescence intensity of 254 a.u., the
xylanase with the addition of GdnHCI concentrations of 2.0 M and 3.0 M resulted in higher
intensities when compared with concentrations of 0.5 M and 1.0 M that also exhibited a Amax
of 342 nm. The xylanases with higher concentrations of 2 M and 3 M GdnHCI displayed Amax
of 343 nm and 345 nm, respectively (Fig. 2.5A). At 70°C a similar trend was observed but the
maximum fluorescence intensity decreased by more than 50 % when GdnHCI concentrations
of 0.5 M and 1 M were added to the R. marinus Xxylanase. It exhibited Ayax of 340 nm and
high concentrations of 2 M and 3 M GdnHCI, added to the xylanase, showing a significant
red-shift at 346 nm and 348 nm (Fig. 2.5B). Similar trends can be seen in other experiments,
whereby there was no change in Amax at lower concentrations whilst when higher GdnHCI
concentrations were added to the R. marinus xylanase, a red-shift was observed which could
indicate unfolding of the protein (Satyanarayana, 2006). At 90° C the maximum emission
was 40 a.u. and the different GAnHCI concentrations applied to the xylanase had a minimal

denaturation effect showing similar spectra values in the absence of GdnHCI but the Amax, 354
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nm in the absence of GdnHCI, 357 nm at 1 M and 363 nm at 3 M, exhibited an increase at
each GdnHCI concentration (Fig. 2.5C). The R. marinus xylanase showed that it was only
moderately susceptible to salt denaturation with GdnHCI, with respect to fluorescence
intensity, where the control still gave the highest intensity but 3.0 M concentrations exhibited
the second highest fluorescent intensity. At 90 °C the control and increasing GdnHCI
concentrations clustered together which could be due to the conformation of the xylanase in
ensuring the Trp residues are unable to fluoresce. The R. marinus xylanase showed a similar
trend in emission compared to that of TxyA-CBM where the control exhibits the highest
intensity and as GdnHCI concentration is increased and a resulted decreased fluorescence

emissions is observed (Okazaki et al., 2006)

The xylanase from B. halodurans exhibited a marked response to higher GdnHCI
concentrations, especially at 3.0 M, and exhibited the highest fluorescence intensity at all
three selected temperatures. At a concentration of 1.0 M GdnHCI, the xylanase displayed the
lowest fluorescence intensity for the three temperatures tested. At 50 °C, in the absence of
GdnHCI and 3.0 M concentrations, the protein exhibited similar maximum fluorescence
intensities of around 224 a.u. (Fig. 2.6A). At 70 °C, being the optimum temperature for
activity, the xylanase displayed maximum spectral emission of 225 nm whilst in the absence
of GdnHCI, the protein displayed lower intensities than at a concentration of 3.0 M GdnHCI
(Fig. 2.6B). At 90 °C, 3.0 M GdnHClI resulted in the protein exhibiting a maximum emission
of 190 a.u., with the absence of GdnHCI and 0.5 M showing similar fluorescence intensities
for the protein of 150 a.u. (Fig. 2.6C). Rashid et al. (2005) confirmed similar findings in their
investigation of the influence of GdnHCI on the denaturation of human placental cystatin
(HPC) where chemical denaturation showed decreased fluorescence when at concentrations

of up to 2 M, the fluorescence intensity decreased, but at higher concentrations of 3 M and
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above, the fluorescence was found to be higher than when compared to the result obtained in

the absence of GdnHCI.

The T. lanuginosus xylanase exhibited varying degrees of emission and intensity with
GdnHCI denaturation together with a significant decrease in fluorescence intensity at higher
temperatures from 70 °C and 90 °C. Okazaki et al. (2005) utilized fluorescence spectroscopy
to study B-1,3-xylanase (TxyA) which displayed similar emission spectra with respect to
GdnHCI denaturation and it was found to have similar fluorescence intensities. At 50 °C, the
protein in the absence of GAnHCI and in the presence of 2.0 M GdnHCI, exhibited identical
intensities with a maximum fluorescence intensity of 700 a.u., whereas in 0.5 M GdnHCI it
displayed the lowest fluorescence of 500 a.u. (Fig. 2.7A). At 70°C, the intensities for all the
recorded emissions were between 250a.u. and 300a.u., showing that at higher temperatures
the effects of different salt concentrations was negated though there was an almost three-fold
decrease in maximum emission. The T. lanuginosus xylanase exhibited a Amax 0f 340 nm in
the absence of GdnHCI to 1 M GdnHCI to the protein, which increased to 343 nm at 2 M that
displayed a significant increase and red-shift at 3 M to 349 nm (Fig. 2.7B). At 90 °C all
emissions were observed to have similar intensities with a maximum emission of 140 a.u.,
that represented a two-fold drop in maximum fluorescence intensity compared with 50 °C
and displayed the same Anax 0f 350 nm for the absence of GdnHCI to 1 M GdnHCI with an
increase to 354 nm for 2 M and 3 M. (Fig. 2.7C). The T. lanuginosus xylanase displayed the
least variance in fluorescence intensity due to chemical denaturation at higher concentrations
the results clustered together showing only minor differences. However, a red-shift is
observed when considering the Amax for different temperatures and GdnHCI concentrations.
Similar experiments conducted on streptomycin adenylyltransferase (SMATase) that showed

a red-shift from 343 nm to 348 nm as the protein encounters the denaturation conditions of
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the addition of GdnHCI. The denaturation conditions of GdnHCI increase the polar
microenvironment of Trp residues and will produce conformations that are different from

native conformations (Jana et al., 2006).

Of the four xylanases tested, Pulpzyme HC displayed the greatest change in intensity due
to GdnHCI denaturation and the xylanase, in the absence of GdnHCI exhibited the lowest
intensity at all temperatures. Studies with HPC, using urea as a chemical denaturant, showed
a similar relationship whereby, as the concentration of the chemical denaturant was increased
so too did the fluorescence intensity (Rashid et al., 2005). This could be attributed to GdnHCI
affecting the conformation whereby the Trp residues are in the position to emit maximum
fluorescence. Similar results were evident when a-mannosidase was treated with different
concentrations of GdnHCI whereby an increased concentration of GdnHCI resulted in higher
fluorescence intensity (Shashidhara et al., 2010). At 50°C, the addition of 1.0 M, 2.0 M and
3.0 M GdnHCI displayed intensities of 1400 a.u. In the absence of GdnHCI a fluorescence
intensity of 500 a.u. was observed. Pulpzyme HC also showed a blue-shift where Anax, in the
absence of GdnHCI to 1 M of GdnHCI, was 340 nm and then decreased to 338 nm at 3 M
GdnHCI (Fig. 2.8A). The fluorescence at 70°C showed a similar trend when compared with
the emissions at 50°C but with a two-fold decrease in maximum fluorescence intensity. At
higher temperatures a red shift was observed in the absence of GdnHCI, 0.5 M and 1 M
GdnHCI (Amax of 342) which showed a 3 nm increase at 2 M and 3 M GdnHCI up to 345 nm
(Fig. 2.8B). At 90°C, a similar GdnHCI induced trend continued at concentrations of 1.0 M,
2.0 M and 3.0 M displaying higher fluorescence intensities than in the absence of GdnHCI
and 0.5 M GdnHCI. However, a major red-shift was observed in the absence of GdnHCI
where by the protein exhibited florescence of 344 nm which increased to 349 nm at 0.5 M

and 1 M, and then increased again to 356 nm with an increase to 2 M and 3 M GdnHCI. The
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intensity dropped from over 1400 a.u. to a maximum of 260 a.u. for 3.0 M GdnHCI (Fig.

2.8C).

The four xylanases studied had both similarities and marked differences in emission
spectra and intensities with respect to both thermal and GdnHCI denaturation as well Amax.
The xylanase that had the highest optimum temperature of 90°C was from R. marinus. This
enzyme exhibited the lowest intensities for both temperature and GdnHCI concentrations and
displayed similar Amax for lower concentrations of GdnHCI. This could be explained by the
excited states of Trp interacting with molecules of water that form excited state complexes.
This process then competes with the radiative relaxation and leads to a decreased in the
intensity of fluorescence observed (Mc Guire and Feldman, 1973; Vetri and Militello, 2005;
Stirpe et al., 2005). The xylanase from B. halodurans showed a low intensity and was
optimally active at 70°C. The two crude enzymes therefore showed low intensity values and
as thermophilic enzymes, this could be attributed to the structure of enzymes that are able to
tolerate high temperatures and the positioning of Trp residues in hydrophobic
microenvironments. The xylanase from T. lanuginosus had an optimum temperature of 50°C
and an intensity of 750 a.u. yet still exhibited 84% relative activity at 70°C. The enzyme had
a similar intensity at 70°C, when compared with the B. halodurans xylanase. This could
indicate that these enzymes are able to retain high relative activity at increased temperatures
and will emit lower intensities as the structure of the enzyme is such that the Trp residue
microenvironment allows for decreased fluorescence. The Amax emission displayed minimal
red shifts at higher temperatures and GdnHCI concentrations which could be attributed to a
low number of Trp residues that are exposed to the solvent such as a xylanase, XynA, from
Thermotoga maritima which exhibited only a small red shift from 346 nm to 349 nm at 7 M
GdnHCI (Wassenburg et al., 1997). Pulpzyme HC, a commercial xylanase, exhibited an

optimum temperature at 60 °C and showed high intensities at its optimum temperature of 500
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a.u. and 300 a.u. for 50°C and 60°C respectively with a blue-shift recorded at 50 °C as the
GdnHCI concentration was increased. A significant red-shift was observed at 90 °C from no
GdnHCI to 0.5 M and from no GdnHCI to 2 M. Shashidhara et al. (2010) has explained
however, that a loss in enzyme activity due to thermal and chemical denaturants can be
exhibited without a significant change in the conformation and the irreversibility and
denaturation of the enzyme could be attributed to adverse effects of the deficiency of the

enzyme.
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2.4. Conclusions

The xylanase from R. marinus was optimally active at 90 °C, pH 6 and exhibited 94 %
relative activity when compared with the other three xylanases. It also exhibited the lowest
fluorescence intensity peak of 120 a.u. which decreased as the temperature was increased
indicating a conformation that had the fluorescing Trp residues in a hydrophobic
environment. The xylanase from R. marinus at 90 °C, when subjected to increasing GdnHCI
concentrations, did exhibit a significant increase in Ama from 354 nm in the absence of
GdnHCI to 363 nm at 3 M GdnHCI which indicates a significant red-shift and change in

conformation.

The B. halodurans xylanase was found to be highly alkalophilic showing an optimal
activity at pH 8 to 10 and an optimum temperature of 70 °C. It did, however, perform poorly
when compared with the other three xylanases, resulting in only 40 % relative activity at its
optimum activity conditions. This xylanase also showed a low peak intensity of only 230 a.u.
when compared with the commercially produced xylanases. The B. halodurans xylanase
however, did not display a marked change when subjected to GdnHCI which could be

attributed to its alkalophilic properties.

The xylanase from T. lanuginosus was found to be optimally active at pH 7 and 50 °C
but was found to have 84 % relative activity at 70°C but when compared with the other three
xylanases it only achieved 78 % relative activity. The commercial T. lanuginosus showed the
highest peak fluorescence peak intensity of 750 a.u. Due to its high activity from 50 °C to 70
°C, even when subjected to GdnHCI, it was expected that a minor red-shift occurred with a
Amax OF 341 nm. However, as the temperature was further increased, a red shift took place and

at 90 °C it was recorded at 350 nm which could be attributed to denaturation of the enzyme.
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The commercial Pulpzyme HC xylanase showed an optimum activity at 60 °C and pH 7
and displayed the highest relative activity of 100 % when compared with the three other
xylanases. It showed a peak intensity of 500 a.u. but was the most susceptible to the addition
of GdnHCI as the control of 0 M GdnHCI was found to be the lowest intensity at all three
temperatures. It also displayed a significant red-shift from 346 nm at its optimum temperature

of 60 °C to 363 nm at 90 °C.

Chapter two focused upon four interesting xylanases with different desirable
characteristics such as thermophilic and alkalophilic activity. Structural studies were then
done to assess the change in fluorescence due to thermal stress as well as under chemical
denaturation conditions with the use of GdnHCI. The structures of the xylanases that give rise
to their function under such harsh conditions was further studied using differential scanning
fluorometry (DSF) and circular dichroism (CD) in an attempt to further understand the

relationship between structure and function.
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CHAPTER 3. CONFORMATIONAL STUDIES OF XYLANASES USING

DIFFERENTIAL SCANNING FLUOROMETRY AND CIRCULAR DICHROISM

3.1. INTRODUCTION

The mechanisms of protein folding is an important topic of research that has
continued to go unresolved. Structural experiments such as crystallography or nuclear
magnetic resonance (NMR) spectroscopy has elucidated structural data that could be used to
model three dimensional structure of most proteins (Wei and Song, 2005). However, the
fundamental principles regarding the folding and stability of proteins is still largely unknown
whereby it is difficult to distinguish between thermophilic and mesophilic counterparts
despite their 3D structures already being known. There are now many tools available for the
investigation of protein folding including NMR, circular dichroism (CD), protein intrinsic
fluorescence decay and resonance energy transfer and the measuring of fluorescence decay
which allows for the direct observation of the dynamics of protein structural changes (Eftink,

1994).

Vedadi et al. (2006) states that differential scanning fluorometry (DSF) is a platform
that excels at screening for stabilizing conditions for proteins due to the fact of small amount
and low concentrations of the protein are required and therefore this method can be applied to
samples for which low stability or aggregation will complicate purification. DSF monitors
thermal unfolding of proteins in the presence of a fluorescent dye (Poklar et al., 1997;
Pantoliano et al., 2001) and is applicable to a wide range of proteins (Vedadi et al., 2006;
Ericsson et al., 2006). DSF is most often used in conjunction with a real-time PCR instrument

(Lo et al., 2004). The fluorescent dyes that are most commonly used in DSF are those that are
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highly fluorescent in non-polar environments where as in aqueous solutions the fluorescence
is often quenched. The hydrophobic sites on unfolded proteins provide a good non-polar
environment for fluorescence of dyes. Epps et al. (2001) concludes that different dyes are
found to be useful as they possess different inherent optical properties, particularly in the

fluorescence quantum yield caused by binding to denatured protein.

The stability of a protein is related to its Gibbs free energy of unfolding, AGy, which
is temperature-dependent (Schellman, 1997; Privalov, 1979). The stability of most proteins
decreases with temperature; as the temperature increases, the AG, decreases and becomes
zero at equilibrium where the concentrations of folded and unfolded protein are equal. At this
point, the temperature is considered as melting temperature (Ty,). If the protein unfolds in a
reversible two-state manner, the equilibrium thermodynamics models will apply (Brandts,
1990). If a compound binds to a protein, the free energy contribution of ligand binding in
most cases results in an increase in AGy, which may cause an increase in the Ty, It has been
shown that the stabilizing effect of compounds upon binding is proportional to the
concentration and affinity of the ligands (Matulis et al., 2005 and Vedadi et al., 2006).
Although for many proteins unfolding is not a reversible (equilibrium) monomolecular two
state reaction as described, assuming equilibrium conditions allows one to approach protein

stability reasonably well and compare it under different conditions.

Thermal stability can be assessed using CD by following changes in the spectrum
with increasing temperature. A single wavelength can be chosen which monitors a specific
feature of the protein structure, and the signal at that wavelength is then recorded
continuously as the temperature is raised. If the protein precipitates or aggregates as it is
unfolded, the melting reaction will be irreversible, and the melting temperature will reflect

the kinetics of aggregation and the solubility of the unfolded form of the molecule as well as
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the intrinsic conformational stability. The co-operativity of the unfolding reaction is
measured qualitatively by the width and shape of the unfolding transition. A highly
cooperative unfolding reaction indicates that the protein existed initially as a compact, well-
folded structure, while a very gradual, non-cooperative melting reaction indicates that the
protein existed initially as a very flexible, partially unfolded protein or as a heterogeneous

population of folded structures (www.ap-lab.com).

This chapter focuses on the effects of different buffer conditions and temperature on
the conformation of the xylanases. The application of DSF assesses the effects of different
buffers including the addition of NaCl and glycerol on the melting temperature of the
xylanases. The secondary structure of the proteins were further investigated using CD, and

the folded fraction and gibbs free energy were calculated.
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3.2. MATERIALS AND METHODS

3.2.1. Materials:

SYPRO Orange was purchased from Invitrogen (cat. no. S6650). Adhesive aluminium
seals were from ABgene, (cat. no. AB-0626) and U-bottom 96-well microplates were from
Corning (cat. no. 3355). All DSF and CD experiments were performed in Prof. Eva

Nordberg-Karlsson’s laboratory (Department of Biotechnology, Lund University, Sweden).

3.2.2. Differential Scanning Fluorometry (DSF)

DSF monitors thermal unfolding of proteins in the presence of a fluorescent dye SYPRO
orange and is typically performed by using a real-time PCR instrument according to the
protocol by Vedadi et al. (2006). A Tecan Freedom Evo 200 Robot was used to dispense
buffers in a 96 well PCR plate. A volume of 700 ul was used for each well with a xylanase
concentration of 100 mg/ml. 1 pl of the fluorescent dye SPYRO orange was added and the
solution was mixed using a pipette. The solution was then centrifuged at 200 g for 1 minute
to collect all of the solution at the bottom and to remove bubbles. The PCR plate was then
sealed with optical foil and placed into a RT-PCR instrument and the temperature scan was
run from 25 °C to 95 °C, at 1 °C min™. SYBR green software was used to analyse data and to
display selected curves. In DSF, the fluorescence intensity is plotted as a function of
temperature; this generates a sigmoidal curve that can be described by a two-state transition.

The inflection point of the transition curve (Tm) is calculated using a Boltzmann equation,

L4 WL—LL)
y= _
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where LL and UL are the values of minimum and maximum intensities, respectively, and a
denotes the slope of the curve within Tp. T, values were calculated by determining the

maximum of the first derivative using the SYBR green software.

3.2.3. Circular dichroism (CD)

The CD spectra of the three xylanase proteins were obtained using a JASCO J-815 CD
spectrophotometer in a reaction volume of 300 pl at a concentration of 0.3 mg/ml to 0.5
mg/ml. The normalization of spectra was performed using the software provided by the
instrument manufacturer. Temperature spectra scans were recorded from 20 °C to 95 °C for
the xylanases from B. halodurans and T. lanuginosus and 20 °C to 98 °C for the xylanase
from R. marinus. Buffer/Blank CD (mdeg) signal was substituted from the sample. Spectra in
the near UV region were measured in a 0.01 mm pathlength cylindrical quartz cell in 20mM

phosphate buffer at 220 nm (Davoodi, 1996).

The CD signal (0, in milli degrees) was converted to mean residual ellipticity units ([6]

in deg.cm?/dmol) using the following equation (Labhardt, 1986):

_ 0 x MRW

~ 10xCxl
Where MRW is the mean residue weight of the protein in g/mol, C is the concentration in
mg/ml and | is the path length of the cuvette in cm. The mean residue weight of the protein

was calculated by the equation:

MW
MRW = —
n

Where MW is the molecular weight of the protein and n was the number of residues.
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Further analysis was conducted from CD data and the fraction of folded protein (1),
constant of folding (2) and the free energy of unfolding (3) were calculated using the

following equations:

1. The fractions of folded protein at any temperature (o) was calculated as:
a = (90bs - Gu)/
(Hf - Hu)

Where Oops is the observed ellipticity at any point, 0, is the ellipticity of the unfolded protein

and 0 is the ellipticity of the fully folded form.

2. The constant of folding was determined from the equation:

=Yy

Where F is the fluorescence observed in the folded state and U is the fluorescence observed

in the unfolded state.

3. The free energy of unfolding (AG) determined as:
AG = -RTInk

Where R is the gas constant (1.987 cal.mol™.K™), T is the absolute temperature.

62



3.3. RESULTS AND DISCUSSION

3.3.1. Differential scanning fluorometry for R. marinus xylanase

The different temperatures obtained at which the R. marinus xylanase denatures in
different buffers are detailed in Table 3.1. The PCR software package Mx3005p created a
graphical representation for each of the temperatures. The R. marinus xylanase showed two
maximum denaturation points at 89 °C for 50 mM Na,HPO, at pH 7.2 and 1 M NaHepes at
pH 7.6: This means that the R. marinus xylanase is stable until 89 °C in 50 mM Na,HPO, at
pH 7.2 (Fig 3.1A) and 1M NaHepes at pH 7.6 (Fig. 3.1B). Similar melting temperatures (T,)
were displayed utilizing differential scanning calorimetry where the xylanase from R.
marinus displayed a T, of 91.9 °C (Abou-Hachem et al., 2003). The amplification graph
represented the fluorescent emission captured by the PCR machine. Starting at 20 °C at cycle
one the temperature increased by increments of 1 °C for every cycle. As the enzyme unfolds
the fluorescence increases. When the enzyme was incubated with 50 mM Na,HPO, at pH 7.2
it showed the highest fluorescence emission and denaturation point (Fig. 3.2A). The
dissociation curve displaying fluorescence against temperature, clearly shows (50 mM
Na;HPO,at pH 7.2) maintained the highest fluorescent emission for the protein (Fig. 3.2B).
DSF allows for the expression of T, for a large number of different buffer conditions (Niesen
et al., 2007). Tr, shows the optimum temperature for activity before denaturation occurs. The
R. marinus xylanase, further confirmed results as reported in Chapter 2, with a T, of 89°C for

two separate buffers, the highest optimum activity of the three xylanases.
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Table 3.1: Influence of different buffer conditions on the DSF melting temperature (Tr,) for
R. marinus xylanase (100 mg/ml) using the fluorescent dye Spyro Orange (1 ul) over a

temperature range of 25 °C to 95 °C, at 1 °C min™.,

Well Number Buffer Buffer 3 M NaCl Glycerol (ml) H,O (ml) Tm (°C)
Volume (ml) (ml)
Al 1M NaOAc 0.4 0.2 0 0.4 64
pH 5.1
A2 0.5M MES 0.8 0.2 0 0 66
pH 6
A3 1M AmAc 0.4 0.2 0 0.4 82
pH 6
A4 0.73M Bis 0.4 0.2 0 0.4 82
Tris pH 6.5
A5 2M Nakako 0.2 0.2 0 0.6 82
pH 6.7
A6 0.5M 0.8 0.2 0 0 82
Imidazole pH
7
A7 0.5M MOPS 0.8 0.2 0 0 82
pH 7.2
A8 10x PBS pH 0.4 - 0 0.6 85
7.3
A9 1M AmAc 0.4 0.2 0 0.4 82
pH 7.5
Al0 1M Hepes- 0.4 0.2 0 0.4 82
AcpH 7.5
All 1M Na- 0.4 0.2 0 04 89
Hepes pH
7.6
Al2 1M Na- 0.4 0.2 0 0.4 82
Hepes pH 8
B1 1M Tris/HCI 0.4 0.2 0 0.4 82
pH 8
B2 1M Bicin pH 0.4 0.2 0 0.4 82
14
B3 1M PCTP pH 0.4 0.2 0 04 82
9.5
B4 0.5 Fosfat pH 0.8 0.2 0 0 82
10 (Insulin)
B5 1M NaHepes 0.4 0.2 0 0.6 81
pH 7.6
B6 1M NaHepes 0.4 0.0668 0 0.533 80
pH 7.6
B7 1M NaHepes 0.4 0.2 0 0.4 82
pH 7.6
B8 1M NaHepes 0.4 0.2 0 0.4 82
pH 7.6
B9 1M 0.4 0.2 0 0 89
NaHepes pH
7.6
B10 1M NaHepes 0.4 0.2 0.2 0.2 64
pH 7.6
B11 1M NaHepes 0.4 0.2 0.4 0 82
pH 7.6
B12 1M NaHepes 0.4 0.2 0.2 0 82
pH 7.6
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Fig. 3.1: Xylanase from R. marinus (100 mg/ml) with Spyro Orange (1 pl) from 25 °C to 95
°C, at 1°C min™ with A. 1M NaHepes (pH 7.6) showing a maximum denaturation
temperature at 89 °C. B. 50 mM NaPO, (pH 7.2) showing a maximum denaturation
temperature at 89 °C.
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Fig. 3.2: Xylanase from R. marinus (100 mg/ml) with Spyro Orange (1 pl) from 25 °C to 95
°C, at 1 °C min™. A. Amplification curve showing fluorescence against the number of PCR
cycles and B. Dissociation curve showing fluorescence against temperature using various

buffers (Table 3.1): Al (o), A2 (o), A3 (A), A4 (V), A5 (T),A6 (P), A7 (0), A8 (0), A9 (0),A10

(¥), A1l (1), A12 (o), B1 (0),B2 (1), B3 (V), B4 (Y), B5 (™), B6, B7 (0), B8 (0), B9 (), B10
(¥), B11 (©), B12 (o)
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3.3.2. Differential scanning fluorometry for B. halodurans xylanase

The xylanase from B. halodurans showed a much wider range of pH stability and its
maximum denaturation point in four different buffers was 77°C (Table 3.2). Utilizing
differential scanning calorimetry, the T, for a B. circulans xylanase was calculated with the
wild type exhibiting a Ty, 59.7 °C while mutants of the same enzyme exhibiting a Tr, as high
as 72 °C (Davoodi, 1996). With a minimum denaturation temperature of 74 °C, this
confirmed that the xylanase is active in a wide variety of buffers and over a wide range of pH
values as there is only a two degree difference between its highest and lowest temperature of
denaturation. Two buffer’s where the xylanase showed a maximum denaturation point are 1
M NaOAc at pH 5.1 (Fig. 3.4A) and 1 M NaHepes at pH 7.6 (Fig. 3.4B) again highlighting
good pH stability. The B. halodurans xylanase exhibited a marked pH tolerance and the
amplification curve confirmed this. With only a 2 °C difference between the highest and
lowest temperatures obtained, the graphs all peak in a very similar area, from about 54 to 58
cycles (Fig. 3.5A). The dissociation curve for the B. halodurans xylanase clearly illustrates
its pH tolerance (Fig. 3.5B) with visible peaks at 75 °C and 77 °C. The close grouping of
peaks and the similar fluorescence values confirm that the xylanase from B. halodurans has a
high pH tolerance. B. halodurans produces a highly alkalophilic enzyme that has an optimum
pH of 9 but exhibits high relative activity from pH 7 to pH 10 (Gashaw, 2006). The recorded
DSF data reinforced that the xylanase is optimum over such a relatively wide pH range, as
the recorded Ty, for the different buffers ranged from 74 °C to 77 °C with a clustering of the
Tm curves in both the amplification and dissociation curves. The xylanase was found to have
optimum activity at 70 °C, so further investigations into stabilizing conditions could be done

to enhance its thermostability.
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Table 3.2: Influence of different buffer conditions on the DSF melting temperature (Tr,) for
B. halodurans xylanase (100 mg/ml) using the fluorescent dye Spyro Orange (1 ul) over a

temperature range of 25 °C to 95 °C, at 1 °C min™.,

Well Number Buffer Buffer 3 M NaCl Glycerol (ml) H,O (ml) Tm (°C)
Volume (ml) (ml)
Al 1M NaOAc 0.4 0.2 0 0.4 77
pH5.1
A2 0.5M MES 0.8 0.2 0 0 76
pH 6
A3 1 M AmAc 0.4 0.2 0 0.4 75
pH 6
Ad 0.73M Bis 0.4 0.2 0 0.4 75
Tris pH 6.5
A5 2M Nakako 0.2 0.2 0 0.6 77
pH 6.7
A6 0.5M 0.8 0.2 0 0 75
Imidazole pH
7
A7 0.5M MOPS 0.8 0.2 0 0 77
pH 7.2
A8 10x PBS pH 0.4 - 0 0.6 75
7.3
A9 1M AmAc 0.4 0.2 0 0.4 75
pH 7.5
Al0 1M Hepes- 0.4 0.2 0 0.4 77
AcpH 7.5
All 1M Na- 0.4 0.2 0 0.4 75
Hepes pH 7.6
Al2 1M Na- 0.4 0.2 0 0.4 75
Hepes pH 8
B1 1M Tris/HCI 0.4 0.2 0 0.4 75
pH 8
B2 1M Bicin pH 0.4 0.2 0 04 74
14
B3 1M PCTP pH 0.4 0.2 0 04 74
9.5
B4 0.5 Fosfat pH 0.8 0.2 0 0 75
10 (Insulin)
B5 1M NaHepes 0.4 0.2 0 0.6 75
pH 7.6
B6 1M NaHepes 0.4 0.0668 0 0.533 75
pH 7.6
B7 1M NaHepes 0.4 0.2 0 0.4 75
pH 7.6
B8 1M NaHepes 0.4 0.2 0 0.4 75
pH 7.6
B9 1M 0.4 0.2 0 0 77
NaHepes pH
7.6
B10 1M NaHepes 0.4 0.2 0.2 0.2 75
pH 7.6
B11 1M NaHepes 0.4 0.2 0.4 0 75
pH 7.6
B12 1M NaHepes 0.4 0.2 0.2 0 76
pH 7.6
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Fluorscence (a.u.)

Fig. 3.3: Xylanase from B. halodurans (100 mg/ml) with Spyro Orange (1 pl) from 25 °C to
95 °C, at 1 °C min™® with A. 1 M NaOAc (pH 5.1) showing a maximum denaturation
temperature at 77 °C. B. 1 M NaHepes (pH 7.6) showing a maximum denaturation
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Fig. 3.4: Xylanase from B. halodurans (100 mg/ml) with Spyro Orange (1 ul) from 25 °C to
95 °C, at 1 °C min™. A. Amplification curve showing fluorescence against the number of
PCR cycles and B. Dissociation curve showing fluorescence against temperature using

various buffers (Table 3.2): Al (o), A2 (o), A3 (A), Ad (V), A5 (Y),A6 (), A7 (0), A8 (1), A9

(0),A10 (3), A1l (), A12 (o), B1 (0),B2 (1), B3 (V), B4 (Y), B5 (P), B6, B7 (0), B8 (), B (©),
B10 (%), B11 (), B12 ().
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3.3.3. Differential scanning fluorometry for T. lanuginosus xylanase

The xylanase from T. lanuginosus, when compared to the B. halodurans xylanase, was
not as tolerant for the buffers tested. The maximum temperature was 78°C, with a minimum
of 67 °C, showing a 12 °C difference (Table 3.3). The buffer yielding the optimum
temperature was 0.73 M Bis Tris pH at 6.5 (Fig. 3.6A) with 0.5 M MES at pH 6 (Fig. 3.6B)
and 1 M AmAc at pH 6, both showing a denaturation point of 76 °C. The amplification curve
clearly achieved the highest peak at 78°C with 0.73 M Bis Tris at pH 6.5, while the 0.5 M
MES at pH 6 and 1 M AmAc at pH 6 both peaked at 76 °C despite the difference in
fluorescent emissions (Fig.3.7A). Differential scanning calorimetry results for a phytase
produced by T. lanuginosus exhibited T, of 69 °C (Berka et al., 1998 and Maheshwari et al.,
2000). Several other buffers tested exhibited similar results confirming the three buffers were
by far the most suitable. The dissociation curve again clearly shows the ideal buffers for
thermal protection against denaturation. Well A4, 0.73 M Bis Tris at pH 6.5, showed
maximum emission at 78 °C (Fig. 3.7B). The xylanase from T. lanuginosus showed the

greatest increase with regards to DSF results with a maximum T, at 78 °C.
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Table 3.3: Influence of different buffer conditions on the DSF melting temperature (Tr,) for

T. lanuginosus xylanase (100 mg/ml) using the fluorescent dye Spyro Orange (1 ul) over a

temperature range of 25 °C to 95 °C, at 1 °C min™.,

Well Number Buffer Buffer 3 M NaCl Glycerol (ml) H,O (ml) Tm (°C)
Volume (ml) (ml)
Al 1M NaOAc 0.4 0.2 0 0.4 74
pH 5.1
A2 0.5M MES 0.8 0.2 0 0 76
pH 6
A3 1 M AmAc 0.4 0.2 0 0.4 76
pH 6
Ad 0.73M Bis 0.4 0.2 0 0.4 78
Tris pH 6.5
A5 2M Nakako 0.2 0.2 0 0.6 73
pH 6.7
A6 0.5M 0.8 0.2 0 0 75
Imidazole pH
7
A7 0.5M MOPS 0.8 0.2 0 0 73
pH 7.2
A8 10x PBS pH 0.4 - 0 0.6 72
7.3
A9 1M AmAc 0.4 0.2 0 0.4 73
pH 7.5
Al0 1M Hepes- 0.4 0.2 0 0.4 70
AcpH 7.5
All 1M Na- 0.4 0.2 0 04 71
Hepes pH 7.6
Al2 1M Na- 0.4 0.2 0 04 69
Hepes pH 8
Bl 1M Tris/HCI 0.4 0.2 0 04 73
pH 8
B2 1M Bicin pH 0.4 0.2 0 04 71
14
B3 1M PCTP pH 0.4 0.2 0 04 69
9.5
B4 0.5 Fosfat pH 0.8 0.2 0 0 67
10 (Insulin)
B5 1M NaHepes 0.4 0.2 0 0.6 69
pH 7.6
B6 1M NaHepes 0.4 0.0668 0 0.533 73
pH 7.6
B7 1M NaHepes 0.4 0.2 0 0.4 70
pH 7.6
B8 1M NaHepes 0.4 0.2 0 0.4 71
pH 7.6
B9 1M NaHepes 0.4 0.2 0 0 73
pH 7.6
B10 1M NaHepes 0.4 0.2 0.2 0.2 73
pH 7.6
B11 1M NaHepes 0.4 0.2 0.4 0 69
pH 7.6
B12 1M NaHepes 0.4 0.2 0.2 0 70
pH 7.6

72




Fluorscence (a.u.)

Fluorscence (a.u.)

8000 -
7500 —
7000 -
6500
6000 —
5500 -
5000 -

4500 -

' 1
30 40 50 60 70 80 90 100
Temperature (°C)

8000 -
7500 -
7000 -
6500 -
6000 -
5500 -
5000 -

4500

v 1
30 40 50 60 70 80 90 100
Temperature (°C)

Fig. 3.5: Xylanase from T. lanuginosus (100 mg/ml) with Spyro Orange (1 pl) from 25 °C to
95 °C, at 1 °C min with A. 0.73 M Bis Tris (pH 6.5) showing a maximum denaturation
temperature at 78 °C. B. 0.5 M MES (pH 6) showing a maximum denaturation temperature at
76 °C.
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Fig. 3.6: Xylanase from T. lanuginosus (100 mg/ml) with Spyro Orange (1 pl) from 25 °C to
95 °C, at 1 °C min™. A. Amplification curve showing fluorescence against the number of
PCR cycles and B. Dissociation curve showing fluorescence against temperature using

various buffers (Table 3.1): Al (o), A2 (o), A3 (A), Ad (V), A5 (7),A6 (), A7 (0), A8 (1), A9

(0),A10 (3), A1l (), A12 (o), B1 (0),B2 (1), B3 (V), B4 (Y), B5 (P), B6, B7 (0), B8 (), B (),
B10 (%), B11 (), B12 ().
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3.3.4. Circular dichroism for R. marinus xylanase

R. marinus produces a highly thermostable xylanase that has an optimum activity at 90
°C. The enzyme depicts a 50 % P-sheet conformation comprised of 12 strands and 85
residues along with 3 % a-helical structure comprised of 2 helices and 6 residues (PDB
accession no. 1K42). Fig. 3.8 A shows an emission at [0]240nm Of -320 deg.cmzldmol at 20 °C.
The emission for [0]240nm at 20 °C to 60 °C shows similar mean residual ellipticity which
indicates no change in conformation over higher temperatures.. The emission increased
steadily from around 70 °C to 90 °C as the enzyme would have taken on its optimal
conformation as it reaches its optimum temperature for activity. This indicates the onset of
changes in the enzyme structure and it can be concluded that the enzyme starts denaturing at
this temperature. CD experiments on an a-mannosidase displayed a similar temperature
profile where a gradual decrease in ellipiticity was observed with an increase in temperature.
Although fluorescence indicated basic unfolding, far UV CD spectra indicated that major
unfolding did not take place even at 9 0°C (Shashidhara et al., 2010). The midpoint of the
denaturation curve shows the T, value of 82 °C, which is comparable to the data from DSF.
Sazuki et al. (2001) reported similar melting profiles for 3-isopropylmalatede hydrogenases
that exhibited similar residual activity at thermophilic temperatures. For [0]240nm, the reverse
from 98 °C to 20 °C showed evidence that the xylanase from R. marinus is unable to regain
its conformation, however, after the temperature was raised to 98 °C giving a [0] of -220
deg.cmz/dmol and showing a vast increase from original [0]240nm, Of -290 deg.cmzldmol at 20
°C compared with -210 deg.cm?/dmol . A steady baseline of just over 400 V for both 20 °C to
90 °C and the reverse indicating the signal was of an acceptable level with no interference

indicated is shown in Fig. 3.8B.
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The fraction of the folded protein (a) for the R. marinus xylanase is shown in Table 3.4.
From 25 °C to 50 °C (Fig. 3.8A) a minimal change in conformation occurred and at 50 °C an
a value of 0.9137 was recorded. At 60 °C, slightly more unfolding was observed with an o
value of 0.8633. At 70 °C more than 50 % of the R. marinus xylanase remained folded with
an o value of 0.615 recorded. The a value at 90 °C, was 0.1383 and this could be attributed to
this conformation of the enzyme that allows for optimum activity. All three xylanases
exhibited negative AG values indicating exothermic reactions that do not need an input of
energy. The R. marinus xylanase exhibited the same AG value of -296.24 kcal.mol™ for 30°C
and 40 °C. At 80 °C, a AG value of -126.59 kcal.mol™ was exhibited which was a substantial
increase from 70 °C, and at 90 °C, AG again increased to -34.71 kcal.mol™. The xylanase
from R. marinus exhibited the lowest AG of -34.71 kJ at 90 °C which was expected as it was

optimally active at that temperature.
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Fig. 3.7: A. Analysis of R. marinus xylanase (0.5 mg/ml in 20 mM phosphate buffer)
recorded at 220 nm from 20 °C — 98 °C (o) and 98 °C — 20 °C (o). B. Monitoring of CD

interference (voltage) from 20 °C — 98 °C (e) and 98 °C — 20 °C (o).
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Table 3.4: Fraction of folded protein (o) and Gibbs free energy of unfolding (AG) at

increasing temperatures for the R. marinus xylanase.

Temperature (°C) o AG (kcal.mol'l)

25 1 -

30 0.9676 -296.2402
40 0.9287 -296.2402
50 0.9137 -301.7223
60 0.8633 -281.0059
70 0.6153 -246.0075
80 0.3007 -126.5883
90 0.1383 -34.7081

3.3.5. Circular Dichroism for B. halodurans xylanase

The xylanase from B. halodurans has an optimum activity at 70 °C, but is highly
alkophilic being stable over a pH range from 7 to 10. The enzyme shows 44 % a-helix
conformation comprised of 18 helices and 160 residues along with 16 % [-sheet structure
comprised of 19 strands 60 residues (PDB accession no. 2UWF). Fig. 3.9A showed a marked
increase in mean residual ellipticity for the xylanase starting at 50 °C tailing off at around
80°C. The [0]240nm, from 20 °C to 50 °C showed similar values of -370 deg.cm?/dmol. After
50°C the mean residual ellipticity increased to 80 °C of [6]240nm -260 deg.cm?dmol. At 80 °C
to 95 °C although the results were not smooth there was no significant increase in mean
residual ellipticity. As with the xylanase from R. marinus (Fig. 3.8A), the xylanase from B.
halodurans was unable to regain its conformation after the reverse run ending at around —
230 deg.cm®dmol at 20 °C compared to -340deg.cm?dmol at the beginning of the
experiment. The midpoint of the denaturation curve shows the T, value of 68 °C which is

comparable to the data from DSF. Hontzeas et al. (2004) reported melting curves for 1-
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aminocyclopropane-1-carboxylate deaminase that exhibited similarities with the B.
halodurans xylanase as well as a strong signal at 222 nm which is found to be a characteristic
for o helical protein such as the xylanase from B. halodurans. Fig. 3.9B showed a voltage of
around 480 V for both 20 °C to 95 °C and the reverse with steady baselines showing there

was minimal interference and adequate signal.

When compared with the fraction of folded protein, the xylanase from B. halodurans
showed a larger fraction of unfolding (Table 3.5) when compared with the more thermal
active R. marinus xylanase. At 30 °C the B. halodurans xylanase exhibited an o value of
0.9015 where at 40 °C and 50 °C the enzyme displayed similar a values of 0.8339 and 0.8235
respectively. At 60 °C the fraction of folded protein was 0.4929 which showed a large
decrease over 10 °C. At 70 °C the fraction of folded protein was 0.3514 and continued to
drop as the temperature was increased. The B. halodurans xylanase showed similar AG
values at lower temperatures. 30 °C, 40 °C, and 50 °C exhibited -262.80 kcal.mol™, -270.11
kcal.mol™ and -247.02 kcal.mol™ respectively. When compared with the xylanase from R.
marinus, the B. halodurans xylanase had an increase in free energy at lower temperatures
(164.70 kcal.mol™) at 60 °C and further increasing to -52.71 kcal.mol™ at 70 °C. Higher AG
values were exhibited for 80 °C and 90 °C of -25.68 kcal.mol® and -6.21 kcal.mol™

respectively.

The B. halodurans xylanase, as expected, displayed an increased unfolding of protein
when compared with the more robust xylanase from R. marinus as well as higher AG values
especially at higher temperatures of 80 °C and 90 °C. At 70 °C, the optimum temperature of
the B. halodurans xylanase, it exhibited 0.3514 folded protein and a AG of -52.71 kcal.mol™

which was far lower than both the xylanases from R. marinus and T. lanuginosus. This could
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be explained from chapter 1l where even though the B. halodurans xylanase was optimally

active at 70 °C it expressed far lower activity then both the xylanases from R. marinus and T.

lanuginosus.
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Table 3.5: Fraction of folded protein (o) and Gibbs free energy of unfolding (AG) at
increasing temperatures for the B. halodurans xylanase.

Temperature (°C) < AG (kcal.mol™)

25 1 :

30 0.9015 262.8093

40 0.8339 270.1096

50 0.8235 247.0155

60 0.4929 164.8965

70 0.3514 52,7062

80 0.2417 25,6825

90 01738 6.2056

3.3.6. Circular Dichroism for T. lanuginosus xylanase

The xylanase isolated from T. lanuginosus has an optimum activity at 70 °C and a p-
sheet conformation. The enzyme shows 63% [B-sheet conformation comprised of 15 strands
and 123 residues along with 5% a-helix structure comprised of 1 helix and 10 residues (PDB
accession no. 1YNA). Fig 3.10A shows a slow increase in mean residual ellipticity at 60 °C
to 70 °C followed by a steep increase to 80 °C which then remained constant until 95 °C.
Similar ellipticity where exhibited for protease subtilisin S41 mutants 3-2G7 and 8-4A9
where the melting curves indicate a substantial structural stabilization in its folded state
(Wintrode et al., 2001). The [8]40nm at 50 °C was -360 deg.cm®/dmol and remained so until
around 60 °C. The R. marinus xylanase showed a similar pattern for the reverse spectra but at
80 °C the increased from -340 deg.cm?/dmol to -240 deg.cm®/dmol. The xylanase from T.
lanuginosus as well as those from R. marinus and B. halodurans, were unable to regain its
confirmation as for the reverse 20 °C the [0]os0nm Was found to be -290 deg.cm?dmol

compared with -360 deg.cm?dmol at the start of the experiment. The midpoint of the
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denaturation curve shows the Ty, value of 75 °C which is comparable to the data from DSF.
Fig 3.10B showed a constant voltage of around 390 V for both 20 °C to 95 °C and the reverse

showing an adequate signal and no interference.

The fraction of folded protein for the xylanase from T. lanuginosus (Table 3.6) showed
minimal unfolding at 30 °C, 40 °C and 50 °C with o values of 0.9805, 0.9738 and 0.9738,
respectively. At 60 °C, an a value of 0.8639 was observed showing that from 30 °C to 60 °C
very little unfolding of the protein occurred. The optimum temperature for the T. lanuginosus
xylanase was 50 °C but the enzyme exhibited 91% and 84% relative activity for 60 °C and 70
°C respectively. Being a xylanase that is active at such high temperatures, a lack of unfolding
at these temperatures was expected. After 70°C the T. lanuginosus Xylanase exhibited less
than 20 % relative activity and this can be compared with the extremely low o values
observed from circular dichroism data, as at 80°C and 90°C the corresponding o values were
0.0260 and 0.0640 respectively, the lowest observed fraction of folded protein for the three
xylanases studied. The AG at 30°C for the T. lanuginosus xylanase was observed to be -
313.05 kcal.mol™ which decreased to -322.69 kcal.mol™ and -331.32 kcal.mol™ for 40 °C and
50°C respectively. These were the lowest recorded AG values for all three xylanases. At 60
°C, the AG value was still very low at -309.01 kcal.mol™ but started to increase at 70 °C, the
optimum temperature of the xylanase from T. lanuginosus, to -240.96 kcal.mol™. It showed a
dramatic increase in AG at 80 °C and 90° C only exhibiting -3.72 kcal.mol™ and -3.03

kcal.mol™ respectively at such high temperatures.

The T. lanuginosus xylanase showed the least unfolding and the lowest AG values from
30 °C to 70 °C which was as expected due to retaining high relative activity from 50 °C to 70

°C which could suggest robustness under such conditions. As the temperature was increased
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to 80 °C and 90 °C, however, the xylanase quickly lost viability exhibiting 0.0260 folded

protein and a AG of -3.7190 kcal.mol™.
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Fig: 3.9. A. Analysis of T. lanuginosus xylanase (0.5 mg/ml in 20 mM phosphate buffer)
recorded at 220 nm from 20 °C — 98 °C (o) and 98 °C — 20 °C (o). B. Monitoring of CD
interference (voltage) from 20 °C — 98 °C (e) and 98 °C — 20 °C (o).
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Table 3.6: Fraction of folded protein (o) and Gibbs free energy of unfolding (AG) at

increasing temperatures for the T. lanuginosus xylanase.

Temperature (°C) o AG (kcal.mol™)

25 1 }

30 0.9805 -313.0456

40 0.9738 -322.6880

50 0.9738 -331.3231

60 0.8639 -309.0072

70 0.6313 -240.9619

80 0.0260 -3.7190

90 0.0640 -3.0306

3.4. Conclusions

The R. marinus xylanase exhibited a fluorescence that indicated a T, of 89 °C which was
comparable to water bath assays in chapter 2. The fraction of folded protein was calculated
and although fluorescence indicated basic unfolding, major unfolding did not take place. At
70 °C still over 50 % of fraction folded protein was indicated and at 80 °C and 90 °C negative
AG of -126.59 kcal.mol™ and -34.71 kcal.mol™, respectively were exhibited. The xylanase
from R. marinus displayed the lowest AG at 80 °C and 90 °C which was to be expected due

to its thermophilic nature and optimum activity at 90 °C.

Results expressed by DSF again reiterated the B. halodurans xylanase pH stability as all
the T, were located between 74 °C and 77 °C where it’s optimum temperature for activity
was 70 °C. However, at 70 °C the fraction of folded protein was recorded as 0.3514 and a AG

value of -52.71 kcal.mol™ which was far higher than that of the R. marinus and T.
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lanuginosus xylanase. This could be due to the fact that although the B. halodurans xylanase
was optimally active at 70 °C when compared with the three other xylanases it showed

significantly lower activity exhibiting a relative activity of 40 % at its optimum temperature.

The xylanase from T. lanuginosus displayed a peak T, of 78 °C for 0.73 M Bis Tris at a
pH of 6.5 which was the highest increase in T, for the three xylanases tested. The xylanase
exhibited 84 % relative activity at 70 °C. The T. lanuginosus xylanase exhibited the least
decrease in the fraction of folded protein displaying values of 0.9805, 0.9738 and 0.9738 for
30 °C, 40 °C and 50 °C, respectively. At 60 °C a folded fraction of 0.8639 and the lowest AG
value of -309.01 kcal.mol™. At 70 °C the AG increased to -240.96 kcal.mol™ but the enzyme
quickly began to denature at higher temperatures of 80 °C and 90 °C exhibiting a AG of -3.72
kcal.mol™ and -3.03 kcal.mol™ and a folded fraction of 0.0260 and 0.0640, respectively. As
the xylanase from T. lanuginosus exhibited 20 % and 10 % relative activity at 80 °C and 90

°C, these results are to be expected as the enzyme would be undergoing denaturation.
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CHAPTER 4: GENERAL DISCUSSION

4.1 The research in perspective

Biotechnology is rapidly entrenching itself into industrial applications in an effort to
produce greener, cleaner and more efficient processes. Industries are looking for
replacements to harsher chemical processes and biotechnological applications are attempting
to fill the niche created by over production and over pollution. The pulp and paper industry is
such an industry. Bleaching of the pulp used in the process of creating paper is often
accomplished by the addition of liberal amounts chlorine where by biotechnology now offers
the alternative of biobleaching, the addition of xylanases to accomplish the same ends and
enzymes that exhibit thermostable characteristics have been utilized as a suitable substitute for
chlorine chemicals in pulp bleaching (Kulkarni et al., 1999). Biotechnology has played a major
role in the advancement of the paper and pulp industry and has attracted considerable interest
as a way to overcome many ecological and economical problems related to conventional
industrial technologies (Shatalov and Pereira, 2007). There are still challenges facing
biobleaching, namely the necessity of tailored enzymes for the process that are able to
withstand high temperatures and the alkaline pH’s that are prevalent in the biobleaching
process as well as the activity at such diverse conditions. Such enzymes are being discovered
or in fact created it will lead to more efficient processes and decrease the use of harsher
chemicals in the pulp and paper industry as well as other industrial processes (Johannes &
Zhao, 2006) and thermostable proteins have been studied extensively to gain insight into the

adaptive mechanisms for achieving thermostability (Kinjo and Nishikawa, 2001).

The main focus of this study was to attempt to characterise Xylanases possessing
thermophilic and alkalophilic traits that would be of use in industrial processes. Their
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structures and how they relate to function and activity was also assessed in an attempt to
correlate their structure and specific desirable traits to function. Information that has been
collected pertaining to the sequence, structure and mutagenesis of enzymes has, however,
shown that there is no single mechanism that is responsible for the stability of thermophilic

proteins (Vieille and Zeikus, 2001).

The second chapter involved biochemical characterisation and fluorescence
spectroscopic analyses at increasing temperatures and the results of salt denaturation with
GdnHCI of the four selected xylanases from organisms. Two crude Xxylanases, one from R.
marinus a hyperthermophile, a second, B. halodurans an alkalophile and T. lanuginosus and
Pulpzyme HC two commercially available enzymes. The xylanases studied possessed
desirable characteristics for study and to be used in industrial processes and such
thermostable proteins have been studied extensively to gain insight into the adaptive
mechanisms for achieving thermostability (Kinjo and Nishikawa, 2001). The xylanase from
R. marinus was found to be optimally active at 90 °C, the B. halodurans xylanase was found
to be optimally active at 70 °C and active over a wide pH range having a relative activity of
over 90 % from pH 7 to 10. The commercially xylanase from T. lanuginosus was found to
retain over 90 % and 84 % relative activity at 60 °C and 70 °C, respectively while Pulpzyme
HC had an optimum temperature at 60 °C and pH 7. Although stability is an important
consideration when determining the economic feasibility of introducing an enzyme into an
industrial process, some enzymes have genuine temperature optima that are not dictated by

conformational stability (Farinas et al., 2001 and Daniel et al., 2001).

The xylanases activity was then compared using 10 units of the enzyme at their optimum

pH. Pulpzyme HC exhibited the highest relative activity even retaining 90 % at 70 °C. The
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xylanases from B. halodurans and T. lanuginosus were out performed by Pulpzyme HC and
the R. marinus xylanases. The xylanase from B. halodurans only exhibited 40 % relative
activity and its optimum temperature. The xylanase from T. lanuginosus exhibited superior
results having a relative activity of around 75 % at its optimum. The xylanase from R.
marinus showed approximately 90 % and 95 % at 80 °C and 90°C, respectively which when
compared with the commercially available xylanase from T. lanuginosus and Pulpzyme HC

at such high temperatures would suggest it as a desirable enzyme.

Fluorescence spectroscopic analyses of the four xylanases was then performed at
increasing temperatures as well as using GdnHCI denaturation. The studies did show
similarities in emission spectra and intensities for thermal studies. The denaturation of
proteins is the unfolding from a structured native state to an unstructured state with a
decreased residual structure which tends toward random coil but proteins rarely exhibiting
spontaneous unfolding as the native state exhibits the most stability (Graaf, 2000). The
xylanase from T. lanuginosus at 70°C gave off similar emissions when compared with that of
the B. halodurans xylanase at its optimum temperature of 70°C. This could show a
relationship that both enzymes have a similar conformation with respect to Trp residue
position when active at higher temperatures. Consalvi et al. (2000) suggested that upon
heating, specifically at higher temperatures, the local tryptophan microenvironment is not
identical to that of the native state. The R. marinus xylanase exhibited the lowest emission
intensity which could be due to its structure and the Trp microenvironment that allows it to
achieve optimal activity at such high temperatures such as 80°C and 90°C and under
denaturing conditions the energy transfer from Tyr or Trp residues does not occur anymore

and frequently results in increased tyrosine emission in the fluorescence spectra with Tyr
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residues fluorescing at 280 nm (Froelich and Yeates, 1976). Pulpzyme HC exhibited a high

intensity for 50°C and 60°C respectively.

Due to the native state of proteins exhibiting the most stability unfolding is typically
studied using chemical denaturants such as GdnHCI and urea which induces varying degrees
of unfolding in the domains and loses its residual structure and then increases in size
(Vazquez., et al., 1999; Dill and Shortle, 1991). The xylanases from R. marinus and T.
lanuginosus showed only moderate to low susceptibility to chemical denaturation with
GdnHClI especially at high temperatures, the conformation due to increasing concentrations
of GdnHCI was similar to that of the control. The xylanase from B. halodurans showed more
of a marked response to GdnHCI as 3.0 M GdnHCI influenced the xylanase the most showing
its highest intensity as the structure of the enzyme reacts to increased temperature and salt
concentration as the Trp residues are able to fluoresce at a higher rate. Chemical denaturation
had the largest effect of Pulpzyme HC as the control always showed the lowest intensity in all
three selected temperatures by some degree. At 50°C the control emissions intensity was
around 500 a.u. whereas at a concentration 3.0M the intensity was recorded at over 1400 a.u.
Even at its optimum temperature of 50°C its conformation was vastly changed due to the
addition of GdnHCI. This trend continued for 70°C and 90°C and can be attributed to
conformation becoming increasingly that of a random coil at the highest concentrations of

denaturant (Shortle and Ackerman, 2001)

This investigation into fluorescence spectroscopy helped in elucidating information
concerning the structural and functional relationship. The enzymes with high levels of
activity at high temperatures showed similar low emission intensities and it was shown that

Pulpzyme HC, although the best xylan degrader, underwent significant conformational
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changes due to the addition of even small amounts of GdnHCI. The xylanase from B.
halodurans, despite being highly alkalophilic, also exhibited conformational change due to
chemical denaturation specifically at high salt concentrations. The xylanases from R. marinus

and T. lanuginosus exhibited only minor changes to the addition of GdnHCI.

Conformational studies were further investigated in chapter four which dealt with
differential scanning fluorometry and melting temperatures due to a variety of different
buffers and additives as well as conformational circular dichroism studies. The xylanases
from R. marinus and B. halodurans displayed thermo tolerance exhibiting a T, of 90 °C and
pH stability, respectively as was to be expected from earlier studies. The proteins stability is
linked to the AG which is temperature dependant (Schellman, 1997 and Privalov, 1979) and
as the temperature increases so too does the stability and AG which indicates that
concentrations of folded and unfolded proteins are equal. This point of zero AG is considered
the melting temperature (T,) (Brandts, 1990). The R. marinus xylanase exhibited a melting
temperature (T) of 89 °C where as the alkalophilic xylanase from B. halodurans exhibited
T ranging from only 74 °C to 77 °C which highlighted both its pH stability and its
thermophilic nature. The xylanase from T. lanuginosus displayed the greatest increase in Ty,
from the buffer mixture. Its optimum temperature for xylan hydrolysis was found to be 50°C
although it did exhibit up to 84% relative activity for 70 °C. A T, of 78 °C is an 8 °C increase
using 0.73 M Bis Tris pH 6.5. The use of 0.5 M MES pH 6 buffer also gave a good increase

in T, to 76 °C.

All three xylanases investigated exhibited thermophilic properties, the R. marinus
xylanase, a hyperthermophile with an optimum activity at 90 °C, the B. halodurans xylanase

having an optimum temperature for activity at 70 °C and the xylanase from T. lanuginosus
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retaining over 84 % relative activity at 70 °C. All three enzymes lost conformation and were
unable to regain it after such high temperatures, but all three xylanases exhibited negative AG
values indicating exothermic reactions that do not need an input of energy. Afzal et al. (2005)
suggests that lower AG values indicate the action of transition complex into products as
increasingly spontaneous and due to lower changes of free energy would translate to more
feasible and spontaneous reactions. The R. marinus Xxylanase exhibited the highest
temperature for optimum activity also showed the lowest AG, -34.71 kcal.mol™, at 90 °C
which was expected. The xylanase from B. halodurans with an optimum activity at 70 °C
exhibited 0.3514 of folded protein and a AG of -52.71 kcal.mol™* with when compared with
the 0.6153 and -246.01 kcal.mol™ of the R. marinus xylanase and 0.6313 and -240.96
kcal.mol™ for the xylanase from T. lanuginosus, is low in comparison. An explanation can be
found when compared in terms of relative activity however from fig. 2.3 where the B.
halodurans was found to have significantly lower relative activity. The T. lanuginosus
showed the highest values for all three enzymes from 30 °C to 60 °C. At 60 °C the fraction of
folded protein was still 0.8639 and it still retained a AG of -309.01 kcal.mol™. Even at 70 °C
the fraction of folded protein for the T. lanuginosus xylanase was found to be 0.6313 and -
240.96 kcal.mol™ for AG. From fig. 2.8 it can be seen that the xylanase from T. lanuginosus,
although showing an optimum temperature of 50 °C, 84 % relative activity and the majority

of conformation was still retained at 70 °C.

Evolution of this study confirms that the action on xylan hydrolysis among the four
different xylanases as well as increasing the knowledge of the structural and functional
relationships of the enzymes. It demonstrated the importance of understanding the structure
and function relationship of enzymes and the further work that is still necessary. The majority

of current studies only investigate typical pH and temperature data during incubation if water
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baths, which are often found not to be accurate or reveal sufficient information pertaining to
the structure-function relationship of enzymes. This study was able to demonstrate this and
helps pave the way to apply similar methods to enzymes that are rapidly evolving as a result
of directed evolution. Through fluorescence spectroscopy, structural similarities were seen
between the three more thermophilic enzymes where as the commercially available Pulpzyme
HC showed a susceptibility to chemical denaturation. DSF was particularly beneficial for the
xylanase from T. lanuginosus where it obtained a melting temperature of 78°C. Assessing
diverse enzymes such as the hyperthermophilic xylanase from R. marinus and the
alkalophilic xylanase from B. halodurans provided further insight into the structure-function

relationship and how these desirable traits could best be used for industrial processes.

4.2 Future prospects for research

Further work into the structure and function relationship of not only xylanases but other
enzymes will lead to accumulating data and increasing the understanding of what exactly it is
that gives thermopiles the ability and conformation to remain active at such high
temperatures. Enzymes isolated from thermophilic organisms most often tend to retain
activity at their high temperature optima whilst their mesophilic counterparts are optimally
active at their own temperature optima (Jaenicke and Bohm, 1998) and while enzymes such as
some fungal strains have genuine temperature optima that are not always dictated and reliant on
conformational stability (Daniel et al., 2001) most enzyme activity at high temperatures, pH and

other conditions are based upon its conformation.

Thermal adaptation, however, cannot be completely attributed to any specific

characteristic but rather is an amalgamation of various changes and processes that contribute
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to the overall stability of an organism. Characteristics including membrane lipid composition,
protein structure and synthesis or thermostabilizing substances found in the cytoplasm could

all contribute to overall stability (Rizzatti and Sandrim, 2004).

Therefore further study in an organisms ability to perform and remain active under
different stressful conditions is needed. With respect to conformation further work involving
CD can be done with chemical denaturants to assess how the conformation changes. Other
enzymes can be studies that posses inherent characterises that valued in industry such as
thermo and pH stability, high activities, or even pyscrophiles to assess their conformations at
ranging conditions. Studies into the ability of chaperonins that are responsible for assisting in
protein refolding in their active form could also be important to further understanding (Everly
and Alberto, 2000). The effect of the conformation of the enzymes and the relationship which
allows the enzyme to retain function and activity would be crucial in further understanding
the structure-function relationship. Molecular techniques could also be of great assistance is
isolating and even reproducing the valued characteristics of different enzymes in an attempt

to create more robust enzymes that are tailored to suit specific processes.
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