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Abstract

A study of 3-galactosidases from thermoacidophiles

Candidate: Jayne Murphy

Microorganisms that grow under multiple stress conditions, such as thermoacidophiles,
are a rich source of novel glycosyl hydrolases. B-Galactosidases isolated from these
extreme microorganisms would be of academic interest by extending the knowledge
with regard to such novel enzymes that are active at elevated temperature and/or low
pH. These biocatalysts may also find possible applications in various industrial
processes where harsh processing conditions are used. It is the purpose of this study to
identify novel B-galactosidases from thermoacidophiles for further investigation. This
work focused on Picrophilus torridus DSM 9790, the most acidophilic thermophile
discovered to date, in addition to selected thermoacidophilic aicyclobacilli.

A B-gaactosidase from P. torridus DSM 9790 was identified using bioinformatic
anaysis, while that from Alicyclobacillus vulcanalis DSM 16176 was selected after
initial characterisation of crude p-galactosidases produced by a range of alicyclobacilli.
Despite extensive cloning trials, recombinant production of these enzymes failed to
yield abiologically active form of either protein. The [-galactosidases were purified to
homogeneity from their native sources and LC-MS/MS anaysis was used to confirm
the identity of the purified proteins. Extensive characterisation of the enzymes was
carried out and included investigations into the pH and temperature activity and
thermostability of the target enzymes. The P. torridus DSM 9790 B-galactosidase
displayed maximal activity at 70 °C and a acidic pH values of 5.0-5.5. Optimd
temperature was identical for the A. vulcanalis DSM 16176 B-galactosidase but this
enzyme had a higher pH optimum of 6.0. Both enzymes were found to be thermostable
a a significant level indicating their potential use in high temperature industria
processes.

Some preliminary application studies were carried out using the selected f-
galactosidases as biocatalysts in the synthesis of the synthetic disaccharide lactulose at
high temperature. A biocatalyst process characterised by environmentally ‘clean’
production and straight forward purification would be considered an environmentally-
friendly alternative strategy to the currently employed chemica alkaline isomerisation
for production of lactulose. The B-galactosidase from P. torridus DSM 9790 showed
some potential in this regard.

- XVi -
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1.0 Overview and purpose of study

Thermoacidophiles are microorganisms that are capable of optimum growth under a
combination of high temperature (55-95 °C) and low pH (0-4) [Bertoldo et al. 2004].
They are found almost exclusively among the archaea and include the genera
Picrophilus, Sulfolobus, and Thermoplasma. Thermophilic bacteria capable of
growing under acidic conditions have also been isolated, in particular a number of
species belonging to the genera Alicyclobacillus [Bertoldo et al. 2004]. These
extreme microorganisms have proven to be a rich source of thermo- and/or acid-
stable proteins, which could find use as novel biocatalysts in various industrial
processes, where harsh process conditions are used [Schiraldi et al. 2002]. Thereis
growing interest in thermostable glycosyl hydrolases as running biotechnological
processes at elevated temperature has a number of advantages, in particular improved
substrate solubility and reduced risk of contamination [Niehaus et al. 1999, Turner et
al. 2007]. p-Galactosidase is an enzyme that catalyses the hydrolysis of B-D-
galactosides such as lactose, in addition to possessing a transglycosylation activity
for the production of galacto-oligosaccharides [Biswas et al. 2003]. B-
Galactosidases from microorganisms are more widely used as compared to those
from plant and animal sources as they are produced in higher yields, lowering
production costs [Ansari and Satar 2012].

There is significant industria interest in B-galactosidase as the hydrolysis of lactose
by this enzyme presents a number of benefits in terms of industrial application,
including: development of lactose hydrolysed products, better biodegradability of
whey, and formation of oligosaccharides such as lactulose [Mlichova and Rosenberg
2006, Rhimi et al. 2010]. Lactulose represents one of the most valuable lactose
derivatives with therapeutic applications and has received much attention due to its
many uses in the pharmaceutical and food industries [Kim et al. 2013]. The
production of lactulose using biocatalysts would present a number of advantages

over the current chemical production methods [Tang et al. 2011].

It is the purpose of this study to investigate novel -galactosidases from selected
thermoacidophiles. Extensive attempts were made to produce recombinant versions

of selected enzymes, in order to achieve high level expression. However, difficulty
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in obtaining biologically active recombinant product led to the purification of these
[-galactosidases from their native source. Extensive characterisation of the enzymes
was carried out involving traditional biochemical characterisation studies, and
included investigations into the thermostability of the target enzymes. The overall
aim of this study is to extend the knowledge with regard to such novel enzymes with
potential industrial application. Some preliminary application studies were
undertaken; the selected p-galactosidases were used as biocatalysts in the synthesis
of the synthetic disaccharide lactulose at high temperatures.

1.1 Extremophiles
1.1.1 Typesof extremophilesand speciesdelineation in Prokaryotes

During the last 50 or so years, a diverse range of microorganisms have been
discovered living in environments previously considered too hostile to support life
[Madigan and Oren 1999]. These extreme microorganisms, known as
‘extremophiles’, have evolved not only to survive but to thrive in these adverse
environmental conditions and are classified according to the specific extreme
conditions in which they live [de Champdore et al. 2007]. These different classes of
extremophiles include microorganisms living at very low or high temperatures
(psychrophiles or thermophiles, respectively), living at extreme acidic or basic values
of pH (acidophiles or alkalophiles, respectively), or living in the presence of high salt
concentrations (halophiles). Other types of extremophiles exist which can tolerate
high metal ion concentrations (metallophiles), high-pressure conditions (piezophiles),
high levels of ionising and ultraviolet radiation (radiophiles), extremely dry
conditions (xerophiles), or low oxygen levels (microaerophiles) [Demirjian et al.
2001, Gomes and Steiner 2004]. In addition, some extremophiles are subjected to
multiple stress conditions; thermophilic acidophiles are microorganisms that are
capable of optimum growth under a combination of high temperature (55-95 °C) and
acidic pH (0-4) [Bertoldo et al. 2004].

Thermoacidophiles are found almost exclusively among the Archaea and include the
genera Acidianus, Desulfurolobus, Ferroplasma, Metallosphaera, Picrophilus,
Sygiolobus, Sulfolobus, Sulfurisphaera, Sulfurococcus, and Thermoplasma

[Bertoldo et al. 2004]. Thermoplasma acidiphilum and Sulfolobus acidocaldarius
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were the earliest thermoacidophilic archaea to be identified - they were isolated from
a coa refuse pile and acidic therma habitats, respectively [Brock et al. 1972,
Darland et al. 1970]. Thermophilic bacteria capable of growing under acidic
conditions have aso been isolated, in particular a number of species belonging to the
genera Alicyclobacillus. Thermoacidophiles are typically found in solfataric fields,
where the soils consist of two different layers made readily identifiable by their
different colours - an upper, aerobic, ochre layer (containing ferric iron, acidic pH of
0.5-6.0) and alower, anaerobic, blackish-blue layer (containing ferrousiron, pH of 5-
7) [Bertoldo et al. 2004, Symposium 2008].

The majority of extremophilic organisms are members of the Archaea, but species
have been isolated that belong to the domains of Bacteria and Eucarya.  The
Archaea were first recognised as a phylogenetically distinct class of microorganisms
by Carl Woese and colleagues in the late 1970s, through ribosomal RNA sequence
characterisation. The three domains of life each consist of two or more kingdoms
(Figure 1.1). Archaea share a number of features with bacteria, namely: lack of a
nuclear membrane and organelles, similar cell sizes, and DNA present as a large
circular chromosome often accompanied by one or more small circular DNA
plasmids [Brown and Doolittle 1997]. There are, however, many differences
between these two domains, in particular the process of protein transcription and
trandation, which is much more similar between the Archaea and Eucarya. The
latter two domains share initiation and elongation factors, and their transcription
involves TATA-binding proteins and Transcription Factor 11 B. Additional structural
features separate archaea from the other two domains. archaeal membranes are
composed of glycerol-ether lipids, while those of both bacteria and eukaryotes are
composed primarily of glycerolester lipids. Unlike most bacteria, archaea have a
single cell membrane that lacks an outer peptidoglycan-like wall. Also notable are
the flagella, which differ in composition and development between archaea and
bacteria [Alqueres et al. 2007].
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Bacteria Archaea Eucarya

19

Bacteria: 1, the Thermotogales; 2, the flavobacteria and relatives; 3, the cyanobacteria; 4, the purple
bacteria; 5, the Gram-positive bacteria; and 6, the green non-sulphur bacteria. Archaea: the kingdom
Crenarchaeota: 7, the genus Pyrodictum; and 8, the genus Thermoproteus, and the kingdom
Euryarchaeota: 9, the Thermococcales; 10, the Methanococcales; 11, the Methanobacteriales; 12, the
Methanomicrobiales; and 13, the extreme halophiles. Eucarya: 14, the animals; 15, the ciliates; 16,
the green plants; 17, the fungi; 18, the flagellates; and 19, the microsporidia.

Figure 1.1: Universal phylogenetic tree in rooted form, showing the three domains

of life
[Woese et al. 1990]

DNA-DNA hybridisation (DDH) is widely regarded as the method of choice for
species delineation in archaea and bacteria [Stackebrandt and Goebel 1994]. In
genera, the phylogenetic definition of a species would include strains with
approximately 70 % or greater DNA-DNA relatedness [Wayne et al. 1987].
However, this method is largely considered tedious and error-prone and cannot be
used to incrementally build up a comparative database [Auch et al. 2010]. Recent
developments in the area of genome sequencing has triggered the development of
computational techniques to replace wet-lab DDH [Meer-Kolthoff et al. 2013].
Some in silico methods based on the comparison of completely sequenced genomes
have aready been developed, for example Genome Blast Distance Phylogeny and
AMPHORA2 [Wu and Scott 2012, Henz et al. 2005]. The former method of
genome-based species delineation infers genome-to-genome distances between pairs
of entirely or partially sequenced genomes [Meier-Kolthoff et al. 2013]. Genomes
are initially compared using Blast, next a distance matrix is computed, and finaly a
tree- or network-reconstruction method such as Neighbor-Joining or Neighbor-Net is
applied [Henz et al. 2005].
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1.1.1.1 TheArcheon Picrophilustorridus

The thermoacidophilic archeon Picrophilus torridus was first isolated from dry hot
soil in solfataric fields located in Northern Japan. This moderately thermophilic,
hyperacidic organism grows optimally at 60 °C and pH 0.7 [Schleper et al. 1996].
The two Picrophilus species isolated to date (P. torridus and Picrophilus oshimae)
belong to the order Thermoplasmales but have their own distinct family, the
Picrophilaceae. 16S rRNA sequence analysis has shown their closest relative to be
Thermoplasma acidiphilum, which prior to their discovery was considered the most
acidophilic thermophile known, with a growth optimum of 59 °C and pH 1-2
[Darland et al. 1970, Schleper et al. 1996]. P. torridus has an unusually low
cytoplasmic pH of 4.6, in contrast to other acidophilic organisms that maintain
internal pH values close to neutral. Life under these conditions forces
thermoacidophiles to alter the cell membrane such that it isless permeable to ions, as
the membrane is the only physical barrier against the external low pH and often has

to endure steep pH gradients [van de Vossenberg et al. 1998].

P. torridus cells are irregular cocci with a diameter of about 1 um and undergo
division by constriction. Cells are enclosed in a 20 nm thick S-layer with a regular
tetragonal symmetry, outside of which polysaccharide chains are most likely
attached. The 16S rRNA sequence of P. torridus differs from that of P. oshimae by
about 3 %. P. oshimae contains two non-identical plasmids (about 8.3 and 8.8 kbp in
length), which are altogether absent in P. torridus [Schleper et al. 1996]. P. torridus
is a heterotrophic aerobe that grows at temperature intervals of 47-65 °C and pH
intervals of 0-3.5. It is an obligate acidophile; at pH values above 4 it will not grow
as cells start to lyse rapidly [Schleper et al. 1996, van de Vossenberg et al. 1998]. P.
torridus is able to utilise a variety of different carbon sources — growth has been
reported on both yeast extract and meat extract, with the addition of glucose, starch,
carboxymethyl cellulose, or xylan resulting in higher cell densities. The simple
sugars maltose and xylose appear to have no effect on growth [Serour and
Antranikian 2002].

Futterer et al. [2004] determined the complete genome sequence of P. torridus and
found a number of features in the genome which may contribute to the thermophilic
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survival strategy of this thermoacidophile. The extreme habitat of this archaea may
have led to the extremely small genome size 1.5 Mb, which is one of the smallest
genomes among non-parasitic free living organisms sequenced so far. Small genome
size (about 1.6-1.8 Mb) is typica among thermophilic prokaryotes and may be a
direct result of selective pressure, as high temperatures lead to an increased error rate
in their nucleic acids due to cytosine deamination. The hostile environment in which
this microorganism lives has aso lead to the high coding density of its genome
which amounts to 91.7 %, higher than that reported for Thermoplasma acidophilum
(89 %) and Sulfolobus solfataricus (85 %) [Angelov and Liebl 2006, Fitterer et al.
2004].

An especialy high ratio of secondary over ATP-consuming primary transport
systems indicates that the high proton concentration in the surrounding medium is
extensively used for transport processes. Results from the genome sequence also
indicate that certain genes, which are especialy important for the extreme lifestyle of
this archaeon, have been internalised into the genome of the Picrophilus lineage by
horizontal gene transfer from crenarchaea and bacteria. It is also significant that
thermoacidophiles from phylogenetically distant branches of the Archaea appear to
share asurprisingly large pool of genes [Futterer et al. 2004].

1.1.1.2 TheBacteria Alicyclobacillus

Uchino and Doi [1967] isolated three strains of spore-forming bacilli from a hot
spring in the Tohoku district, Japan. These microbes were initially classed as
Bacillus coagulans but were later designated as the new species Bacillus
acidocaldarius, on the basis of their low pH optimum and DNA base composition
[Darland and Brock 1971]. Comparative 16S rRNA sequence anaysis revealed B.
acidocaldarius, along with the newly discovered Bacillus acidoterrestris and
Bacillus cycloheptanicus, to have significant differences to the traditional Bacillus
species. In addition, they were found to possess a unique lipid (o-alicylic fatty acid)
in their membranes. These Bacilli were thus reclassified into a newly-created genus,
Alicyclobacillus gen. nov. [Wisotzkey et al. 1992, Smit et al. 2011].
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The alicyclobacilli are a major cause of spoilage in fruit juice and fruit-based
products; their acidophilic nature allows them to survive in the acidic fruit juice
environment, even when they are subjected to high temperatures during
pasteurisation [Smit et al. 2011]. The first report of food spoilage of this nature
came in 1982 when an Alicyclobacillus strain, later identified as Alicyclobacillus
acidoterrestris, was isolated from spoiled apple juice [Cerny et al. 1984, Wisotzkey
et al. 1992]. There is much ongoing research into alicyclobacilli, as spoilage caused
by this microbe is a magjor concern to the global food industry [Steyn et al. 2011].
The culture characteristics of the strains used in this study are summarised in Table
1.1.

Table 1.1: Culture characteristics of species belonging to the genus Alicyclobacillus

Alicyclobacillus Source Culture characteristics
species
pH range Temperature Oxygen
(optimum) range (°C) requirement
(optimum)
A. acidiphilus Acidic beverage 2.5-55 20-55 Aerobic
(3.0) (50)
A. acidocaldarius  Thermal acid waters 2.0-6.0 45-71 Aerobic
(3.5-4.0) (53-65)
A. acidoterrestris ~ Soil/apple juice 2.5-5.8 20-70 Aerobic
(4.5-5.0) (36-53)
A. contaminans Soil from crop fieldsin Fuji city 3.5-55 35-60 Aerobic
(4.0-4.5) (50-55)
A. herbarius Herbal tea 3.5-6.0 35-65 Aerobic
(4.5-5.0) (55-60)
A. kakegawensis Soil from crop fields in Kakegawa 3.5-6.0 40-60 Aerobic
(4.0-4.5) (50-55)
A. shizuokensis Soil from crop fields in Shizuoka 3.5-6.0 35-60 Aerobic
city (4.0-4.5) (45-50)
A. wulcanalis Geothermal pool, Coso hot 2.0-6.0 35-65 Aerobic
springs, California (4.0) (55)

(adapted from Smit et al. [2011])

A. wlcanalis cells are Gram-positive, spore-forming rods measuring 1.5-2.5 x 0.4-
0.7 um. This bacterium is closely related to the type strains of A. acidocaldarius,
with their 16S rRNA sequences sharing 97.8 % identity [Simbahan et al. 2004]. The
cell membrane lipid component is composed mainly of w-cyclohexyl fatty acid. This
unique fatty acid, found in the membranes of alicyclobacilli, may help to stabilise

and reduce membrane permeability in extreme environments, by forming a protective
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coating with strong hydrogen bonds [Simbahan et al. 2004, Steyn et al. 2011]. This
bacterium grows on a variety of different carbon sources, including cellobiose, D-
fructose, galactose, glycogen, D-glucose, D-mannose, starch, sucrose, and D-xylose
[Simbahan et al. 2004].

1.1.2 Extremozymesand their biocatalytic potential

Extremozymes are biocatalysts produced by extremophiles that function under
extreme conditions, comparable to those prevailing in various industrial processes
[Gomes and Steiner 2004, Niehaus et al. 1999]. The definition of extreme depends
on the organism from which the protein was sourced; enzymes from thermophiles are
able to function a very high temperature, while extracellular enzymes from
acidophiles are active at low pH. Acidophilic microorganisms have interna pH
values close to neutral and so intracellular enzymes from these organisms tend not to
be adapted to extremely low pH [Pikuta et al. 2007]. Traditionally, enzymes used in
industrial processes have been sourced from mesophilic organisms, which have
limited or no activity at extremes of temperature or pH. However, as industria
process conditions are harsh, there is a growing demand for biocatalysts that are
stable and active under the severe conditions currently being used [Gomes and
Steiner 2004]. Thermoacidophiles have proven to be arich source of thermo- and/or
acid-stable proteins, with numerous reports in the literature of these very novel
enzymes (Table 1.2).

Extremozymes present many possibilities for the biotechnological industry, relating
to their direct application in industrial processes, and by extending the knowledge
(acquired from molecular sequences and crystallographic studies) that will alow the
redesign of traditional enzymes for use as novel biocatalysts [Schiraldi et al. 2002].
These enzymes can be obtained from the native host strains but production costs are
expensive; fermentation, which is carried out at high temperatures using corrosive
media, requires the use of specialised equipment. There are many issues that have to
be addressed during the development of production processes for these extreme
organisms [Schiraldi and de Rosa 2002]. Additionally, native enzyme levels are
typically low, and so it is usually desirable to use mesophilic hosts for recombinant

expression of the target enzyme [Schepers et al. 2006]. There have



Table 1.2: Select extremozymes characterised from different archaeal and bacterial sources

Organism Enzyme pH Temperature  Potential application Reference
optimum  optimum (°C)

Alicyclobacillus acidocaldarius L-arabinose isomerase' 6.0-6.5 65 Food industry (artificial sweeteners) [Leeet al. 2005]

Alicyclobacillus acidocaldarius B-glycosidase 5.0 85 Bioethanol production (degradation of cellulose [Di Lauro et al. 2006]
and hemicellulose)

Alicyclobacillus acidocaldarius kumamolisin-like protease® 20 60 Industrial scale biopeptide production [Catara et al. 2006]

Alicyclobacillus. sendaiensis o-amylase® 35 85 Food industry (starch processing) [Li etal. 2012]

NUST

Alicyclobacillus. sp. A4 B-1,4-glucanase® 34 60 Feed industry (decreases viscosity of barley- [Bai et al. 2010a]
soybean feed)

Ferroplasma acidiphilum a-glucosidase™ 35 nr Food industry (starch hydrolysis and production of  [Ferrer et al. 2005]
oligosaccharides)

Metallosphaera hakonesis trehal ose synthase™ 5.0 70 Food and cosmetics industry (trehalose [Seo et al. 2007]
biosynthesis)

Picrophilus torridus esterases (EstA and EstB)' 6.5 (EstA) 70 (EstA) Hydrolyse fatty acid esters (organic synthesis) [Hess et al. 2008]

7.0 (EstB) 55 (EstB)
Picrophilus torridus glucoamylase® 20 90 Food industry (production of glucose from starch)  [Serour and Antranikian
2002]

Picrophilus torridus c-glutamyl transpeptidase™ 7.0 55 Pharmaceutical and food industries (synthesisof y- [Rajput et al. 2013]
glutamyl peptides)

Picrophilus torridus trehal ose synthase' 6.0 45 Food and cosmetics industry (trehalose [Chen et al. 2006]
biosynthesis)

Sulfolobus solfataricus B-galactosidase™ 6.0 90 Pharmaceutical and food industries (production of ~ [Wu et al. 20134]
oligosaccharides)

Sulfolobus solfataricus Oa xylanase" 35 95 Bioethanol production (utilisation of agro- [Maurelli et al. 2008]
industrial waste)

Sulfolobus solfataricus P2 endo-B-glucanase® 1.8 80 Bioethanol production (cellulose degradation) [Huang et al. 2005]

Sulfolobus tokodaii strain 7 a-glucosidase™ 4.0 95 Food industry (starch hydrolysis and production of  [Park et al. 2013]
oligosaccharides)

Thermoplasma volcanium acid protease” 3.0 55 Food industry (rennet substitute in cheese industry, [Kocabiyik and Ozel
or for brewing) 2007]

Note: nr - not reported. Localisation: E, extracellular; 1, intracellular; M, membrane-associated
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been a number of reportsin the literature of the successful expression of thermo- and/or
acidophilic enzymes in Escherichia coli but often this standard expression system is

accompanied by misfolding and inclusion body formation [van den Burg 2003].

Despite the difficulties encountered in large-scale production of these extremozymes, a
number have found their way into industrial processes. The best known example of the
successful application of a thermophilic enzyme is Tag DNA polymerase, which was
purified from the thermophile Thermus aquaticus. With a high temperature optimum of
80 °C, this extremozyme has allowed the automation of PCR technology by replacing
the traditionally used DNA polymerases from mesophiles [de Champdore et al. 2007,
Chien et al. 1976]. Thermoacidophiles are a rich source of novel biocataysts, the
enzymes produced by these organisms are very thermostable, with many of the
extracellular enzymes exhibiting stability and activity at low pH. Although the
intracellular metabolic enzymes are active at neutral or sightly acidic pH, they still hold
great potential when compared to more traditional mesophilic enzymes. Running
biotechnological processes at €l evated temperature has a number of advantages: reaction
components become more soluble, fluid viscosity is reduced, and the diffusion
coefficient of organic compounds is increased. Moreover, the risk of contamination is
reduced by performing biological processes at temperatures above 60 °C [Niehaus et al.
1999, Turner et al. 2007]. The archeon P. torridusis atruly unique extremophile; it has
an unusualy low intracellular pH of 4.6, suggesting that both extra- and intracellular
enzymes sourced from this extremophile would be active under a combination of high

temperature and low pH [Angelov et al. 2006].

Carbohydrate metabolising enzymes from thermoacidophiles are of particular interest to
the biotechnology sector. Many of these enzymes belong to the glycosyl hydrolase
family and could find use in the starch processing industry, which converts starch into
more valuable products such as dextrins, fructose, glucose, and trehalose. These
thermostable biocatalysts would be much more suited than the currently used
mesophilic enzymes as high temperatures are used in these processes to liquefy the
starch [Schiradi et al. 2002]. There have been a number of these enzymes aready
produced from thermoacidophiles, some noteworthy examples including an a-amylase
(Topt 75 °C and pHox 4.2) from Alicyclobacillus sp. A4 [Ba et al. 2012], an a-
glucosidase (Toxx 87 °C and pHex 5.0) from P. torridus [Angelov et al. 2006],

-11-
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glucoamylases (Top: 90 °C and pHgy: 2.0) from Picrophilus oshimae, P. torridus and
Thermoplasma acidiphilum [Serour and Antranikian 2002], a glycogen-debranching
enzyme (Top 85 °C and pHop 5.5) from Sulfolobus shibatae [Van et al. 2007], and a
number of others described in Table 1.2. Other robust enzymes from these
extremophiles could find use in various industrial processes, including trehalose

synthases, proteases, cellulases, esterases, and 3-gal actosidases [Hess 2008].

1.2 p-Galactosidase

B-Galactosidase (EC 3.2.1.23, B-D-galactoside galactohydrolase, lactase) catalyses the
hydrolysis of B-D-galactosides such as lactose, which is converted to glucose and
gaactose. The enzyme also possesses a transglycosylation activity where the glycone
moiety or galactose interacts with acceptor molecules such as sugars and alcohols,
leading to the synthesis of sugar derivatives [Biswas et al. 2003]. p-Galactosidase is a
member of the glycosyl hydrolases (EC 3.2.1.x), carbohydrate-metabolising enzymes
found in the three kingdoms of life [Gul-Guven et al. 2007, Henrissat 1991]. These
enzymes are classified according to Henrissat (1991), who based classification on amino
acid sequence data and, when available, structural information [Bauer et al. 1998].
Glycosyl hydrolases may also be classified on the basis of their substrate specificity by
an Enzyme Commission (EC) designator but some glycosyl hydrolases, especially exo-
acting B-specific versions, have broad specificities making Henrissat’s system more
appropriate [Bauer et al. 1998].

There are currently 132 families of glycosyl hydrolases, of which the known f-
gaactosidases belong to GHF-1, GHF-2, GHF-35, and GHF-42 [Cantarel et al. 2009,
Rojas et al. 2004]. They are al members of the GH-A superfamily, which comprises
enzymes (GH-A enzymes) that have a TIM barrel fold for a catalytic domain and cleave
glycosidic bonds via a retaining mechanism [Rojas et al. 2004]. Family 1 contains
many different glycosyl hydrolases, including B-glucosidase, B-mannosidase, -
glucuronidase, and exo-B-1,4-glucanase. B-Galactosidases from this family have been
isolated from bacteria, eukaryotes, and archaea such as Sulfolobus solfataricus [Cantarel
et al. 2009, Inohara-Ochiai et al. 1998]. Of the four GH families containing f-
gaactosidases family 2 is the best studied. This family currently contains 4,013

glycosyl hydrolases, the majority of which are found in microorganisms and includes f3-
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gal actosidases from Aspergillus, Bacillus megatherium, and Escherichia coli, the latter
of which is one of the most widely studied and commonly used B-galactosidases
[Cantarel et al. 2009, Gul-Guven et al. 2007, Hidaka et al. 2002, Husain 2010].
Glycosyl hydrolase family 35 contains a diverse range of -galactosidases; over 25 of
these enzymes are retaining B-galactosidases (retain galactose moiety after cleavage),

with the majority of these being of eukaryotic origin [Blanchard et al. 2001].

B-Galactosidase is the only enzyme assigned to glycosyl hydrolase family 42, with 50 -
gal actosidases placed in this family to date. Many of these enzymes are extremozymes,
a number of the B-galactosidases in this family have been isolated from thermophilic,
psychrophilic, thermoacidophilic, and halophilic organisms [Cantarel et al. 2009, Gul-
Guven et al. 2007]. The B-galactosidases purified from the thermoacidophilic bacteria
Alicyclobacillus acidocaldarius 446 is a member of the GHF-42 [Di Lauro et al. 2008].
There is great structural diversity among the B-galactosidases from the different
families. Consequently, the specificity and molecular properties (such as subunit size,
quaternary structure, and metal ion requirements) vary significantly with the source of

the enzyme [Inohara-Ochiai et al. 2002].

1.2.1 Occurrence of B-galactosidase

D-galactose containing oligo- or polysaccharides joined through a p-glycosidic bond
occur in most organisms, so it is not surprising that their corresponding glycosyl
hydrolases are widely distributed in nature, with the enzyme B-galactosidase occurring
universally in microorganisms, plants, and animal organs [Kim et al. 2006, Richmond et
al. 1981, Wallenfels and Weil 1972]. pB-galactosidase occurs in a variety of
microorganisms including yeasts, fungi, bacteria, and archaea (Table 1.3). It is one of
many glycosyl hydrolases produced by microorganisms and serves as an energy and

carbon source by metabolising carbohydrates such as lactose.

-13-



Chapter 1 Introduction

Table 1.3: Examples of -galactosidase-producing microorganisms

Y easts

Candida pseudotropicalis, Cryptococcus laurentii, Kluyveromyces (Saccharomyces) lactis, K. fragilis,
K. marxianus, Lipomyces sp., Torulopsis sphaerica, T. versalitis

Fungi

Altenaria alternate*, Aspergillus awamori*, A. cellulosae*, A. foetidus*, A. nidulans, A. niger, A.
oryzae, A. phoenicis®, A. terreus®, A. wentii*, Aspergillus sp., Chaetomium globosum*, C.
cochlioides*, C. funicola*, C. thermophile var. coprophile*, Fusarium maniliforme, F. oxysporum var.
lini, Geotricum candida*, Humicola grisea var. thermoidea*, H. lanuginose*, Macrophomina phaseoli,
Malbranchea pulchellav var. Sulfurea*, Mucor miehei*, M. pusillus, Mucor sp.*, Mucor muccedo*, M.
javanicus*, Neurospora crassa, Paecilomyces varioti, Penicillium sp., P. multicolour, P. canescens, P.
citrinum, P. luteum*, P. chrysogenum®*, P. frequentans*, P. cycropium*, P. toxidarium*, P. glaucum*,
P. notatum®*, P. roqueforti*, Phycomyces blakeeeanus, Rhizopus acidus*, R. niveus*, R. nigricans*, R.
delemar*, R. javanicus*, R. formosciensis*, R. chinensis*, Scopulariopsis sp., Sclerotium tuliparum,
Spicaria sp., orotrichum sp.*, S. thermophile*, Serigmatomyces elviae, Thermomyces lanuginosus,
Torula thermophile*, Trichoderma viride*

Bacteria

Gram-negative

Aeromonas cavie, A. formicans*, Agrobacterium rediobacter, Bacteroides polypragmatus, Buttiauxella
agrestis, Enterobacter (Aerobacter) cloacae, Escherichia coli, Fibrobacter succinogenes, Klebsiella
pneumoniae, Rhizobium meliloti, R. trifolii, Shigella dysenteriae*, Thermotoga maritime, Thermus sp.,
Treponema phagedenis, Xanthomonas campestris, X. manihotis

Gram-positive

Arthrobacter sp., Bacillus acidocaldarius, B. circulans, B. coagulans, B. macerans, B. megaterium, B.
subtilis, B. stearothermophilus, alkalophilic Bacillus, Bifidobacterium sp., B. bifidum*, B. longum,
Clostridium acetobutylicum, Corynebacterium murisepticum, Lactobacillus delbruckii  subsp.
Bulgaricus, L. bulgaricus, L. casei, L. helveticus, L. murinus, L. plantarum, L. sake, Lactococcus lactis,
Leuconostoc citrovorum, L. lactis, Streptococcus salivarius subsp. Thermophilus, S. thermophilus, S
(Diplococcus) pneumoniae, Thermoanaerobacter sp., Thermoanaerobacterium (Clostridium)
thermosulfurigens

Archaea

Caldariella acidophilia, Haloferax Alicante, Pyrococcus woesei, Sulfolobus solfataricus

Note: Microorganisms listed include not only those whose B-galactosidase is characterised or sequenced
but also those that have been shown to produce B-galactosidase(s) based on the observed hydrolytic and
transglycosylation activity (indicated by an asterisk).

(Adapted from Nakayama and Amachi [1999])

Microorganisms offer a number of advantages over plant and mammalian sources, for
instance: ease of handling, higher multiplication rate, and higher production yield
[Panesar et al. 2006]. Commercia [-galactosidases are derived from GRAS (generaly
regarded as safe) microorganisms, principaly, the yeasts Kluyveromyces fragilis,
Kluyveromyces lactis, and Candida pseudotropicalis, the fungi Aspergillus niger and
Aspergillus oryzae, in addition to a Bacillus species closdly related to Bacillus
stear othermophilus [Panesar et al. 2006].
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There have been numerous reports in the literature on the isolation of B-galactosidases
from microorganisms living in extreme habitats, in particular on those from
thermophilic microorganisms [Gezgin et al. 2013, Kim et al. 2006, Di Lauro et al.
2008, Gul-Guven et al. 2007, Pisani et al. 1990, Ulezlo et al. 2001]. Thereis growing
interest in thermostable glycosyl hydrolases as many natura polymers are more soluble
and thus less recalcitrant to enzymatic cleavage at elevated temperatures [Bauer et al.
1998]. Additionaly, there are a number of advantages of running biotechnological
processes at high temperatures, such as an increase in product recovery from enzymatic

reactions as well as those discussed in section 1.1.2 [Ansari and Satar 2012].

1.2.2 Physical and chemical properties of p-galactosidase

The structure and mechanism of p-galactosidases are best characterised using the
Escherichia coli lacZ B-gaactosidase (EC-p-Gal) [Inohara-Ochiai et al. 2002]. It isone
of the most well studied B-galactosidases and it is commonly used in applications of
molecular biology, such as blue-white screening where it is used as a marker enzyme
[Skalova et al. 2005, Hidaka et al. 2002]. The three-dimensional structure and reaction
mechanism of EC-$-Gal has been elucidated and reported in detail, making this enzyme
a paradigm for understanding the structure and function of other (-galactosidases
[Hidaka et al. 2002, Inohara-Ochiai et al. 2002].

1.2.21 Threedimensional structure and physical properties

Fowler and Zabin [1977] determined the amino acid sequence of EC-B-Gal. The
enzyme contains 1,023 amino acid residues in a single polypeptide chain with the five
residue sequence Thr-Pro-His-Pro-Ala occurring twice per chain. The enzyme's
secondary structure is composed of 40 % B-sheet, 35 % a-helix, 13 % B-turns, and 12 %
random coil [Arrondo et al. 1989]. The isoelectric point of EC-B-Ga was determined
as 4.61 by isoelectric focusing [Wallenfels and Weil 1972]. This p-galactosidase is a
tetramer comprising four identical polypeptide chains (labelled A-D in Figure 1.2), each
estimated to have a molecular mass of 116,248 Da [Pisani et al. 1990, Matthews 2005].
The structure of EC-p-Ga has been deposited in The Protein Data Bank (PDB;
http://www.rcsb.org/pdb/) under the accession number PO0722 [Berman et al. 2000].
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The tetramer has 222-point symmetry with dimensions of roughly 175 x 135 x 90 A
along the twofold axes [Juers et al. 2000]. Each polypeptide chain folds into five well-
defined structural domains (1-5, Figure 1.2), with an extended segment at the amino
terminus [Jacobson et al. 1994]. Domain 3 forms a distorted ‘TIM’ barrel structure
with the active site located at the C-terminal end of the barrel [Matthews 2005,
Jacobson et al. 1994]. The active site forms a deep pit that intrudes well into the central
core of the TIM barrel and includes portions of loops from the first, second, and fifth
domain of the same monomer [Juers et al. 2000, Matthews 2005]. The catalytically
essentialy residues Glu 461, Met 502, Tyr 503, and Glu 537 are found close together
near the active site and are located around the deep pit at the end of the TIM barrel.
This pocket is identified as the substrate binding site [Jacobson et al. 1994]. In EC-$-
Gal the four subunits are grouped around three mutually-perpendicular two-fold axes of
symmetry, which form three distinct interfaces between different pairs of monomers.
The long interface formed by the horizontal two-fold axis (Figure 1.2) relates the A with
B and C with D, while the ‘activating’ interface formed by the vertical two-fold axis
(Figure 1.2) relates A with D and B with C. A third, much smaller, interface relates A
with C and B with D [Matthews 2005].

Activating Interface

Long Interface

Figure 1.2: View of the -galactosidase tetramer |ooking down one of the two-fold axes
Colouring is by domain: complementation peptide, orange; Domain 1, blue; Domain 2, green; Domain 3,
yellow; Domain 4, cyan; Domain 5, red. Lighter and darker shades of a given colour are used to
distinguish the same domain in different subunits. The metal cations in each of the four active sites are
shown as spheres: Na', green; Mg*™, blue [Matthews 2005].
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To date, the structures of several other B-galactosidases have been reported, including
those from Arthrobacter sp. C2-2 (Q8KRF6), Thermus thermophilus A4 (069315),
Bacteroides thetaiotaomicron (Q8AB22), Penicillum sp. (Q700S9), Trichoderma reesei
(Q70SY0), Sulfolobus solfataricus (P22498), in addition to Human Gy ;-Gangliosidosis
(P16278) [Ohto et al. 2011, Berman et al. 2000].

1.2.2.2 p-Galactosidase mechanism of action

Enzymatic hydrolysis of glycosidic bonds occurs via general acid catalysis and requires
two critical residues. a proton donor and a nucleophile/base [Davies and Henrissat
1995]. The B-galactosidase from Escherichia coli has had its catalytic mechanism
extensively studied [Nakayama and Amachi 1999] - Figure 1.3 shows the proposed
mechanism of action for this enzyme. Early studies proposed that a minimum of three
steps were involved, the last of which allows for hydrolase or transferase activity. Both
of these mechanisms occur at the same catalytic site and share a common galactosyl-
enzyme intermediate [Nakayama and Amachi 1999]. This covaent intermediate can be
released by an acceptor [Maksimainen et al. 2012]. Hydrolysis occurs where the
acceptor is water, and free gaactose is released. Where the acceptor is a sugar,
transglycosylation occurs, resulting in formation of galacto-oligosaccharides [Mahoney
1998]. Galacto-oligosaccharides are non-digestible carbohydrates that are primarily
composed of gaactose units; these prebiotic agents have found use in the
pharmaceutical and food industries [Ji et al. 2005, Hernandez-Hernandez et al. 2011].
Figure 1.3 shows the formation of the oligosaccharide lactulose, which occurs when the
acceptor is fructose - the galactosyl moiety is O-glycosidically linked with the C4-atom
of fructose [Schuster-Wolff-Buhring et al. 2010]. During this reaction, lactose itself is
an aternative nucleophile and can act as an acceptor, rendering galacto-
oligosaccharides [Guerrero et al. 2011, Schuster-Wolff-Bihring et al. 2010].
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lactose lactulose
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Figure 1.3: Mechanism of action of p-galactosidase (refer to text for further detail)

B-Galactosidase is a ‘retaining’ glycosidase, catalysing the hydrolysis of its substrates
via a double displacement mechanism. Site-directed mutagenesis identified catalytic
residues in the active site of E. coli B-galactosidases, including Glu46l, Glu537,
Tyr503, Asnd60, His357, and Hisb40. Glu461 isthe acid/base catalyst while Glu537 is
the nucleophile [Juers et al. 2001]. B-Gaactosidase requires magnesium ions for full
catalytic efficiency. One Mg is found at each active site: these ions are not
structurally important but rather they aid in modulating the chemistry and mediating the

interactions between the active site components [Lo et al. 2010].

1.2.2.3 Kineticsof p-galactosidase

B-Galactosidase inhibition, stability, and substrate specificity, in addition to the rate of
substrate hydrolysis by this enzyme has predominantly been investigated using the E.
coli B-galactosidase. However, the kinetic properties of -galactosidases vary with the
source (as outlined in Table 1.4), and a growing number of glycosidases have had their
kinetic parameters determined experimentally [Jurado et al. 2004, O'Connell and Walsh
2010, Sheridan and Brenchley 2000, Pisani et al. 1990].
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Table 1.4: Kinetic constants for given temperatures and pH values for S-galactosidases
from different sources

Enzyme source pH Temperature K (M) K, (M)
e

Aspergillus niger 4.0 50 0.0977 0.000634

Aspergillus oryzae 45 50 0.0469 0.0200

Escherichia coli 7.0 21 0.00332 0.039

Kluveryomyces fragilis 6.9 43 0.0436 0.0519

Kluyveroymces marxianus 6.6 28 0.021 0.0292

Note: K,,, MichaelissMenton; K, , Inhibition constant; M, Molar.
(adapted from Jurardo et al. [2002])

The widely accepted kinetic model for lactose hydrolysis by p-galactosidase is
Michaelis-Menton competitive inhibition by the product (galactose) [Jurado et al.
2002]. There have, however, been other proposed kinetic models (Table 1.5). When
the synthetic substrate O-nitrophenol-p-D-galactopyranoside (ONPG) is hydrolysed by
E. coli B-galactosidase, an alternative kinetic model is seen: the galactose acts as a
competitive inhibitor for lactose, but the free o-nitrophenol (ONP) moiety also acts as

an inhibitor (acompetitive) for the enzyme [Ladero et al. 2001].

Table 1.5: Kinetics model proposed for $-galactosidases from various sources

Kinetic model proposed

Michaelis-Menton first order

Michaelis-Menton without inhibition by product (galactose) (with enzyme-lactose complex formation)
Michaelis-Menton with competitive inhibition by product (total galactose)

Michaelis-Menton with competitive inhibition by product (- and -gal actose)

Michaelis-Menton with competitive inhibition by product (glucose)

Di-, tri-, and tetra-saccharides formation

(adapted from Jurardo et al. [2002])

The kinetics of B-galactosidase transferase activity is affected by a number of factors:
the actual amount of oligosaccharide present at a given time depends upon the relative
rates of synthesis and breakdown. This in turn relies upon both the quantity of lactose
and the extent of lactose hydrolysis, which provides different levels of acceptors as
hydrolysis proceeds [Mahoney 1998]. The substrate specificity of an enzyme affects
the kinetic properties. For many glycosidases, the specificity of p-galactosidase is
confined to the sugar moiety and to the anomeric character of the linkage but not to a
particular aglycon [Wallenfels and Well 1972]. Kinetic studies identified the presence
of two distinct subsites near the active site of E. coli B-galactosidase: the first binding
site is highly specific for galactose, whereas the second binding site lacks substrate
specificity and, thus, allows the binding of a diverse range of 3-D-galactosides beyond
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the natural substrate lactose [Nakayama and Amachi 1999, Bras et al. 2010]. The
specificity and molecular properties of B-galactosidases differ depending on the enzyme
source. The B-gaactosidase from Sulfolobus solfataricus shows broad substrate
specificity and can efficiently hydrolyze B-glycosides other than p-galactosides,
whereas the Saccharopolyspora rectivirgula p-galactosidase is highly specific for g-D-
galactosides [ Nakayama and Amachi 1999].

1.2.3 Characteristics of microbial p-galactosidases

While B-galactosidase is universally occurring, it is the enzymes produced by
microorganisms that have received the most attention. [-Galactosidase used in the food
industry is predominantly isolated from yeast, with the enzyme from Kluyveromyces
lactis being the most widely investigated [Song et al. 2010, Wanarska et al. 2005]. The
molecular properties of microbial B-galactosidases differ markedly depending on the
source (Table 1.6). The native molecular masses of [3-gal actosidases have been reported
to be in the range of 19,000 to 630,000 kDa (the K. lactis enzyme) [Nakayama and
Amachi 1999]. Thereisalarge variation in the subunit structure of these enzymes. The
B-galactosidase from Saccharopolyspora rectivirgula is a simple monomeric protein but
multimeric p-galactosidases abound in nature, with the active form of the second f-
gaactosidase from E. coli occurring as a heterooctamer, the highest order of
organisation reported for these enzymes [Inohara-Ochiai et al. 1998, Elliott et al. 1992,
Nakayama and Amachi 1999]. The pH- and thermal- optimum and stability will also
vary with the source and localisation: B-galactosidase is typically an extracellular
enzyme in fungi, while it is generally produced intracellularly by bacteria and yeast
[Shaikh et al. 1999]. Furthermore, there is vast disparity in metal ion requirement for
these enzymes, which by reason suggests strong structural diversity amongst microbial

[3-gal actosidases [ Nakayama and Amachi 1999].

The optimum pH range of fungal p-galactosidases is 2.5-5.4: this acidic pH-optimum
makes them suited to hydrolysing lactose in acidic products such as whey. These
enzymes have a high temperature optimum of up to 50 °C; they are thermostable but
generally susceptible to product inhibition (mainly by galactose) [Panesar et al. 2010,

Husain 2010]. Fungal B-gaactosidases do not require ions as cofactors for activity
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Table 1.6: Characteristics of some microbial -galactosidases

Source MW? Optimum Optimum K’ (mM) pl Comments Reference
(subunits) pH Temp. (°C)

Archaea

Caldariella acidophila nr 5.0 80 1.5t nr Enzyme not inhibited by glucose, [Buonocore et al. 1980]
galactose, organic solvents, urea or
SDS

Halorubrum lacusprofundi 100 6.5 50 nr 4.4  Extremely halophilic — optimum [Karan et al. 2013]
activity in NaCl / KCl

Pyrococcus woesei 60 (dimer) 6.6 90 nr nr Thiol compounds, Mg*, D-galactose [Wanarska et al. 2005]
promote activity

Bacteria

Alicyclobacillus acidocaldarius 79 (dimer) 55 85 5.5°NPG nr Doesnot require divalent metal cation  [Di Lauro et al. 2008]
cofactors for activity

Bacillus circulans sp. 76.8 (trimer) 6.5 55 2.20NFG nr None [Maksimainen et al. 2012]

alkalophilus

Escherichia coli 135 (tetramer) 7.3 37 3.9%%® 461 B-mercaptoethanol and Mg®* for [Nakayama and Amachi
optimum activity 1999]

Pseudoaltermonas haloplanktis 118.1 8.5 15 2.4/t 7.8  p-mercaptoethanol for optimum [Hoyoux et al. 2001]
activity

Thermus thermophilus HB27 58 6.5 70 3.50NF¢ nr Fe”, Mn®, cysteine, B- [Yanetal. 2010]
mercaptoethanol promote activity

Fungi

Aspergillus niger van Tiegh 129 (monomer) 2.5 65 1.7°%¢ 47  Broad substrate specificity [O'Connell and Walsh 2010]

Penicillium chrysogenum 66 (tetramer) 4.0 30 1.8 46  None [Nagy et al. 2001]

Rhizomucor sp. 120 (dimer) 45 60 1.39NP6 4.2 Inh2i bited by galactose, IPTG, Hg™", [Shaikh et al. 1999]
cu™

Y east

Cryptococcus laurentii OKN-4 100 (dimer) 4.3 60 18.2°NFG nr Strongly inhibited by Hg*, Ag®, p- [Ohtsuka et al. 1990]
mercaptoethanol, glucose, maltose, and
maltotriose

Kluyveromyces lactis 118 (dimer) 7.0 37 1.5°NP¢ nr Mn? required for activity; inhibited by ~ [Kim et al. 2003]
imidazole

K. marxianus DSM5418 123 (dimer) 6.8 37 4,7°oNPG 5.1  Strongly inhibited by galactose [O'Connell and Walsh 2007]

Note: @ Molecular mass; °, substrate used to determine K ,,; nr, not reported
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unlike the yeast p-gaactosidases. It has been reported that Ca®* and heavy metals
inhibit the enzyme activity of all p-galactosidases [Jurado et al. 2002, Mlichova and
Rosenberg 2006]. The B-galactosidases from yeast are active at neutral pH; dairy yeasts
with a pH optimum in the range 6.5-7 are commonly used for the hydrolysis of lactose

in milk or sweet whey [Mlichova and Rosenberg 2006, Nakayama and Amachi 1999].

Like yeast enzymes, bacterial f-galactosidases usually display pH optima in the neutral
range and require metal ions for activity. Bacterial p-galactosidases are habitually used
for the lactose hydrolysis in food applications due to ease of fermentation, high activity
of the enzyme, and good stability [Husain 2010]. While the pB-galactosidase from E.
coli serves as a model B-galactosidase for structure and mechanism, it is not deemed
suitable for use in the food industry due to toxicity problems associated with the host
coliform [Panesar et al. 2010]. A thermostable GHF-42 B-galactosidase was purified
from the thermoacidophilic Alicyclobacillus acidocaldarius subsp. rittmannii using
ammonium sulphate precipitation, gel filtration, ion exchange, and affinity
chromatography and preparative electrophoresis. The enzyme displays optimum
activity at pH 6.0 and 65 °C. The Michaelis constant for the purified enzyme was 8.9
mM with ONPG. The subunit and molecular masses were determined to be 76 and 165

kDa, respectively, suggesting this enzymeis adimer [Gul-Guven et al. 2007].

While literature is limited on archaeal B-galactosidases, a small number have been
cloned and/or purified and characterised. Table 1.6 lists some important properties of f3-
galactosidases from the thermoacidophile Caldariella acidophila, the halophile
Halorubrum lacusprofundi, and the thermophile Pyrococcus woesei. These three f3-
galactosidases are thermophilic with high temperature optimum in the range 50-90 °C.
An intracellular B-galactosidase from the thermoacidophilic archaeon Sulfolobus
solfataricus was purified to homogeneity by a procedure including ion-exchange and
affinity chromatography. The subunit and native molecular mass were determined
using standard molecular mass studies to be, respectively, 60 and 250 kDa, suggesting
the enzyme is a tetramer. This thermophilic B-gal actosidase showed increasing activity
in the range of 30-95 °C. The enzyme was highly thermostable; the half-life at 75, 80,
and 85 °C was 24, 10, and 3 h, respectively. Furthermore, heat denaturation of the
enzyme took 120 min at 95 °C and 15 min at 100 °C. This enzyme had a pH optimum

of 6.5 and was not dependant on the presence of divalent metal cations for activity. The
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reducing agents dithiothreitol, cysteine, and p-mercaptoethanol caused a dlight
activation of the enzyme. The Michadlis constants for this B-galactosidase were
experimentally determined on the substrates ONPG, o-Lactose, Methyl B-D-
gaactopyranoside, and Phenyl B-D-galactopyranoside as 0.225, 13, 23, and 2.6 mM,
respectively [Pisani et al. 1990].

1.2.4 Applicationsof microbial B-galactosidases

Enzymatic hydrolysis of lactose is a predominant biotechnological process in the food
industry. There is strong industria interest in f-galactosidase since the hydrolysis of
lactose by this enzyme presents a number of benefits and advantages of industrial
application, including:
- development of lactose hydrolysed products as a means to reducing the global
lactose intolerance problem,
- formation of galacto-oligosaccharides during lactose hydrolysis, some of which
are suited for use as prebiotic agents,
- improvement in the technological and sensorial characteristics of foods
containing hydrolysed lactose,
- improved biodegradability of whey after lactose hydrolysis [Mlichova and
Rosenberg 2006, Rhimi et al. 2010].
L actose can be hydrolysed chemically or enzymatically; the latter process has a number
of advantages over the former, including: no by-products, no degradation of compounds
in dairy products, and no additiona offensive flavours, colours, and odours. Moreover,
milk treated enzymatically preserves its original nutritional value, especially since
glucose and galactose are not removed [MIichova and Rosenberg 2006]. The hydrolytic
activity of p-galactosidase can be utilised in the production of low lactose milk and milk
products, simultaneously making milk suitable for lactose intolerant individuals while
dealing with the problems of lactose insolubility and lack of sweetness [Vincent et al.
2013, Panesar et al. 2010].

Lactose is a disaccharide with alow solubility and low sweetness in comparison to the
products of its hydrolysis (glucose and galactose) [Pessela et al. 2003, Tanriseven and
Dogan 2002]. Lactose hydrolysis of milk for food processing prevents crystallisation of

lactose in frozen and condensed milk products, thus, the quality of ice milk and ice-

-23-



Chapter 1 Introduction

cream is enhanced and the products are creamier and more digestible [Panesar et al.
2010, Mlichova and Rosenberg 2006]. Also, due to the increased sweetness, the
amount of additional sweeteners in products such as yoghurts is reduced resulting in
fewer calories in the final product [Mlichova and Rosenberg 2006]. Another important
application of the hydrolytic activity of p-galactosidase is in the hydrolysis of lactose
from whey and whey permeate, which are the lactose containing by-products from
cheese manufacturing and represent a significant environmental problem due to the high
organic content of lactose [Nakayama and Amachi 1999, Cruz et al. 1999, Guimaraes et
al. 2010]. Furthermore, the hydrolysis of whey converts lactose into a more useful
product such as sweet syrup, which can find use in different processes of dairy, baking,

confectionary, and soft drink industries [Panesar et al. 2010].

Lactose-hydrolysed milk and dairy products have been under development since the
1970s, when Gist Brocades nv launched the first commercially available yeast lactase.
In the mid 1970s, Centrale Latte di Milano launched the first lactose-hydrolysed liquid
milk (a UHT milk), produced using an immobilised yeast lactase [Harju et al. 2012].
The production of lactose-modified dairy products is generally achieved with lactases
isolated from yeasts such as Kluyveromyces lactis and Kluyveromyces fragilis or from
fungi such as Aspergillus niger and Aspergillus oryzae [Holsinger and Kligerman
1991]. Although most industries use free enzyme to hydrolysis lactose, there have been
several reports on the immobilisation of B-galactosidases for industrial purposes. The
use of such technology holds severa benefits for industrial scale lactose-hydrolysis
especialy from an economic standpoint; immobilisation permits reutilisation of the
enzyme and makes continuous operation possible as well as helping to improve enzyme
thermoactivity and thermostability [Rhimi et al. 2010, Panesar et al. 2010].

1.3 Lactulose

Lactulose (4-O-B-D-galactopyranosyl-D-fructose) is a synthetic ketose disaccharide
produced by isomerisation of lactose in alkaline media or enzyme-catalysed synthesis
(Figure 1.4) [Hernandez-Hernandez et al. 2011, Tang et al. 2011, Manzi and
Pizzoferrato 2013]. It is produced in small quantities during heat treatment of milk,
namely pasteurisation, sterilisation, or ultrahigh heat treatment, and is a useful
substance indicator of heat-induced modifications in milk [Mayer et al. 2004, Manzi
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and Pizzoferrato 2013]. Both the International Dairy Federation and the European
Union have suggested lactulose as a parameter capable of distinguishing between UHT
milk and in-container sterilised milk, and so a means to guaranteeing the quality of
UHT milk [Marconi et al. 2004].

CH,0H

H,0H

Figure 1.4: A molecule of lactulose (formed by one molecule of fructose and one

molecul e of galactose linked by a 5-1,4-glycosidic bond)
[Aider and de Halleux 2007]

1.3.1 Applicationsof lactulose

Lactulose represents one of the most valuable lactose derivatives with therapeutic
applications and has received much attention due to its many uses in the pharmaceutical
and food industries [ Schuster-Wolff-Blhring et al. 2010, Tang et al. 2011]. It was the
first lactose-derived non-digestible oligosaccharide to be indicated for the management
of both acute and chronic constipation. Recently, there has been renewed interest in this

oligosaccharide since it iswidely recognised as a prebiotic [Guerrero et al. 2011].

Mammalian digestive enzymes are not capable of hydrolysing the B-glycosidic linkage
of lactulose [ Schuster-Wolff-Buhring et al. 2010]. Ingested lactul ose passes through the
stomach and small intestine unaffected and reaches the colon where it is selectively
metabolised by the bifidobacteria and lactobacilli. This leads to the production of
carbon dioxide, hydrogen gas, and short-chain fatty acids, which together increase the
intestinal osmolarity. The resulting water flux into the colonic lumen and the lowering
of the pH of the caecum enhance colonic motility, soften the stool, and lead to a
lowering of colonic transit time [Olano and Corzo 2009, Schuster-Wolff-Buhring et al.
2010]. Thus, lactulose has found widespread use as a laxative agent in the treatment of
chronic constipation [Saneian and Mostofizadeh 2012]. These properties of lactulose

are also fundamental to its usefulness in the food and pharmaceutical industries, another
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application of the latter being in the management of chronic portal systemic (hepatic)
encephal opathy [Olano and Corzo 2009].

Hepatic encephalopathy is a serious complication that occurs in patients suffering from
acute or chronic liver disease and is associated with severe morbidity and mortality. Isa
neuropsychiatric syndrome caused by high concentrations of toxic components such as
ammoniain blood serum [Gluud et al. 2013, Schuster-Wolff-Buhring et al. 2010]. The
mode of action of lactulose in the treatment of this condition is identical to that
described for constipation; the lactul ose reaches the colon undigested where it causes an
increase in faecal biomass and a decrease in pH. The acidification of the caecum
favours the conversion of NHj3 to the non-absorbable NH4*, which is then excreted, thus
causing a reduction of ammonia in blood serum [Olano and Corzo 2009, Schuster-
Wolff-Buhring et al. 2010]. Another application of lactulose, which exploits the fact
that it is anon-digestible oligosaccharide, is as a microbia food supplement or prebiotic
[Gibson and Roberfroid 1995].

Extensive studies have reveaed that lactulose favours the growth of healthy intestinal
bacteria, mainly Bifidobacterium and Lactobacillus, while bacterial counts of
gaactosidase-negative microorganisms, such as Clostridium and Bacteroides, have
been shown to decrease [Bouhnik et al. 2004, Mizota et al. 2002, de Preter et al. 2006].
The therapeutic benefits of intestina bifidobacteria in humans are numerous and
include: maintenance of the normal intestinal balance, improvement of lactose tolerance
and digestibility of milk products, antitumorigenic activity, reduction of serum
cholesteral levels, synthesis of B-complex vitamins, and enhanced absorption of dietary
cacium and magnesium. The improved adsorption of mineras is thought to be
mediated by an increased permeability of intestinal mucosa and an enhanced solubility
of minerals in the colon at low pH [Schuster-Wolff-Buhring et al. 2010, Seki et al.
2007, Petrova and Kujumdzieva 2010]. Bifidobacteria have been seen to help in cancer
prevention by reducing the levels of cytotoxic and carcinogenic metabolites in the gut
and inhibiting the growth of pathogenic bacteria [ Schumann 2002, Adebola et al. 2013].

Dueto its status as a prebiotic, lactulose is added to commercial infant formula products
as well as various milk products [Tang et al. 2011, Mayer et al. 2004]. Lactulose is

sweeter and more soluble than lactose, and so has found use in the food industry. It is

- 26 -



Chapter 1 Introduction

used as a sweetener for diabetics, as a sugar substitute in confectionery products and
soft drinks, as a type of yoghurt additive in milk/dairy applications, and in various
liquid or dried food preparations which are routinely manufactured for the elderly
[Mayer et al. 2004, Smith and Charter 2011].

In addition to the numerous food and pharmaceutical applications of this sugar,
lactulose may be used as a diagnostic agent. It is used in the diagnosis of colonic
disorders by means of the breath hydrogen test. Thistest is extensively used to examine
the pathophysiology of functional gastrointestinal disorders, such as irritable bowel
syndrome. The test consists of the oral administration of a single dose of lactulose and
the determination of exhaled hydrogen during the following hours. The hydrogen is
produced by the metabolism of lactulose by intestinal bacteria. The amount and the
time of hydrogen production and exhalation permits conclusions to be drawn about

colonic transit time and microbial colonisation [Simren and Stotzer 2006].

1.3.2 Synthesisof lactulose

Industrial formation of lactulose is exclusively carried out by chemica akaline
isomerisation of lactose via the Lobry de Bruyn-Albrda Van Ekenstein (LA)
rearrangement; production of lactulose via this rearrangement has been redlised in
different matrices using either additional catalysts or catalysing processes [Aider and de
Halleux 2007, Song et al. 2013a]. Montgomery and Hudson [1930] first prepared
lactulose by the LA transformation of lactose in a dilute calcium hydroxide solution.
Since then a variety of different catalysts including sodium hydroxide, potassium
hydroxide, magnesium oxide, and organic reagents such as amines, which provoke a pH
of 10-12 in the reaction mixture, have been successfully employed [Hashemi and
Ashtiani 2010, Schuster-Wolff-Bihring et al. 2010]. To overcome the problem of low
yields (yield of lactulose to initial concentration of lactose (Y |actuiose) Of 20-33 %) usually
associated with these methods, research has been conducted into production of lactulose

with complexing agents such as aluminates and borates.
Complexing agents facilitate the reaction with minimal secondary reactions, and result

in a high yield of lactulose due to its removal from the reaction equilibrium mixture in
the form of a complex [Hashemi and Ashtiani 2010, Schuster-Wolff-Bihring et al.
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2010]. With boric acid, a maximum Y auese Of 87 % was reportedly obtained by
addition of triethylamine to alactose solution up to pH 11 and keeping the solution for 4
h a 70 °C [Hicks and Parrish 1980]. From an industrial perspective, however, these
complexing agents are undesirable as a large excess is needed for optimal yields and
they are difficult to remove from the reaction mixture. The waste management and
product purification for these processes are cost intensive [Zokaee et al. 2002, Mayer et
al. 2004]. Another method for improving yields from akaline isomerisation of lactose
involves the natural catalyst egg shell [Montilla et al. 2005]. However, al the
aforementioned processes lead to high levels of lactulose degradation, resulting in the
formation of undesirable coloured by-products, which lower the lactulose yields and are
difficult to remove from lactulose syrup [Aider and Gimenez-Vidal 2012, Zokaee et al.
2002]. Thus, abiocatalyst process with clean production and easy purification would be
considered an environmentally-friendly aternative strategy [Tang et al. 2011].
Additionally, lactulose produced enzymatically would have the vauable status of
‘natural product’ in the food industry [Mayer et al. 2004].

Lactulose can be enzymatically produced by one of two mechanisms: the first involves
the rearranging of the molecular structures of lactose via isomerisation by oxidases and
reductases [Schuster-Wolff-Bihring et al. 2010]. More commonly, lactulose is
synthesised by a kinetically controlled reaction of transglycosylation from lactose using
fructose as galactosyl acceptor, as discussed in section 1.2.2.2 [Guerrero et al. 2011].
The yield of lactulose from transglycosylation is strongly determined by the amino acid
sequence of the galactosidase being used, as this property determines the kinetic and
catalytic properties of the enzyme and, thus, its ability to accept nucleophiles other than
water and to properly transfer the galactosyl moiety to the C4-position of fructose. This
varies greatly among B-galactosidases and so extensive research is required to identify
new and efficient biocatal ysts [ Schuster-Wolff-Buhring et al. 2010]. Theyield will aso
be greatly affected by the concentration of sugars being used. For lactulose production
by B-galactosidase, the starting sugars are lactose and fructose. Since the solubility of
lactose is low, it would be considered desirable to develop new thermophilic and
thermostable enzymes for use as biocatalysts in lactulose production, as the substrate
solubility and enzyme reaction velocity are increased at high temperatures [Kim et al.
2006, Akiyama et al. 2001].
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1.3.3 Enzymatic synthesisand current technical status of lactulose

In the last decade or so, glycosyl hydrolases have received considerable attention as
biocatalysts for lactulose production [Wang et al. 2013]. Table 1.7 summarises the
results of lactulose production by biocatalysis and includes the results from alkaline
isomerisation of lactose with boric acid for comparative purposes, as the highest yield
for chemical synthesis was reported for this method. Nine publications on the
transglycosylation of lactose to lactulose by B-gal actosidase have been published so far,
with achieved Y |auiose 1N the range of 0.6 to 32.5 % (see Table 1.7) [Song et al. 2013b,
Kim et al. 2006, Lee et al. 2004, Adamczak et al. 2009, Vaheri and Kaupinnen 1978,
Tang et al. 2011, Guerrero et al. 2011, Song et al. 2012a, Song et al. 2012b]. The
yields are low relative to chemical isomerisation (Y jacuiese 87 %0) Of lactose, but are
promising as, athough not as high, enzymatic production circumvents many of the
problems with chemical processes. In the past year, cellobiose 2-epimerase, which
catal yses both 2-epimerisaton and aldo-ketose conversion, has been recognised as a new
lactulose-producing enzyme [Kim and Oh 2012]. The cellobiose 2-epimerase from
Caldicellulosiruptor saccharolytcius was used in the presence of borate to increase the
production of lactulose. The yield of lactulose in this study was 88 %, the highest
achieved for chemica or enzymatic synthesis, and suggests promising results may be
obtained in the biocatalysis of lactulose using thermostable enzymes [Kim et al. 2013].

Industrially produced lactulose, obtained from the alkaline isomerisation of lactose, is
available as yellowish odourless clear syrup or as a white odourless crystalline powder.
Lactulose is soluble in water (76.4 % (w/w) at 30 °C and 86 % (w/w) at 90 °C), poorly
soluble in methanol, and insoluble in ether. The melting point is 168.5-170.0 °C, and
thus lactulose is suitable for use as a food additive as it is stable during the heat
sterilisation processes (130 °C for 10 min at low pH) in food manufacture [Fox and
McSweeney 2009]. The Japanese Ministry of Health and Welfare has recognised the
nutritional value of lactulose and included it in the list of functional foods with the
official label FOSHU (Foods for Specified Health Uses). In the European Union, foods
containing a minimum of 2.5 g/d lactulose are labelled with the hedlth related claims
‘prebiotic’ and ‘lowers colonic transit time [Schuster-Wolff-Buhring et al. 2010].
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Table 1.7: Production of lactulose using enzymatic and chemical catalysts

Biocatalyst Source Temperature  Initial concentration  Free or immobilised Y \actulose
(°C), pH L)) (%)
Lactose  Fructose

B-glycoside Pyrococcus furiosus 75,5.0 34 270 Free 44
Pyrococcus furiosus DSM 3638 75,5.0 34 270 Immobilised 45
Aspergillus oryzae 37,5.0 34 270 Free 30
Pyrococcus furiosus DSM 3638 75,5.0 34 270 Immobilised 43

B-galactosidase Saccharomyces fragilisDSM 70344 37,72 120 200 - 75
Kluyveromyces lactis ATCC 8585 40,7.0 400 200 Permeabilised cells 5.0
Sulfolobus solfataricus DSM 1617 80, 6.0 400 200 Recombinant enzyme 125
Aspergillus oryzae 40, 6.5 200 150 Free 325
Arthrobacter sp. LAS 20, 6.0 400 200 Purified enzyme -
Aspergillus oryzae 40, 4.5 9.6 40.4 Free 28.2
Kluyveromyces lactis 47,75 200 200 Immobilised 0.6
Kluyveromyces lactis 47,75 200 200 Immobilised 9.6
Kluyveromyces lactis 47,75 200 200 Immobilised 3.95

B-galactosidase + glucose B-galactosidase from Kluyveromyces lactis glucose isomerise 30,80 800 100 Immobilised 19.0

isomerise from Streptomyces murinus
B-galactosidase from Kluyveromyces lactis glucose isomerise 535,75 200 - Immobilised 3.84
from Streptomyces rubiginosus
B-galactosidase from Kluyveromyces lactis glucose isomerise 45,7.8 400 - Free and immobilised 11
from Streptomyces rubiginosus

cellobiose 2-epimerase Caldicellulosiruptor saccharolyticus DSM 8903 80, 7.5 700 - Free 58
Caldicellulosiruptor saccharolyticus DSM 8903 with boric acid 80, 7.5 700 - Free 88

Chemical method Triethylamine and boric acid 70, 11 45,5 - - 87

Adapted from [Wang et al. 2013]
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The European Chemical Substances Information System (ESIS) provides a detailed
description of chemical and pharmacological properties of lactulose. Drugbank, a
Canadian database operated by the University of Alberta, provides a detailed description
of the pharmacology of lactulose, including indications, mechanism of action, half life
(1.7-2 h), toxicity (LD50=18.2 g/kg [oral, rat]), and side effects (diarrhoea and
dehydration). The database aso includes information on manufacturers, dosage forms
and prices, and lists the brand names of commercially available lactulose solutions (e.g.
Acilac, Constulose, and Duphalac).
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2.1 Materials
211 Chemicals

Biochemica reagents were purchases from Sigma-Aldrich Chemical Co., Dublin
(Sigma), unless otherwise stated. All other chemicals and reagents used were of
analytical grade and obtained from standard sources. Sigma; Fluka — a subsidiary of
Sigma; British Drug House Laboratory Supplies, Pooles, Dorset, UK (BDH); May and
Baker Laboratory Chemicals Ltd., Dagenham, UK (MandB); Merck, Darmstadt,
Germany (Merck); Lennox Laboratory Supplies Ltd., Dublin (Lennox).

2.1.2 Proten standards

Prestained Protein Marker, Broad Range (7-175 kDa) and Mark 12 Unstained Standard
protein marker (2.5-200 kDa) were obtained from NEB and Invitrogen, respectively.
Isoelectric focusing standards were obtained from Bio-Rad laboratories, 2000 Alfred
Nobel Dr., Hercules, CA 94547 (Bio-Rad). Gel filtration molecular mass standard

proteins were obtained from Sigma.

2.1.3 Additional materials

LB agar and broth, antibiotics, EZBlue™ Gel Stain, and the Glucose Oxidase Assay Kit
were purchased from Sigma. Isoelectric focusing photopolymerisation film and 3-10
Ampholyte solution (40 % (w/v)) were obtained from Bio-Rad.

2.2 General methods
2.2.1 Microbial culturing techniques

Regeneration of the purchased microbia strains was undertaken in accordance with
instructions obtained from the websites of the culture collection from which they were
obtained (www.dsmz.de). The inoculated liquid media were subsequently incubated at
optimum growth temperature for each strain. The E. coli strains used in this study were
cultured in Luria-Bertani (LB) broth supplemented with the appropriate antibiotics.
Antibiotics were used in the following working concentrations; Ampicillin (100 pg/ml),
Chloramphenicol (34 pg/ml), Kanamycin (15 pg/ml), and Tetracycline (12.5 pg/ml).
The inoculated liquid media was incubated at 37 °C for 16-20 h. Following incubation,
50 pl of theliquid culture was spread plated into LB agar and incubated at the 37 °C for
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15-30 h. Seria transfer, from old to fresh solid media every two weeks achieved
maintenance of microbia cultures. Glycerol stocks in LB media containing 20 %
glycerol for each strain were prepared (and stored at -20 and -80 °C) to maintain viable
sources for culturing [Sambrook and Russell 2001]. All media were stored at room
temperature and sterilised by autoclaving at 121 °C for 15 min at 15 ps [Prescott et al.
2002]. The cell growth was monitiored by measuring the optical density (OD) at 600
nm using the UV-visible spectrophotometer (Shimadzu UVmini 1240, Shimadzu
Scientific Instruments, Torrance, USA).

For cell lysis, cultures of bacteria being harvested were grown until expression of
recombinant protein was completed. These cultures were then centrifuged at 7,500 rpm
for 20 min at 4 °C. The pellet was resuspended in the relevant assay buffer and the
sample placed on ice and set up for sonication ensuring that the sonicator probe was
immersed in the liquid. All cell solutions were sonicated for 20 min at 20 hz in 30 s
bursts with intermittent cooling periods of 2 min using the Branson SLPe ultrasonic
homogeniser (Branson, Danbury, USA). Once sonicated the samples were centrifuged
at 10,000 rpm for 20 min at 4 °C to remove cellular debris.

2.2.2 p-Galactosidase assay

The assay used for estimation of -galactosidase activity was based upon the method of
Rasouli and Kulkarni [1994] with some modifications. The assay system contained 400
pl of 5 mM ortho-nitrophenyl-B-D-galactopyranoside (ONPG) in 200 mM sodium
acetate buffer, pH 5.5 and 100 pl of suitably diluted enzyme. The reaction was allowed
to proceed for 15 min at 70 °C and was stopped by the addition of 500 ul of 1.0 M
NaCO3 (Merck); the high pH denatures the enzyme. Both substrate solution and
enzyme were equilibrated to assay temperature prior to initiation of the reaction. An
assay blank contained enzyme and substrate solution, which were incubated separately
for the duration of the reaction period and mixed only after addition of stopping solution
to the substrate. The absorbance of the assay solution was measured after cooling to

room temperature at 420 nm with a UV-visible spectrophotometer.

As the reaction of B-galactosidase and ONPG leads to the release of O-nitrophenol

(absorbs maximally at 420 nm) a standard curve of O-nitrophenol (ONP) concentration
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(umol/ml) versus absorbance at 420 nm was constructed to quantify the amount
released during the assay. ONP standard solutions were prepared in triplicate by
diluting a stock solution of 5 mM ONP in 0.2 M sodium acetate buffer, pH 5.5.
Standard solutions ranged from 0.2-1.2 umol ONP/ml. Construction of the standard
curve was carried out by mixing 0.5 ml of standard solutions and 0.5 ml of stopping

solution, and subsequently determining absorbency values at 420 nm.

From the standard curve the amount of ONP released during the assay could be
determined and this was used to calculate B-galactosidase activity. One unit of f-
gal actosidase activity was defined as the amount of enzyme capable of releasing 1 umol

of ONP/min under the defined assay conditions.

2.2.3 Bradford assay

Protein concentration in the range 0.00625-0.2 mg/ml was determined using the method
of Bradford [1976]. Bradford stock solution contained 100 ml 95 % ethanol, 200 ml 85
% phosphoric acid, and 350 mg Coomassie brilliant blue G-250. Bradford working
solution contained (per litre): 30 ml 95 % ethanol, 60 ml 85 % phosphoric acid, and 60
ml Bradford stock solution. Solutions were filtered through Whatman no. 1 filter paper
and stored at 4 °C. One ml of Bradford working solution was added to 0.1 ml of protein
sample. The mixture was vortexed briefly and allowed to stand at room temperature for
2 min before measuring absorbance at 595 nm. A standard curve of absorbance at 595
nm versus protein concentration was constructed using standard solutions containing
0.00625-0.2 mg/ml bovine serum abumin (BSA). A blank was prepared by using
buffer instead of sample.

2.2.4 Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide gel electrophoresis under both denaturing (SDS-PAGE) and non-

denaturing conditions was employed.

2241 SDSPAGE
One dimensional SDS-PAGE was carried out according to Laemmli et al. [1970] using

a 10 % ge and a vertical electrophoresis system. A 10 % resolving gel (total volume
10.0 ml) contained 4.0 ml distilled water, 3.3 ml 30 % (w/v) acrylamide mixture (29 %
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(w/v) acrylamide and 1 % (w/v) N, N’-methyl-bis-acrylamide), 2.5 ml of 1.0 M Tris-
HCI (pH 8.8), 0.05 ml of 10 % (w/v) sodium dodecyl sulphate (SDS), 0.05 ml of 10 %
(w/v) ammonium persulphate (APS), and 0.002 ml of N, N, N, N’-
tetramethylethylineamine (TEMED). APS was prepared fresh daily. For the 5 %
stacking gel (total volume 3 ml) 2.1 ml distilled water, 0.5 ml 30 % acrylamide mix,
0.38 ml 1.5 M Tris-HCI (pH 6.8), 0.03 ml 10 % (w/v) SDS, 0.03 ml 10 % APS, and
0.003 ml TEMED were combined. The loading buffer contained 50 mM Tris-HCI (pH
6.8), 100 mM dithiothreitol (DTT), 2 % (w/v) SDS, 0.1 % (w/v) bromophenol blue, and
10 % (v/v) glycerol. DTT was added immediately prior to use. The Tris-glycine
electrophoresis buffer contained 25 mM Tris, 250 mM glycine, and 0.1 % (w/v) SDS.

The glass plates were assembled according to the manufacturer’s instructions and the
resolving and stacking gels were allowed to polymerise separately for a minimum of 40
min. Protein samples were combined with loading buffer and heated to 100 °C for 5
min. The protein molecular mass markers were aready made up in loading dye and
were heat denatured as for the protein samples. The samples and protein marker were
loaded to separate wells and loading buffer was added to unused wells. Electrophoresis
was carried out at 15 mA, 120 V until the bromophenol blue reached the bottom of the
resolving gel. The glass plate sandwich was subsequently removed from the apparatus,
disassembled, and the gel extracted.

Protein staining was carried out in accordance with the modified protocol of Sambrook
and Russell [2001] using EZBlue staining reagent as a colloidal stain, which reacts only
with the proteins and not the gel itself.

2.2.4.2 Native PAGE and zymogram

Non-denaturing electrophoresis was carried out as described by Deutscher [1990]. The
method was similar to SDS-PAGE outlined above with the exception that SDS was
omitted from the gel, and all buffers. In addition, samples were not heated prior to
loading nor was DTT added to the loading buffer. Samples were |loaded onto duplicate
8/10 % gels and electrophoresed at 15mA, 120 V until the bromophenol blue reached
the bottom of the resolving gel. The gels were either stained for protein using EzBlue

or for B-galactosidase activity.
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B-Galactosidase activity staining was carried out according to the method of
Chakraborti et al. [2000]. After the native gel had been eectrophoresed it was
incubated in 100 ml of X-gal (5-bromo-4-chloro-3-indolyl B-D-galactopyranoside) for 2
h at 55 °C with gentle agitation. The X-gal was prepared by dissolving it initidly in a
small volume of dimethylformamide, followed by dilution to 0.02 % (w/v) with 0.2 M
sodium acetate buffer, pH 5.5. After incubation a blue-green band on the gel indicated
the location of B-galactosidase and allowed its identification on the protein stained gel.

2.25 Characterisation of p-galactosidases

Characterisation studies were carried out on the purified p-galactosidases and included
the following:

2.25.1 Determination of pH versusactivity profiles

pH versus activity profiles were obtained for each crude enzyme according to the
method of Shaikh et al. [1999]. Each enzyme was assayed for activity in triplicate by
the standard assay procedure (enzyme protocol — section 2.2.2) with the exception of
sodium acetate, pH 5.5, being substituted with different buffersin the pH range 2.5-8.8.
The buffers used were pH 2.5, 0.2 M glycine-HCI; pH 4.0, 4.5, 5.0, 5.5, 0.2 M sodium
acetate; pH 6.0, 6.5, 7.0, 7.5, 0.2 M potassium phosphate; pH 9.0, 0.2 M glycine-NaOH.
The relative B-galactosidase activity at the various pH values was determined as a
percentage of the pH where optimum activity was observed. pH versus percentage
relative activity was plotted to yield the pH profile for each 3-gal actosidase.

2.2.5.2 Determination of temperature ver sus activity profiles

Temperature versus activity profiles were obtained according to the modified methods
of Nagy et al. [2001]. The profiles were obtained by carrying out the 3-galactosidase
assay (section 2.2.2) in triplicate at different temperatures for each crude B-
galactosidase enzyme. Temperatures in the range of 30-95 °C were used. The relative
activity at the different temperature values was calculated as a percentage of activity at
the optimum temperature. Temperature values versus percentage relative activities

were plotted to yield the temperature profile for each crude p-gal actosidase.
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2.2.5.3 Determination of pH versus stability profiles

The pH stability profiles were obtained according to the modified method of Nagy et al.
[2001]. The buffers used were pH 4.5, 5.5, 0.2 M sodium acetate; pH 7.0, 0.2 M
potassum phosphate. Time intervals of 30 and 60 min were used. Crude f-
gaactosidase was mixed with buffer in a ratio of 9:1 (v/v). Triplicate samples were
extracted from the mixture and their pH adjusted to 5.5 with 1 M HCI/NaOH, at the
defined time intervals. Each extracted sample was assayed in triplicate for (-
galactosidase activity, as per section 2.2.2. The relative activity remaining was

expressed as a percentage of an enzyme sample whose pH was not previously altered.

2.2.5.4 Determination of temperature versus stability profiles

The temperature stability profiles were obtained according to the modified method of
Kim et al. [2006]. The thermal stability was measured at five temperatures between 35
and 95 °C at time intervals of 30 and 60 min. Triplicate samples were withdrawn at
each time interval and assayed in triplicate for B-galactosidase activity, as per section
2.2.2. The relative activity remaining was expressed as a percentage of an enzyme
sample which had been kept at 4 °C.

2.2.55 Determination of kinetic parameters K, and V nax

The kinetic parameters Ky, and Vma Were determined for the p-galactosidases with
respect to the substrates ortho-nitrophenyl-p-D-galactopyranoside (ONPG) and lactose
using the modified method of Chakraborti et al. [2000]. Determination of the kinetic
constants for the pB-galactosidases was achieved by monitoring the rate of substrate
hydrolysis as a function of substrate concentration at their optimum pH and
temperature. Substrate concentrations ranged from 0.1-15 mM for ONPG and 50-900
mM for lactose. The rate of hydrolysis of the different concentrations of the two
substrates was monitored in triplicate. Due to low levels of purified enzyme available,

kinetics was carried out on the crude enzyme when using lactose as a substrate.

For the determination of kinetic constants with ONPG the rate of substrate hydrolysis
was monitored as outlined in section 2.2.2. When lactose was used as substrate, assay
volumes were the same as in section 2.2.2. Monitoring B-galactosidase hydrolysis of
lactose was achieved by detecting the formation of glucose in the assay mixture using a
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glucose oxidase detection kit (Sigma), as per manufacturer’s instructions. Plots of
substrate concentration versus enzyme velocity were fit using non-linear regression in
GraphPad Prism, which then estimated the kinetics constants K, and Vmax from these

graphs.

2.25.6 Determination of molecular mass

The molecular mass of the purified protein was determined by SDS-PAGE (section
2.2.5.6.1) and gdl filtration chromatography (section 2.2.5.6.2).

2.2.5.6.1 Determination of molecular mass by SDS-PAGE

The purified 3-galactosidase and protein molecular mass marker were subjected to SDS-
PAGE as outlined in section 2.2.4.1. The distance migrated by each protein from the
top of the resolving gel was measured. The lowest molecular mass protein standard was
take as the relative mobility marker and the relative mobility (Rf) of each protein was
calculated, where Rf = distance migrated by protein/distance migrated by marker. A
plot of Log protein molecular mass versus Rf for each protein standard was constructed
and the molecular mass of the denatured -gal actosidase was determined from the linear

region of the graph [Hames 1998].

2.2.5.6.2 Native molecular mass deter mination

The native molecular mass of the B-gal actosidases was determined from a calibrated gel
filtration column. The column (1.5 x 75.0 cm econo-column (Bio-Rad)) contained
Superdex 200 with a bed volume of 127 ml. The column was equilibrated with 2 bed
volumes of 50 mM sodium acetate buffer, pH 5.5 containing 150 mM NaCl.
Subsequently, a 2.0 mg/ml solution of blue dextran (provided in Sigma kit, molecular
mass 2,000 kDa) was prepared in running buffer and 1.5 ml passed through the column
to determine the void volume (V). The column eluted from the point of sample loading
to the centre of the A,gp peak was taken asthe V,. Next, 1.5 ml of gel filtration standard
molecular mass proteins (Sigma, Table 2.1) dissolved in running buffer were applied in
separate runs to the column and their elution volumn (V) recorded. The volume eluted
from the point of sample loading to the centre of the A gy peak was taken as the V. for
standard proteins.
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Table 2.1: Gel filtration and molecular mass proteins dissolved in running buffer at
concentrations indicated

Protein standards Molecular mass (kDa) Recommended concentration
(mg/ml)
Carbonic Anhydrase, Bovine 29 10
Albumin, Bovine serum 66 10
Alcohol Dehydrogenase, Y east 150 8
B-Amylase, Sweet potato 200 5
Apoferritin, Horse spleen 443 4
Thyroglobulin, Bovine 669 3

Purified p-galactosidases (1.5 ml) were loaded into the column in the same way as
protein standards and their V recorded. From these results a semi-logarithmic standard
plot relating log molecular mass to V¢V, could be constructed allowing the molecular

mass of unknown proteins to be determined [Healthcare].

2.25.7 Isodectricfocusing

Polyacrylamide gel isoelectric focusing (IEF) was carried out according to the method
described by model 111 mini IEF cell instruction manual [BIO-RAD 2004]. The
following stock solutions were prepared:

A gel of dimensions 125 x 65 x 0.4 mm was prepared by combining the following
reagents. 2.75 ml dH,O, 1.0 ml monomer concentrate (0.97 % (w/v) acrylamide
(electrophoresis grade) and 3 % N, N’-methylene-bis-acrylamide), 1.0 ml 25 % (w/v)
glyceral, 0.25 ml Bio-Lyte 3/10, 40 % Ampholyte solution, 7.5 pl 10 % APS, 25 ul 0.1
% (w/v) riboflavin-5’-phosphate (FMN), and 1.5 ul TEMED. APS was prepared fresh
daily.

Once the gel was polymerised protein samples were applied to the gel using the sample
template strip and allowed to absorb into the gel for 5 min prior to running. The
application position for samples on the gel was typicaly 2 cm from the positive
electrode. Typicaly, 2 ul of IEF standard proteins were applied to the gel and 5-10 pl
of the protein to be tested. The IEF cell electrodes were moistened with distilled water
prior to applying the gel. The samples were focused under constant voltage in a stepped
fashion beginning with 100 V for 15 min, then 200 V for 15 min, and finally 450 V for
an additional 60 min.
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Subsequently, the gel was fixed and stained for protein for 1-2 h. The IEF gel protein
stain consisted of: 27 % (v/v) isoproponal, 10 % (v/v) acetic acid, 0.04 % (w/v)
coomassie brilliant blue R-250, 0.5 % (w/v) CuSO,, and 0.05 % crocein scarlet. The
CuSO, was dissolved in dH,O before the acohol was added and the coomassie brilliant
blue was added at the end. The gel was detained for 3-4 h with gentle agitation in two
or three changes of destaining solution. The first destaining solution consisted of 12 %
(v/v) ethanol, 7 % (v/v) acetic acid, and 0.5 % CuSO,, which was added prior to
isoproponal. The second destaining solution contained 25 % (v/v) ethanol and 7 %

(v/v) acetic acid.

2258 LC-MS/MSanalysis

Gel dlices of the purified proteins were cut from a coomassie stained SDS-PAGE gel
and sent to the Department of Biochemistry at the University of Cambridge, who
digested the proteins into peptides with trypsin prior to analysis by mass spectrometry.
The results obtained from this analysis were subsequently submitted to the matrix
database for protein identification using mass spectrometry data [Perkins et al. 1999],

which returned possible identities for the proteins with a matching score value.
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3.1 Introduction

Picrophilus torridus is an extremely acidophilic thermophile and has been reported to
grow at around pH O at up to 65 °C [Futterer et al. 2004]. The ability of this organism
to grow at such extreme acidic pH values, while ssimultaneously at high temperatures,
has shifted the physico-chemical boundaries at which life was considered to exist
[Angelov and Liebl 2006]. Schleper et al. [1995] isolated this thermoacidophilic
archaea from a solfataric field and termed the genus Picrophilus, meaning acid-lover.
Picrophilus cells maintain internal pH at around 4.6, which is a truly unique property
even for an acidophile since these organisms usually have cytoplasmic pH values close
to neutral. The high specialisation for growth in extremely acidic habitats is also
evident from the inability of P. torridus to grow at pH values above 4.0 [Thurmer et al.
2011]. These properties suggest P. torridus would produce some very novel glycosyl
hydrolases with low pH and high temperature optima which would be of academic
interest by extending the knowledge of such novel enzymes. These extreme
biocatalysts may also find possible applications in various industrial processes where
harsh processing conditions are used.

Picrophilusis believed to live as a scavenger, utilising the products of decomposition of
other organisms living in the hot acidic environment [Angelov and Liebl 2006]. The
complete genome sequence of P. torridus is available online at NCBI (Accession 1D
1647) and a thorough search was conducted to identify putative glycosyl hydrolases of
interest. To date, several enzymes such as a pantothenate kinase [Takagi et al. 2010], a
glucoamylase [Serour and Antranikian 2002], a glucose dehydrogenase [Angelov et al.
2005], an a-glucosidase and a-mannosidase [Angelov et al. 2006], esterases [Hess et al.
2008], and a trehalose synthase [Chen et al. 2006] have been characterised from P.
torridus. However, the genome sequence also revealed putative proteins not yet
characterised including two putative 3-galactosidases. Bioinformatic analysis was used
to predict the location of these proteins in the cell, and results indicated that both
enzymes may be intracellular. Due to the unusual intracellular milieu of Picrophilus
cells, intracellular enzymes previously characterised from this archaea have been shown
to display activity under a combination of high temperature and low pH. The putative
B-galactosidases were selected for further study as a B-galactosidase from such an

extreme thermoacidophile has not yet been reported in the literature. These novel
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enzymes would be of interest for academia and, potentially, industrial biotechnology,
for use in processes requiring hydrolase enzyme that are stable at elevated temperature
and/or low pH, such as the production of the synthetic disaccharide lactul ose.
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3.2 Materials
3.2.1 Molecular biology reagents

Molecular biology reagents used during this study are listed in Table 3.1.

Table 3.1: Molecular biology reagents used during this study

Supplier Reagent(s)

Qiagen, Crawley, UK (Qiagen) DNasy Blood and Tissue Kit, QIAprep Miniprep,
and QIAquick PCR Purification Kit

New England Biolabs, Hertsfordshire, UK (NEB)  Phusion DNA polymerase, Phire DNA polymerase,
and Quick-Load™ DNA ladder (1 kb)

Roche Ireland Ltd., Clarecastle (Roche) dNTP mix and restriction enzymes (BamHI, EcoRl,
Hindlll, and Xhol)

Invitrogen, Biosciences, Dublin (Invitrogen) T4 ligase

Sigma DNase

3.2.2 Strainsand vectors

The strains and vectors used in the cloning work are listed in Table 3.2. E. coli strains
Dh50 and BL21-CodonPlus(DE3) as well as the plasmid pProEX-HTb were present in
the laboratory collection of Prof. Gary Walsh, University of Limerick, Ireland. All

other strains and plasmids were purchased from Merck Bioscience, Beeston, UK.
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Table 3.2: E. coli strains and vectors used for gene expression in this study

Strain

Genotype

K ey feature(s)

E. coli Dh5a.

BL21-CodonPlus(DE3)

Rosetta-gami ™ B

Rosetta-gami "™ B(DE3)

Plasmids
pProEX-HTb

PET22b(+)

pET28a

pBad/gllIA

F endAl ginV44 thi-1 recAl relAl gyrA96
deoR nupG ®80dlacZAM 15 A(lacZYA-
argF)U169, hsdR17(r¢” my ™), A—

E. coli B F ompT hsdS(rgmg") dem” Tet' gal
MDE3) endA The[argU proL Cam'] [argU
ileY leuw Strep/Spec’]

F ompT hsdS; (rs'mg’) gal demlacYl ahpC
gor522::Tn10 trxB pRare (Cam® Kan® TetY)

F ompT hsdS; (rg'mg’) gal demlacYl ahpC
(DE3) gor522::Tn10 trxB pRare
(Cam” Kan®, TetR)

Marker
AmpR

Amp®

Kan

Amp

Propagation of plasmids

Expresses six rare rRNASs -
facilitates expression of genes
that encode rare E. coli codons;
DE3 — carries a chromosomal
copy of the T7 RNA polymerase
gene

Expresses six rare rRNAS -
facilitates expression of genes
that encode rare E. coli codons;
trxB/gor mutant - greatly
facilitates cytoplasmic
disulphide bond formation;
lacY1 — B-galactosidase deletion
mutant

Same as for Rosetta-gami ™ B;
DE3 — carries a chromosomal
copy of the T7 RNA polymerase
gene

Relevant properties
High-copy number E. coli
plasmid; trc promoter; N-
terminal His-tag

T7 promoter; N-terminal pelB
seguence for potential
periplasmic localisation;
optional C-terminal His-tag

T7 promoter; optional N- or C-
terminal His-tag

araBAD promoter for tightly
regulated expression; |eader
peptide for periplasmic
expression; optional C-terminal
His-tag

3.2.3 Chromatographic media

Gdl filtration, lon-exchange, and Polybuffer exchanger 94 chromatographic media were

obtained from Sigma. Hydroxylapatite chromatographic media was obtained from Bio-

Rad.
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3.3 Methods
3.3.1 Picrophilustorridus DSM 9790 media requirements and culture conditions

Details on culture media and growth conditions for P. torridus DSM 9790 was obtained
from the DSMZ website (www.dsmz.de) and media constituents are shown in Table
3.3.  For culturing this archeon, 5 ml of medium 723 was inoculated with cells and
incubated at 55 °C for 3 days without shaking. Once cells reached an ODgg of about
0.4 they were scaled up into 1 | culture flasks, which were grown for 2 days with
shaking at 150 rpm. Cells were harvested when they reached an ODgg of ~0.8-0.9.

Table 3.3: Recipe for Medium 723 for culturing P. torridus DSV 9790

Component Quantity
(NH,4),SO, 1.30g
KH,PO, 0.28¢
MgSO, x 7TH,O 0259
CaCl;, x 2H,0 0079
FeCl; x 6H,0 0.02g
MnCl, x 4H,0 1.80 mg
Na,B,O; x 10H,0O 450 mg
ZnS0O, X 7TH,0 0.22 mg
CuCl;, x 2H,0 0.05mg
Na,MoO, x 2H,0 0.03 mg
VOSSO, x 2H,0 0.03mg
CoS0, 0.01 mg
Y east extract 2009
dH,O 1000.00 ml

The medium was prepared in diluted sulphuric acid (300 ml of 0.5 M H,SO, + 700 ml dH,0) to reach a
pH of about 1.0. Y east extract was autoclaved separately.

Glycerol stocks were prepared (and stored at -80 °C) every 4 weeks to maintain viable
sources for culturing in the long term. Cells of P. torridus DSM 9790 lyse above pH
5.0, so viable glycerol stocks were obtained by resuspending cell pelletsin Medium 723
containing 20 % glycerol and the pH adjusted to 4.5. Cells were lysed by resuspension
in 0.2 M sodium acetate buffer, pH 5.5.

3.3.2 Molecular biology protocols
3.3.2.1 Bioinformatic analysis

DNA and protein sequences required for this study were retrieved the National Centre
for Biotechnology (NCBI, USA; http://ncbi.nml.nih.gov/).
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PRED-SIGNAL was used to predict signal peptides in archaeal proteins and was
accessed through the Biophysics and Bioinformatics Laboratory website
(http://bioinformatics.biol.uoa.gr/PRED-SIGNALY/).

The Basic Logic Alignment Search Tool Nucleotide (BLASTN) program was used for
searching the DNA databases for similar sequences. BLASTN is hosted by NCBI
(http://blast.nchi.nim.nih.gov/Blast.cgi) and searches were performed for the primers
designed in this study, to determine if they were unigue to the gene of interest, or, where
the gene sequence was unknown, that they had positive hits in gene sequences of

closely related proteins.

The physiochemical properties of the designed primers were assessed using the
BioMath calculator program by Promega which was accessed from
http://promega.com/biomath/calcl.htm. The Biomath calculator determined the

percentage of GC content and the annealing temperature of the primers.

Nucleotide and protein sequences were aligned using the computer program ClustalW,
which was accessed through EXPA Sy website (www.expasy.org). The compute pl/MW
tool for prediction of protein isoelectric point and molecular mass was aso accessed

through this website.

The Basic Logic Alignment Search Tool Protein (BLASTP) program, hosted by NCBI
(http://blast.nchbi.nim.nih.gov/Blast.cgi), was used to search protein databases for similar

sequences.

3.3.2.2 DNA purification and sequencing

Genomic DNA (gDNA) was purified using the Qiagen DNasy kit according to the
manufacture protocol for the purification of total DNA from gram-positive bacteria.
High purity plasmid DNA for the use in cloning and sequencing was purified using the
Qiagen miniprep Plasmid Prep kit. Purification of plasmid DNA for screening of
transformants was prepared via the standard alkaline lysis with SDS as described by
Sambrook and Russell [2001]. PCR amplicons pre- and post-restriction enzyme digest
were purified using the QIAquick PCR purification kit. The quality and purity of al
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extractions was monitored by agarose gel electrophoresis in 1.0 % (w/v) agarose gels
stained with ethidium bromide or SybrSafe according to standard procedures by
Sambrook and Russell [2001]. Gels were run at 100 V for 45-60 min and subsequently
scanned using a Gene-genius bioimaging system (Syngene Synoptics Ltd., Cambridge,
UK).

Samples for sequencing were sent to MWG Biotech (Ebersberg, Germany). 1-2 pg of
purified DNA was sent dissolved in TE buffer. Sequence analysis was preformed by
MWG using fluorescently labelled standard primers (available at MWG) in addition to
primers designed for the specific gene to be sequenced, where standard primers were
not available. Sequences were aigned using the ClustaW, as described in section
3.3.2.1.

3.3.2.3 PCRreactions

PCR reactions were carried out using 20-60 ng of gDNA from P. torridus DSM 9790
and the polymerase Phire Hot Start (NEB). The primers used in these reactions and the
PCR cycle parameters are listed Tables 3.4 and 3.5, respectively.
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Table 3.4: PCR primers designed to amplify putative $-galactosidase genes PTO1259
and PTO1453 from P. torridus DSM 9790 (designed as outlined in section 3.3.2.1)

Primers Redtriction enzyme Ty,
recognition site (°C)

Primersfor cloning P. torridus DSM 9790 B-galactosidase PT01259
Primer set for cloning into pProEX HTb and pET28a with an N-terminal His-tag

For. 5 CAGCAGGGATCCATGCATATAAGATTTATCAATG 3 BamH|I 54
Rev. 5 CAGCAGAAGCTTTTATTTTTCATCTATTCCGTC 3 Hindl Il 54
Primer set for cloning into pET22b(+) with a C-terminal His-tag

For. 5 CAGCAGGGATCCGATGCATATAAGATTTATCAATG 3 BamH|I 54
Rev. 5 CAGCAGAAGCTTTTTTTCATCTATTCCGTCATTG 3 Hindlll 58
Primer set for cloning into pET22b(+) with no His-tag

For. 5 CAGCAGGGATCCGATGCATATAAGATTTATCAATG 3 BamH|I 54
Rev. 5 CAGCAGAAGCTTTTATTTTTCATCTATTCCGTC 3 Hindlll 54
Primer set for cloning into pBad/gll1 A with a C-terminal His-tag

For. 5 CAGCAGCTCGAGATGCATATAAGATTTATCAATG 3 Xhol 54
Rev. 5 CAGCAGAAGCTTTTTTTCATCTATTCCGTCATTG 3 Hindl Il 58

Primersfor cloning P. torridus DSM 9790 B-galactosidase PT01453
Primer set for cloning into pProEX HTb and pET28a with an N-terminal His-tag

For. 5 CAGCAGGGATCCATGTTACCCAAGAACTTTTTAC3 BamH|I 58
Rev. 5 CAGCAGAAGCTTTCATGAATTCTGATGCTGGTC 3 Hindl Il 60
Primer set for cloning into pET22b(+) with a C-terminal His-tag

For. 5 CAGCAGGGATCCGATGTTACCCAAGAACTTTTTAC 3 BamH|I 58
Rev. 5 CAGCAGAAGCTTTGAATTCTGATGCTGGTCTG 3 Hindlll 58
Primer set for cloning into pET22b(+) with no His-tag

For. 5 CAGCAGGGATCCGATGTTACCCAAGAACTTTTTAC 3 BamH|I 58
Rev. 5 CAGCAGAAGCTTTCATGAATTCTGATGCTGGTC 3 Hindlll 60
Primer set for cloning into pBad/gll1 A with a C-terminal His-tag

For. 5 CAGCAGCTCGAGATGTTACCCAAGAACTTTTTAC3 Xhol 58
Rev. 5 CAGCAGAAGCTTTGAATTCTGATGCTGGTCTG 3 Hindl Il 58

Table 3.5 PCR conditions for amplifying P. torridus DSM 9790 putative p-
galactosidases PTO1259 and PTO1453

Temperature (°C) Time Number of cycles
98 2min 1
98 30s
52/66* 45s 35
72 2min
72 5min 1

Note: * Annealing temperature of 52 °C and 66 °C used for PCR of PTO1259 and PT01453, respectively.

3.3.2.4 Restriction enzyme digestion of DNA and ligation

The restriction enzymes BamHI, Hindlll, and Xhol were chosen as there are no
recognition sites within either of the -galactosidase genes. The purified PCR product
and purified plasmid were restricted as per manufacturer’s instruction at 37 °C for 2 h.

Ligation of the restricted gene and plasmid was carried out using T4 DNA ligase as per
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manufacturer’s instructions. All ligation reactions were carried out at 16 °C for 16 h.
The T4 DNA ligase was inactivated by heating to 65 °C for 10 min.

3.3.25 Transformation

E. coli strains were rendered competent according to the method of Cohen et al. [1972],
as described in Sambrook and Russell [2001] with minor modifications. Briefly, log-
phase cells were prepared from 16 h cultures that were diluted 1/100 and incubated at
37 °C for 3-4 h to an optical density measurement of about 0.6 at 600 nm. Cells were
harvested by centrifugation for 10 min at 4,500 x g at 4 °C. The cells were resuspended
in 1/5 culture volume of CM 1 solution (10 mM sodium acetate, pH 5.6, 50 mM MnCl,
5 mM NaCl) and stored on ice for 5 min. The cells were centrifuged for 5 min at 7000
rom a 4 °C. Finaly, the cells were resuspended in 1/50 culture volume of CM2
solution (10 mM sodium acetate, pH 5.6, 5 mM MnCl,, 5 % glycerol, 70 mM CaCl,)
and 50 pl aiquots were stored at -80 °C.

Plasmids were introduced into competent E. coli cells by transformation according to
the method of Cohen et al. [1972], with minor changes. Competent cells were removed
from the -80 °C freezer and alowed to thaw on ice. Plasmid DNA/ligation mixture
containing 10-100 ng of DNA was added to 30 ul of competent cells in a pre-chilled
microfuge tube and gently mixed with the cells. The tube was then stored on ice for 10
min and subsequently placed in a water bath at 42 °C to create a heat shock for 45 s.
The cells were then placed on ice for afurther 10 min. The transformation mixture was
then incubated at 37 °C, 100 rpm for 40 min in 500 ul LB broth and afterwards plated
on LB agar supplemented with the appropriate antibiotics.

3.3.3 Expression of recombinant proteinsin E. coli

E. coli competent cells bearing the appropriate plasmid were grown in LB broth,
supplemented with the relevant antibiotics, at 37 °C, with agitation (250 rpm), for 16 h.
These cultures were diluted 1/100 into fresh LB broth, again supplemented the
appropriate antibiotics, and incubated at 37 °C with agitation for 3-4 h to an optical
density measurement of 0.6 at 600 nm. Isopropyl-p-D-thiogalactopyranoside (IPTG) or
lactose was added to a final concentration of 0.1 mM or 0.2 %, respectively, to induce

protein expression. Uninduced controls were run in paralel. The cultures were
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incubated at 37 °C with agitation for a further 3 h. Lysozyme was then added to a
concentration of 50 ug/ml to degrade the E. coli cell wall and the cultures were grown at
37 °C with agitation for afinal hour. Cells were harvested by centrifugation for 10 min
at 4,500 x g a 4 °C and incubated at -80 °C for a minimum of 16 h. The pellet was
thawed and 250 pl of 1 x PBS was added and incubated on ice for 20 min with 10 pg/mi
DNase. To separate the supernatant from the pellet the cell lysate was centrifuged for
20minat 4 °C at 12,000 x g. Soluble and insoluble protein samples were loaded on a
10 % SDS-PAGE gd and subjected to electrophoresis to verify if the recombinant

protein was soluble.

3.34 Proteinrefolding

All protein refolding attempts during this study were preceded by purification of
inclusion bodies from the E. coli host expressing the recombinant protein and
subsequent solubilisation of the protein sample (section 3.3.4.1). Three different
protocols were utilised in the process of trying to refold these solubilised inactive

proteinsinto their native biologically active conformation (section 3.3.4.2).

3.34.1 Preparation and extraction of insoluble (inclusion-body) proteins
overexpressed in E. coli

Inclusion bodies were prepared and extracted according to the method Lin et al. [1992],
with some modifications. E. coli cells harbouring clones were grown up in 1 | of LB
broth and expressed, as described in section 3.3.3. Cells were harvested by
centrifugation at 3,500 x g for 30 min and resuspended in TN/lysozyme buffer (50 mM
Tris-HCI, 0.15 M NaCl, 100 mg lysozyme, pH 7.4). After lysing the cells by sonication
(section 2.2.1), MgCl, and DNAase were added and the cells incubated on ice for 20
min. The homogenised solution was diluted to 250 ml with TN buffer containing 1 %
triton X-100 and stirred at 20 °C for 1 h. The solution was centrifuged at 16,000 x g for
20 min. The resulting pellet was resuspended in TN/1 % Triton buffer and washed one
moretime. Thefinal pellet was dissolved in 8 M urea, 20 mM Tris-HCI, 1 mM EDTA,
1 mM glycine, 100 mM 2-mercaptoethanol, pH 8.0 to a final volume 20 ml. After
stirring overnight at 4 °C, the residual insoluble material was removed by centrifugation
at 22,500 x g for 1 h. The supernatant was filter sterilised through a 0.22 pum syringe
filter. Extract was stored at -80 °C until required or at 4 °C for up to 7 days.
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3.3.4.2 Refolding of B-galactosidases solubilised using denaturants

The first method used to attempt refolding of denatured solubilised -galactosidases was
dilution refolding. The method was carried out according to the method Lin et al.
[1992], with some modifications. The extract from section 3.3.4.1 was mixed with 9
volumes of 8 M urea/0.05 M CAPS buffer, pH 11.5, and diluted, with active stirring,
into 100 volumes of 10 mM Tris-HCI buffer, pH 8.5. This solution was kept at room
temperature for 2 h and then at 4 °C overnight. The solution was concentrated in an
ultrafiltration cell with a molecular weight cut-off (MWCQO) of 10,000 kDa. The
retained solution was assayed for activity, as per section 2.2.2. Parametersvaried in this
protocol included refolding buffer, time points, and addition of additives (reduced
glutathione (GSH), oxidised glutathione (GSSG), urea, I-arginine, glycerol, or NaCl) to
the refolding buffer.

The second method used to attempt refolding of solubilised B-galactosidases was
dialysis refolding. The method was carried out according to the method Huang et al.
[2001], with some modifications. The dialysis tubing used was VISKING Dialysis
Tubing (Medicell International, London, UK) with a diameter of 28 mm and a MWCO
of 3,500 Da. The dialysis was usually performed against a minimum of a 50-fold
excess of buffer overnight at 4 °C. Denatured protein was refolded by slowly dialysing
it out of the denaturant with refolding buffers (50 mM Tris-HCI, 1.0 mM EDTA, 1.0
mM GSH, 0.1 mM GSSG) containing sequentialy decreased concentrations of urea
(4.0, 2.0, 1.0, and 0 M). Diaysis was performed for 6 h at each urea level. Two
additional dialysis steps (into base dialysis buffer containing no urea), at 4 h each, were
performed to facilitate complete remova of urea. After being refolded samples were
dialysed exhaustively against 50 mM sodium acetate buffer, pH 5.5. Protein aggregates
were removed by centrifugation (12,000 x g, 1 h a 4 °C). The retained solution was
assayed for activity, as per section 2.2.2.

The third method used to attempt refolding was Immobilised Metal lon Affinity
Chromatography (IMAC), using a column packed with chelating Sepharose Fast Flow
(Sigma) and a modified method of Rye et al. [2008]. The extract from section 3.3.4.1
(which had been solubilised in extraction buffer containing 20 mM B-mercaptoethanol)
was loaded onto the IMAC column which was pre-equilibrated with equilibration buffer
(0.05 M Tris-HCI, pH 8.0, 8.0 M urea, 0.5 M NaCl). Refolding of the bound protein
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was performed on-column by the use of a linear urea gradient from 8.0 to 1.0 M,
starting with the equilibration buffer and finishing with a buffer containing 0.05 M Tris-
HCI, pH 8.0, 1.0 M urea, 0.5 M NaCl. The refolded -galactosidase was eluted using
renaturation buffer incorporating 1.0 M urea and 1.0 M imidazole, pH 8.0. Fractions
were assayed for f-gal actosidase activity, as per section 2.2.2 and protein concentration

by absorbance at 280 nm was recorded by Biologic LP Dataview Software.

3.3.5 Protocol for native purification of intracellular p-galactosidase from P.
torridus DSM 9790

The purification scheme employed for native purification of intracellular (-
gaactosidase from P. torridus DSM 9790 involved five steps, as outlined below.

3.3.5.1 Concentration of crude pB-galactosidase by ultrafiltration

Cdll pellets, typicaly derived from ~5.8 | of culture containing approximately 190 1U
activity (after lysis), were resuspended in 120 ml of 0.2 M sodium acetate buffer, pH 5.5
for lysis. Crude intracellular p-galactosidase was first clarified by centrifugation at
12,000 rpm at 4 °C for 20 min, after which it was concentrated using a 50 ml Amicon
Stirred Ultrafiltration Cell (Millipore) as per manufacturer’s instructions. A typica
concentration-fold of 210 was achieved by using a Millipore 10 kDa cut off
ultrafiltration membrane (Sigma) with 70 psi. of N, being applied to the unit.
Ultrafiltration runs were carried out at room temperature. The B-galactosidase
containing retentate was clarified by centrifugation at 12,000 rpm for 20 min at 4 °C.
The clarified supernatant containing the B-gal actosidase was subsequently stored at 4 °C
until use. Millipore membranes were stored in 10 % (v/v) ethanol at 4 °C.

3.3.5.2 lon exchange chromatography

lon-exchange chromatography was carried out as outlined in Amersham-Biosciences
[2004]. Prior to column chromatography, the optimum pH for binding of concentrated
B-galactosidase from ultrafiltration to DEAE-Sepharose CL 6B anion exchanger was
determined, using the test tube method, as per the GE Healthcare lon Exchange and
Chromatofocusing Handbook [Amersham-Biosciences 2004]. Subsequently, a 1.0 x
10.0 cm econo-column (Bio-Rad), packed with DEAE-Sepharose CL 6B with a bed

volume of 6.4 ml was prepared. Equilibration of the column with running buffer (10
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mM potassium phosphate buffer, pH 6.0) was carried out prior to sample application
and confirmed by monitoring column effluent pH. All ion exchange chromatography
runs were carried out at 4 °C using the Biologic LP purification system (Bio-Rad).
After the column was loaded with p-galactosidase from section 3.2.5.1 (27.5 ml) the

column was washed with a 30.0 ml of running buffer to elute any unbound protein.

The bound B-galactosidase was eluted from the column using 10 mM potassium
phosphate buffer, pH 6.0 with an ascending linear salt gradient from 0-0.25 M NaCl
over 120.0 ml. A flow rate of 1.0 ml/min was used and fractions of 3.0 ml were
collected. Fractions were assayed for 3-galactosidase activity, as per section 2.2.2, and
protein concentration was recorded for each fraction via absorbance at 280 nm by the
Biologic LP data view software (Bio-Rad). B-Galactosidase containing fractions were
pooled, assayed for total P-galactosidase activity (section 2.2.2) and total protein
content by Bradford assay (section 2.2.3).

3.3.5.3 Gd filtration chromatography

This chromatographic technique was carried out as outlined in Amersham-Biosciences
[2000]. Concentrated p-galactosidase from section 3.2.5.2, (2.5 ml) was loaded into a
1.5 x 75.0 cm econo-column (Bio-Rad) packed with Superdex 200 with a bed volume of
127.2 ml. The column had been pre-equilibrated with 50 mM sodium acetate buffer, pH
5.5, containing 0.15 M NaCl (running buffer). All separations were carried out at 4 °C
using the Biologic LP purification system. During separation, running buffer was run
through the column at a flow rate of 0.4 ml/min. Fractions of 2.0 ml were collected,
assayed for B-galactosidase activity, as per section 2.2.2 and protein concentration by
absorbance at 280 nm was recorded by Biologic LP Dataview Software. p-
Galactosidase containing fractions were pooled, assayed for total [-galactosidase
activity (section 2.2.2) and total protein content by Bradford assay (section 2.2.3).

3.3.5.4 Hydroxylapatite chromatography

Hydroxylapatite chromatography was carried out according to Broadhurst [1997]. The
pooled B-galactosidase fraction from section 3.2.5.3 (5.0 ml) was loaded into a 1.0 x
10.0 cm Pharmacia Biotech C16 column (Amersham Biosciences UK Ltd.) packed with
Macro-Prep Ceramic Type 1 hydroxylapatite media (Bio-Rad) with a bed volume of 6.3
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ml. The column had been pre-equilibrated with running buffer, which consisted of 0.1
M potassium phosphate buffer, pH 6.8. All separations were carried out at 4 °C using
the Biologic LP Purification System. After the sample was loaded, 30 ml of running
buffer was passed through the column to remove unbound material. Subsequently, an
ascending running buffer concentration gradient from 0.1-1.0 M phosphate over 120.0
ml was applied to the column to elute bound protein. A flow rate of 1.0 ml/min was
used and fractions of 3.0 ml were collected. Fractions were assayed for [3-galactosidase
activity, as per section 2.2.2 and protein concentration by absorbance at 280 nm was
recorded by Biologic LP Dataview Software. B-Galactosidase containing fractions were
pooled, assayed for total B-galactosidase activity (section 2.2.2) and total protein
content by Bradford assay (section 2.2.3).

3.3.5.5 Chromatofocusing chromatography

Chromatofocusing was carried out according to Amersham-Biosciences [2004]. The
pooled B-galactosidase from section 3.2.5.4, (4.0 ml) was loaded into a 1.0 x 28.0 cm
Pharmacia Biotech C16 column (Amersham Biosciences UK Ltd.) packed with
Polybuffer Exchanger 94 (PBE 94) with a bed volume of 18.8 ml. The column had
been pre-equilibrated with 25 mM piperazine-HCI buffer, pH 6.3 (equilibration buffer).
All separations were carried out at 4 °C using the Biologic LP purification system.
Prior to loading the protein sample and after equilibration with equilibration buffer, a
pre-gradient volume of 7.0 ml of Polybuffer 74, pH 4.5 (running buffer, prepared by
adjusting pH with 1 M HCI) was run through the column. After loading of sample,
running buffer was applied to the column to create a pH gradient at a flow rate of 1.0
ml/min and fractions of 3.0 ml were collected. The bound (-galactosidase was e uted
from the column when the descending pH gradient reached the isoelectric point of the
enzyme. Fractions were assayed for B-galactosidase activity, as per section 2.2.2 and
protein concentration by absorbance at 280 nm was recorded by Biologic LP Dataview
Software. The pH of the fractions was also measured with a calibrated pH meter and
recorded. pB-Galactosidase containing fractions were pooled, assayed for total f-
galactosidase activity (section 2.2.2) and total protein content by Bradford assay
(section 2.2.3).
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3.3.6 Characterisation studieson the purified p-galactosidase

Characterisation studies were conducted on the purified B-galactosidase according to the
methods outlined in sections 2.2.5.1-2.2.5.8 and included pH versus activity and
temperature versus activity profiles, pH and temperature stability studies, kinetic
characterisation, molecular mass determination, isoelectric focusing, and LC-MS/MS
analysis. Furthermore, the homogeneity of the purified protein was confirmed by SDS-
PAGE and native PAGE, as per sections 2.2.4.1 and 2.2.4.2, respectively.

3.3.7 Production of lactulose by P. torridus DSM 9790 pB-galactosidase and
optimisation of reaction conditions

The production of lactulose using the crude B-galactosidase activity from P. torridus
DSM 9790 (crude enzyme obtained by lysing pelleted cells recovered from 9 | of
fermentation media) was conducted according to the methods of Kim et al. [2006],
Adamczak et al. [2009], Guerrero et al. [2011], Mayer et al. [2004], and Lee et al.
[2004], with some modifications. Unless otherwise stated, reactions were performed at
70 °C in a50 mM sodium acetate buffer, pH 5.5, containing 6.67 % (w/v) lactose and
33.33 % (w/v) fructose for 3 h at 0.5 IU/ml enzyme. The effect of the ratio of lactose to
fructose on lactulose production was investigated with total 30 % (w/v) sugars. The
ratios of lactose to fructose were 5 (w/v):25 (w/v), 10:20, 15:15, and 20:10 %,
respectively. The effects of different substrate concentrations on lactulose production
were evaluated with lactose and fructose concentrations of 5:25, 6.7:33.3, and 8.3:41.7
%, respectively. The effect of temperature on the enzyme activity for lactulose
production was measured at 55, 60, 65, and 70 °C for 3 and 6 h. Enzyme activities for
lactulose production were tested at concentrations of 1.0, 2.0, 4.0, 6.0, 8.0, 12.0, and
16.0 IU/ml. After optimisation of units of enzyme, the effect of the ratio of lactose to
fructose on lactulose production was re-optimised with total 40 % (w/v) sugars. The
percentages of lactose to fructose were 6.7 (w/v):33.3 (w/v), 13.3:26.7, and 20:20 %,
respectively, at timepoints 3 and 6 h. Reaction controls were carried out by incubating
enzyme and sugar solutions separately for the duration of the reaction, after which they
were combined once the enzyme had been denatured. Reactions were terminated by
boiling the reaction mixture for 5 min to heat denature the enzyme. The samples were
then centrifuged at 12,000 rpm for 5 min at RT and lactulose produced was determined,
as outlined in section 3.3.7.1. The anaytical conditions were calibrated with lactulose
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as standard. The calibration curve was determined in the concentration range 0.25-10.0

mg/ml.

3.3.7.1 Determination of carbohydrates

Chromatographic separation was performed on a Perkin Elmer liquid chromatographic
system equipped with a Series 200 LC binary pump delivery system and a Varian
Prostar Model 350 RI Detector. A carbohydrate cartridge column (Waters, Dublin,
Ireland), (4.6 x 250 mm) was used as the stationary phase for separation. The column
was eluted at RT with 80-82 % (v/v) acetonitrile at a flow rate of 1 ml/min. The used
authentic standard sugars (lactulose, lactose, glucose, gaactose, and fructose) were
purchased from Sigma.
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3.4 Resultsand Discussion
3.4.1 Identifying p-galactosidasesin P. torridus DSM 9790

Anaysis of the P. torridus DSM 9790 genome sequence, as per section 3.3.2.1,
revealed two putative 3-galactosidase genes (NCBI gene ID: 2844921 and 2845087).
PRED-SIGNAL was used to predict signa peptides in the putative proteins expressed
by these genes (as per section 3.3.2.1), in order to identify the location of the proteins
within the cell. The programme predicted both of these putative [3-galactosidases were
intracellular. This putative B-galactosidase activity was investigated by culturing P.
torridus DSM 9790 and assaying for activity as per section 2.2.2. The intracellular
fraction tested positive for B-galactosidase activity and pH and temperature versus
activity profiles were obtained as described in sections 2.2.5.1 and 2.2.5.2, respectively.
Figure 3.1 shows the pH profile for crude P. torridus DSM 9790 -gal actosidase.

120 ~

100 ~

80 -

60

40

Rdative activity (%)

20 A

pH value

Figure 3.1: pH versus activity profile for crude p-galactosidase from P. torridus DSM
9790 from pH 2.5-8.8

Relative activity (%) represents the % of optimal activity displayed by the enzyme at various pH values,
where 100 % activity corresponds to 0.40 1U/ml. Error bars indicate the standard deviation of the
measured data values from the mean, n = 3. Note: One unit of f-galactosidase activity was defined as the
amount of enzyme capable of releasing 1 pmol of ONP/min under the defined assay conditions.

These results indicate that P. torridus DSM 9790 B-galactosidase displays maximum
activity at pH 5.0-5.5; the enzyme exhibited unusually high activity at low pH for an
intracellular enzyme. Figure 3.2 shows the temperature profile for crude P. torridus
DSM 9790 B-galactosidase, with maximal activity exhibited at 70 °C.
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Figure 3.2: Temperature versus activity profile for crude S-galactosidase from P.
torridus DSV 9790 from 30-80 °C

Relative activity (%) represents the % of optimal activity displayed by the enzyme at various pH values,
where 100 % activity corresponds to 0.64 1U/ml. Error bars indicate the standard deviation of the
measured data values from the mean, n = 3.

The acidic pH and high temperature optima suggests this p-galactosidase activity
displays novel properties which would be of academic interest. Additionally, the high
temperature optimum of 70 °C indicates this enzyme may be suited for use in industrial
processes run at elevated temperatures, such as the enzymatic production of lactulose
from lactose and fructose. At high temperatures substrate solubility is improved and
there are a number of generaly recognised advantages of running biotechnological

processes at high temperature, which were discussed in section 1.1.2.

3.4.2 Recombinant production and expression of putative p-galactosidase genes
from P. torridus DSM 9790

Extensive attempts were made at producing recombinant versions of both the putative
B-galactosidases from P. torridus DSM 9790, which have the NCBI gene identifiers
PTO1259 (for DNA and protein sequence see Appendix A) and PTO1453 (Appendix
B), respectively. Native organisms typically grow to low cell density and produce most
enzymes at low levels. Commonly used mesophilic expression systems have the
advantage of high level protein expression in addition to circumventing many of the
problems which have to be addressed during the development of production processes
for these extreme organisms, as discussed in section 1.1.2. The genes were cloned as
described in sections 3.3.2.2-3.3.2.5 using the primers described in Table 3.4, which
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also outlines the plasmids used in this study. Table 3.6 summaries the constructs
generated for PTO1259 and PTO1453, as well as the expression strains used to produce

these 3-gal actosidases, as per section 3.3.3.

Table 3.6: Constructs of PTO1259 and PTO1453 generated in this study and expression
strains used to produce the recombinant proteins

Constructs Expression strain(s)
pProEX HTb-PTO1259 Rosetta-gami '™ B(DE3) and BL21-
PET28a-PT0O1259 CodonPlus(DE3)

PET22b(+)-PTO1259
PET22b(+)-PT0O1259-(no His-tag)

pProEX HTb-PTO1453
pET28a-PT0O1453
PET22b(+)-PT01453
PET22b(+)-PT0O1453-(no His-tag)

pBad/gll1A-PTO1259 Rosetta-gami ™ B
pBad/gllIA-PTO1453

Initial work focused on cloning PTO1259 into the plasmid pProEX HTb (attaches an N-
terminal His-tag) as per section 3.3.2. Figure 3.3 shows an example of the successful
cloning of PTO1259 into this plasmid. This gel indicates that the PCR product (1,300
bp) was successfully ligated into the pProEX HTb plasmid (4,779 bp) isolated from
colonies 1, 2, and 4-8 of ascreening library. A construct was sequenced, as described in
section 3.3.2.2 and was found to share 100 % identity with the PTO1259 gene from P.
torridus DSM 9790 deposited in NCBI. This construct was transformed into the
expression strain Rosetta-gami™ B(DE3) (as described in section 3.3.2.5) and

expression trials were carried out.

Figure 3.3: Double restriction digestion of extracted plasmids using Hindlll and

BamH|
Lane 1: DNA ladder 1 kb; Lanes 2-9: Double digested pProEX HTb plasmids purified from colonies 1-8,
respectively, of ascreening library.
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Expression of this construct at 37 °C for 4 h using 0.1 mM IPTG resulted in the
production of protein which was confirmed to be insoluble when fractionated and run
on SDS-gels, as per sections 3.3.3 and 2.2.4.1, respectively. Upon assay (as per section
2.2.2), neither the recombinant insoluble protein nor the soluble cellular fraction had f3-
galactosidase activity. The formation of insoluble protein aggregates (inclusion bodies)
may arise from high local concentration of recombinant protein in concert with
inadequate amounts of folding-promoting proteins. Reducing the rate of protein
synthesis may help circumvent this problem by the use of lower IPTG concentrations
and/or induction temperatures [Krause et al. 2010]. Lowering the IPTG concentration
can help to slow transcription of the expression plasmid so as not to overload the
biosynthetic machinery of the bacterium, while lower induction temperatures may
prevent formation of inclusion bodies by slowing the rate of bacterial metabolism
[ Sambrook and Russell 2001].

Extensive expression trials were conducted using this construct in the expression strains
Rosetta-gami'™ B(DE3) and BL21-CodonPlus(DE3)) a a variety of different
temperatures and IPTG concentrations, as outlined in Table 3.7 (pages 64-65).
Expression was attempted at 27 °C at 225 rpm for 48 h without the addition of an
inducer, since this type of expression (basal-level expression) was successfully used by
Chen et al. [2006] to produce a recombinant active form of the trehal ose synthase from
P. torridus DSM 9790. All of this expression work resulted in insoluble recombinant
protein (which had no detectable p-galactosidase activity upon assay) or no expression
(Table 3.7). Figure 3.4 shows an example of an SDS-gel with the expressed
recombinant protein from this work. It is evident from this gel that a recombinant
putative band of 56.2 kDa (determined as per section 2.2.5.6.1) is present only in
insoluble form (Lanes 7-10). The molecular mass of this recombinant protein is close to
the predicted molecular mass of 55.3 kDa for the PTO1259 putative B-galactosidase
with an N-terminal His-tag when cloned into pProEX HTb (determined using EXPASy,
asdetailed in section 3.3.2.1).

- 62 -



Chapter 3 Picrophilus torridus DSM 9790 B-Galactosidase

[kDa]
I S ST S T e i)

175

80

58 Putative P.
torridus DSM

46 9790 PTO1259
B-galactosidase

30

25

Figure 3.4: pProEX HTb-PTO1259 construct expressed in Rosetta-gami ™ B(DE3) at
25 °C for 4 hat 250 rpm

Lane 1: protein MM marker; Lane 2: uninduced control; Lane 3: soluble cellular protein, 1 mM IPTG;
Lane 4: soluble cellular protein, 0.5 mM IPTG; Lane 5: soluble cellular protein, 0.1 mM IPTG,; Lane 6:
soluble cellular protein, 0.05 mM IPTG; Lane 7: insoluble cellular protein, 1 mM IPTG,; Lane 8: insoluble
cellular protein, 0.5 mM IPTG; Lane 9: insoluble cellular protein, 0.1 mM IPTG; Lane 10: insoluble
cellular protein, 0.05 mM IPTG.

Different constructs were created for PTO1259 (Table 3.6) using the primers and
plasmids outlined in Table 3.4. These were expressed as outlined in section 3.3.3, using
a variety of expression conditions, as detailed in Table 3.7. All cloning strategies
successfully produced constructs but expression trials led to the production of insoluble
protein with no B-galactosidase activity or no expression (Table 3.7).

The construct pProEX HTb-PTO1259 was double-digested and the insert was
subcloned into the expression plasmid pET28a, as detailed in section 3.3.3. This
plasmid also attached an N-termina Histag so when insoluble protein was agan
produced the next strategy involved cloning PTO1259 into the plasmid pET22b(+),
which carries an optional C-terminal His-tag sequence. The rationale was to first move
the His-tag to the C-terminus since His-tags can induce unforeseen changes such as
misfolding in a protein and moving them to the opposite terminus often solves this
problem [Terpe 2003, Halliwell et al. 2001]. When the PTO1259 gene was again
expressed as insoluble inactive protein, it was decided to clone the gene into pET22b(+)
without a His-tag, asin principle it cannot be excluded that the affinity tag may interfere
with protein stability [Wu and Filutowicz 1999]. Crystas of proteins with a His-tag
may vary slightly with respect to their mosaicity and diffraction compared to the native

protein [Hakansson et al. 2000]. This did not solve the problem of protein insolubility
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and the next approach involved the use of a weak promoter for expression. Constructs
PET22b(+)-PTO1259 and pET22b(+)-PTO1259-(n0 His-tag) were sequenced and
shared 100 % identity with the gene sequence of PTO1259.

A possible explanation for the abundant inclusion body formation that was observed so
far was the use of an expression system with a very strong T7 promoter. Thus, an
aternative expression vector (pBad/glllA) was selected that is based on the E. coli
arabinose promoter.  This vector allows for tightly-regulated, dose-dependant
expression levels by varying the concentration of the inducer (L-arabinose) [Schleif
2000]. The expression trials undertaken are outlined in Table 3.7 but again resulted in

either no expression or abundant inclusion body formation.

Table 3.7: Summary of expression trials and results for production of putative
PTO1259 p-galactosidase from P. torridus DSV 9790

Construct Expression strain Temp. Time Inducer Result
(°C) (h)  concentration
pProEX HTb-PTO1259  Rosetta-gami'" B(DES3) 37 4 0.01,0.050.1, IBformation
0.5, 1.0,
2.0,5.0mM
IPTG
30 4 1.0mM IPTG IB formation
27 48  Noinducer No expression
25 16  0.01,0.05,0.1, IB formation
0.5, 1.0,
20mM IPTG
25 4,5 0.05,0.1,0.5, IB formation
1.0mM IPTG
pProEX HTh-PTO1259, BL21-CodonPlus(DE3)) 37 4 0.1mM IPTG IB formation
PET28a-PT01259,
PET22b(+)-PT0O1259,
and pET22b(+)-
PT0O1259-(no Histag)
27 48  No inducer No expression
25 16 0l1land1.0mM No expression
IPTG
pProEX HTb-PTO1259, BL21-CodonPlus(DE3)) 37 4 0.1mM IPTG IB formation
pPET28a-PT01259,
PET22b(+)-PT01259,
and pET22b(+)-
PT0O1259-(no Histag)
27 48  Noinducer No expression
25 16 0l1land1.0mM Noexpression
IPTG

Note: 1B formation - recombinant protein was insol uble and aggregated, forming inclusion bodies.
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Table 3.7: Continued

Construct Expression strain Temp. Time Inducer Result
(°C) (h)  concentration
pProEX HTb-PTO1259  BL21-CodonPlus(DE3)) 30 4 1.0mM IPTG IB formation
and pET28a-PT0O1259
pET22b(+)-PTO1259 Rosetta-gami ™ B(DE3) 37 4 0.1mM IPTG IB formation
and pET22b(+)-
PT0O1259-(no His-tag)
30 4 1.0mM IPTG IB formation
27 48  Noinducer No expression
25 16 0land1.0mM IB formation
IPTG
PET 22b(+)-PT0O1259 Rosetta-gami ™ B(DE3) 30 4 1.0mM IPTG IB formation
pBad/giiiA-PTO1259  Rosetta-gami™ B 37 46 02%L- IB formation
arabinose
37 4 0.02%L- IB formation
arabinose
30 4 0.2%L- IB formation
arabinose
27 48  Noinducer No expression
25 16 02%L- No expression
arabinose

Note: 1B formation - recombinant protein was insoluble and aggregated, forming inclusion bodies.

Similar constructs were created for the putative PTO1453 [-galactosidase (Table 3.6),
as described in section 3.3.2, using the primers and plasmids detailed in Table 3.4. The
constructs pET22b(+)-PTO1453 and pET22b(+)-PT0O1453-(no Histag) were sent to
MWG for sequencing and were found to share 100 % identity with the gene sequence of
PTO1453. Constructs were expressed as per section 3.3.3, using the conditions outlined
in Table 3.8. The molecular mass of the recombinant protein was determined from
SDS-gels (as per section 2.2.5.6.1) to be 59.7 kDa, which is close to the predicted
molecular mass of 58.8 kDa for the PTO1453 putative B-galactosidase with an N-
terminal His-tag when cloned into pProEX HTb (determined using ExPASy, as detailed
in section 3.3.2.1). A biologically active form of this putative protein could not be
obtained (Table 3.8), which led to refolding trias for both the recombinant putative f3-

gal actosidases.
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Table 3.8: Summary of expression trials and results for production of putative
PTO1453 p-galactosidase from P. torridus DSV 9790

Construct Expression strain Temp. Time Inducer Result
(°C) (h)  concentration
pProEX HTb-PTO1453, Rosetta-gami'" B(DES) 37 4  01mMIPTG  IB formation
PET22b(+)-PTO1453, and BL21-
and pET22b(+)- CodonPlus(DE3))
PT0O1453-(no Histag)
pProEX HTb-PTO1453, Rosetta-gami™ B(DE3) 25 16 0.1mMIPTG IB formation
PET22b(+)-PT01453,
and pET22b(+)-
PT01453-(no His-tag)
pProEX HTb-PTO1453, BL21-CodonPlus(DE?3)) 25 16 01mMIPTG No expression
PET 22b(+)-PTO1453,
and pET22b(+)-
PT01453-(no His-tag)
PET28a-PT0O1453 BL 21-CodonPlus(DE3)) 37 4 0.1 mM IPTG IB formation
25 16 01mMIPTG No expression
pBad/giiiA-PTO1453 Rosetta-gami ™ B 37 4  02%L- IB formation
arabinose
25 16 02%L- No expression
arabinose

Note: 1B formation - recombinant protein was insol uble and aggregated, forming inclusion bodies.

3.4.3 Refolding trials on recombinant P. torridus DSM 9790 putative B-

galactosidases

Target proteins overexpressed in E. coli often fold incorrectly, which results in the
protein aggregating and, thus, IBs are formed. Refolding of proteins from IBsin vitrois
necessary to recover their native conformations and biological properties [Zhang et al.
2009]. The IBs are partiadly purified and dissolved in a strong denaturant (described in
section 3.3.4.1) and refolding is performed by the controlled removal of the denaturant
(section 3.3.4.2). Currently, batch dilution is the method of choice for refolding most
insoluble recombinant proteins due to its simplicity [Fahey et al. 2000]. However, it is
important to note that there is no universal method for refolding proteins and, thus,
recovery of an active protein correctly folded into its native 3D conformation is often
highly laborious and empirical [Middelberg 2002].

The construct pET22b(+)-PT0O1259 was over-expressed in Rosetta-gami '™ B(DE3) and
inclusion bodies were recovered and solubilised. Rapid dilution (batch refolding) trials
were carried out on the IBs (as per section 3.3.4.2); this simple refolding procedure
works by diluting the concentrated protein-denaturant solution into a refolding buffer
with a low concentration or no denaturant. Figure 3.5 illustrates the protein
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composition of fractions from each of the steps for recovery, solubilisation, and batch
dilution refolding for IBs produced from overexpression of the construct pET22b(+)-
PTO1259. Thereis adistinct band in lane 2 (~55.4 kDa) for the insoluble fraction of
the crude extract. Thisband is not clearly visible in the crude extract soluble fraction in
lane 3, suggesting the recombinant protein is insoluble. This same band is evident in
samples run from the wash, solubilisation, and refolding steps in lanes 4-6, respectively,
indicating that the recombinant protein was not lost during the solubilisation and
refolding. There appears to be some degree of purification occurring during the
different steps, with fewer contaminating bands in lane 6 after the dilution refolding. A
simple indication of successful refolding of the insoluble protein into its native 3D
conformation would be recovery of enzyme activity. Therefore, al samples from
refolding trials were assayed for activity.

[kDa]

116.3
97.4

66.3
55.4

36.5
31

215
14.4

Figure 3.5: Fractions from dilution refolding trials on recombinant insoluble PTO1259
from plasmid pET22b(+), overexpressed in Rosetta-gami ™ B(DE3)

Lane 1: MM marker; Lane 2: crude extract insoluble fraction; Lane 3: crude extract soluble fraction; Lane
4: IBsfrom wash step 1; Lane 5: solubilised IBs; Lane 6: solubilised PTO1259 in refolding buffer.

When proteins fold in vivo, intermolecular aggregates and misfolded species often
compete with productive refolding and can result in low activity yields [Chen et al.
2009, Liu et al. 2007]. In order to try and shift the equilibrium towards productive
protein refolding, additives were added to the refolding buffers. Glycerol was used as it
has been shown to efficiently increase the stability and solubility of native proteins,
while low concentrations of urea and L-arginine were included since they have been
shown to suppress aggregation [Chen et al. 2009]. Refolding strategies for proteins
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with disulfide bonds require a glutathione redox buffer to assist in the correct formation
of disulphide bonds [Bastings et al. 2008]. Thus, refolding was attempted both with and
without the addition of reduced and oxidised glutathione. It would be expected that
these B-galactosidases do not contain disulphide bonds as they are rarely found in
intracellular proteins. However, evidence is mounting that intracellular proteins of
certain thermophilic archaea use disulphide bonding as a major mechanism for protein
stabilisation [Jorda and Y eates 2011, Mallick et al. 2002]. Dilution refolding trials for
PET22b(+)-PTO1259 are summarised in Table 3.9, but none of these resulted in a

biologically active form of the putative protein.

Table 3.9: Conditions used in the dilution refolding of proteins solubilised from IBs
produced by overexpression of selected constructs in Rosetta-gami ™ B(DE3)

Construct Refolding buffer Additivies/redox reagents Time
(h)
PET22b(+)-PT0O1259 10 mM Tris-HCL, pH No additives, 1.0 mM GSH + 0.1 mM 96
85 GSSG
10 mM sodium acetate, 0.5 mM GSH + 0.5 mM GSSG 24,
pH 5.0, 10 mM Tris- 96
HCI, pH 7.5/8.5
10 mM Tris-HCI, pH 0.75 M urea, 0.5 M l-arginine, 0.75 M urea 96
8.5 +0.5M l-arginine, 1.35 M urea+ 0.3 M |-

arginine, 0.75 M urea+ 0.3 M |-arginine +
0.25M NaCl + 5mM EDTA, 10 %

glycerol
pPET22b(+)-PTO1259- 10 mM Tris-HCI, pH No additives, 0.5 mM GSH + 0.5 mM 24,
(no His-tag) 8.5 GSSG 96
pProEX HTb-PTO1259 10 mM Tris-HCI, pH 0.5GSH +0.5mM GSSG +5 mM EDTA 96
85 + 3 M urea
PET22b(+)-PT01453 10 mM Tris-HCI, pH No additives, 0.5 mM GSH + 0.5 mM 96
8.5 GSSG, 1.0 mM GSH + 0.1 mM GSSG

Additiona dilution refolding attempts were made on solubilised IBs from constructs
PET22b(+)-PTO1259-(no His-tag), pProEX HTb-PTO1259, and pET22b(+)-PT01453
over-expressed in Rosetta-gami ™ B(DE3) (Table 3.9). However, none of this work led
to the production of a biologically active recombinant form of a P. torridus DSM 9790
B-galactosidase. Only IBs purified and denatured from the overexpressed construct
PET22b(+)-PT0O1259 were selected for further refolding studies.

The next refolding technique used in the attempt at obtaining active protein was dialysis
refolding (as described in section 3.3.4.2). Unlike the direct dilution method, the
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change from denaturing to native buffer conditions occurs gradually, allowing the
protein to pass through the best denaturant concentration which favours folding over
aggregation [Valgo and Rinas 2004]. Under the conditions tested, however, dialysis
resulted in precipitation of the protein and the final sample tested negative for B-
gaactosidase activity. A final method for refolding 1Bs from the same construct was
performed on-column using IMAC. The use of IMAC for refolding of proteins has
been well-documented [Rogl et al. 1998, Zhu et al. 2005a, Ryu et al. 2008] but success
is very protein specific due to protein-matrix interactions that can prevent refolding
[Middelberg 2002]. After solubilising the target protein, it is attaching to a solid
support prior to changing from denaturing to native buffer conditions. This method can
help prevent unwanted intermolecular interaction between aggregation-prone folding
intermediates [Vallgo and Rinas 2004]. The recombinant protein was immobilised
onto a nickel column and washed with refolding buffer containing 1 M urea (as per
section 3.3.4.2). Again, however, no active p-galactosidase was recovered (data not

shown).

At this point in the project extensive attempts had been made at producing a
biologically active form of an intracellular p-galactosidase from P. torridus DSM 9790.
A variety of different cloning strategies and extensive expression and refolding trials
were undertaken. It is difficult to ascertain why such difficulties were encountered but
it has been noted in the literature that a number of proteins from thermophiles will only
fold correctly under conditions encountered in their natural environment, where folding
is assisted by the presence of native cofactors [Albers et al. 2006]. Many of the
problems encountered during recombinant production of these biocatalysts comes from
the novel structural adaptions that enhance protein stability at high temperature,
including highly charged exterior surfaces, rigid folds, and tight hydrophobic core
packing [Horikoshi 2011]. Furthermore, proteins from thermophilic microbes have
increased acidic and basic amino acids (lysine, arginine, glutamate, and aspartate)
causing an increase in surface charge and formation of buried ion pairs, the latter of
which hasimplications for the energetics of folding at high temperatures [V etriani et al.
1998, Horikoshi 2011]. Additional complications can arise when expressing an acid-
stable protein at a neutral pH in mesophilic hosts, with the protein misfolding and
aggregating [Bertoldo et al. 2004]. Expressing archaeal proteins in bacterial or

eukaryotic expression hosts can lead to problems such as mRNA instability and codon
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bias, the latter of which occurs as a result of archaeal genes containing codons rarely
used in bacteria [Duffner et al. 2000]. However, this problem had been circumvented
by using expression hosts (such as Rosettagami'” B(DE3) and BL21-
CodonPlus(DE3)) that provided extra copies of the tRNA genes that recognise rare

codons.

During the refolding studies, research was conducted into finding optimal refolding
strategies for thermostable proteins. It was during this work that a Ph.D. thesis was
identified which had conducted a genome sequence analysis and characterisation of
recombinant enzymes from P. torridus DSM 9790 [Angelov 2004]. During the course
of the work attempts had been made at producing recombinant P. torridus DSM 9790 §3-
gaactosidases by using a weak promoter (pBad/Myc-His), expression of fusion proteins
(maltose binding protein tag and NusA tag), alternative expression systems (the SSV1
virus, Qulfolobus solfataricus, and Saccharomyces cerevisiae), in addition to refolding
trials including dilution and diaysis refolding, on-column refolding using size exclusion
and refolding using the Vectrase kit. None of these conditions produced a biologically
active form of B-galactosidase and the Ph.D. student discontinued work on this enzyme.
It was thus concluded that direct purification of a native intracellular f-galactosidase
from P. torridus DSM 9790 provided a more realistic option of obtaining biologically
active enzyme for further study.

3.4.4 Purification of intracellular p-galactosidase from P. torridus DSM 9790

For the purification of intracellular B-galactosidase from P. torridus DSM 9790, the
archaea was grown in ~5.8 | basal medium supplemented with yeast extract (2 g/l) for
48 h, as per section 3.3.5. Native expression levels were low: typicaly, the tota
activity recovered from a 5.8 L culture amounted to ~190 IU. Some trials were carried
out growing P. torridus DSM 9790 on 1 % lactose in an attempt to further induce (-
galactosidase production, but no increase in enzyme activity was observed. Cells were
harvested by centrifugation and intracellular proteins were isolated by lysing the cellsin
buffer (section 3.3.1). No B-galactosidase activity was detected in the concentrated
fermentation media. Crude enzyme was concentrated by ultrafiltration (section 3.3.5.1),
with a 10 kDa cut-off membrane to a volume of 27.5 ml. A loss of 29.5 units (15.6 %)

of B-galactosidase activity and 48 mg (19.4 %) of total protein was incurred during this

-70 -



Chapter 3 Picrophilus torridus DSM 9790 B-Galactosidase

step, with no notable change in the specific activity (see Table 3.10, page 76).
Subsequent purification of the concentrated crude B-galactosidase was achieved by
successive batchwise application to an ion-exchange column (see Figure 3.6 for
chromatogram), gel filtration column (Figure 3.7), hydroxylapatite column (Figure 3.8),
and a chromatofocusing column (Figure 3.9). These purification steps were performed
as described in section 3.3.5. A purification table for B-galactosidase from P. torridus
DSM 9790, summarising the yield and fold purification for each step, is presented in
Table 3.10 (page 76).
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Figure 3.6: Chromatogram for the purification of fp-galactosidase from P. torridus
DSM 9790 on an anion ion exchange column containing DEAE-Sepharose CL-6B,
equilibrated to pH 6.0 (section 3.3.5.2)

Figure 3.6 represents a typical chromatogram for a run for P. torridus DSM 9790 B-
gaactosidase on the ion exchange column used in this study. For this particular run,
fractions 37-43 were pooled and subsequently subjected to gel filtration
chromatography. The column was washed with equilibration buffer to remove
contaminant proteins that did not bind in 10 mM potassium phosphate buffer, pH 6.0
and proteins that did not have enzyme activity were eluted, as evident from the peak in
the chromatogram (Figure 3.6). The elution behaviour of the target enzyme was tested
with an ascending NaCl gradient of 0-1.0 M and B-galactosidase activity was recovered
at low salt concentrations. Thus, 0-0.25 M NaCl was used to elute bound proteins over
avolume of 120.0 ml. It is clear from Figure 3.6 that only one protein peak occurred
during this elution and this coincided with the only enzyme activity peak. The f-
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gaactosidase eluted over a volume of 21.0 ml. A high salt wash was used as a fina
step to elute any strongly adsorbed proteins, and a distinct protein peak is clear in
Figure 3.6. These results suggest that, for this purification run, it was during the wash
steps that the majority of contaminant proteins were removed. 149 mg (60 %) of
protein was lost during this step, while enzyme activity decreased by only 30 %. These
results suggest good separation occurred during this purification; the specific activity
and purification factor increased to 2.07 |lU/mg and 2.71, respectively.

The next step in the purification involved gel filtration chromatography and it was
carried out as described in section 3.35.3. Figure 3.7 represents a typica
chromatogram for a run for P. torridus DSM 9790 B-gal actosidase on the gel filtration
column used in this study. For this particular run, fractions 33-38 were pooled and
subsequently subjected to hydroxylapatite chromatography. Purification had initially
been attempted using Sephacryl S-100 HR but the B-galactosidase eluted shortly after

the void volume of the column and, thus, subsequent purification was performed using
Superdex 200.
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Figure 3.7. Chromatogram for the further purification of S-galactosidase from P.
torridus DSV 9790 on a gl filtration column containing Superdex 200 (section 3.3.5.3)

Excellent separation was achieved during this chromatographic step, as evident in
Figure 3.7. Six peaks occur over fractions 20-60, with the only -galactosidase activity
peak overlapping with the third protein peak. The Superdex 200 gel filtration media
used has a fractionation range of 10-600 kDa and the B-galactosidase eluted about a
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third of the way during the course of the separation, once the void volume had passed.
This suggests the p-galactosidase is a multimeric protein, as centre of the B-
galactosidase activity peak occursin fraction 35. Both higher and lower molecular mass
proteins were removed during the course of the purification. The highest degree of
purification for the entire purification scheme occurred during this step with an 8-fold
increase in purity, giving a final specific activity and purification factor of 12.4 IU/mg
and 16.20, respectively. There was a good recovery of 40.4 % enzyme activity for this
step.

Some trials were conducted using hydrophobic interaction chromatography (using
Phenyl Sepharose HP) as a third step in the purification of this enzyme. Binding was
achieved using a variety of different ammonium sulphate concentrations (1.5, 0.75,
0.35, 0.25, and 0.15 M (NH,)>SO;), and both gradient and step elutions with salt-free
buffer were attempted. At high salt concentrations, the enzyme would not elute off the
column, while at 0.15 M (NH4)>SO4 poor binding was observed and the activity that did
bind was very difficult to elute. Using NaCl as the salt did not improve the elution

behaviour of the enzyme.

Henceforth, the partially purified B-galactosidase was applied to a hydroxylapatite
column and the purification carried out as described in section 3.3.5.4. Hydroxylapatite
chromatography has been employed in the purification of B-galactosidases from other
microorganisms [Dickson et al. 1979, Letunova et al. 1981, van Laere et al. 2000].
Figure 3.8 represents a typical chromatogram for a run for P. torridus DSM 9790 B-
galactosidase on the hydroxylapatite column used in this study. For this particular run,

fractions 33-36 were pooled and subsequently subjected to chromatofocusing.
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Figure 3.8: Chromatogram for the further purification of f-galactosidase from P.
torridus DSV 9790 on a hydroxylapatite column containing Macroprep Ceramic Type 1
hydroxylapatite media (section 3.3.5.4)

Hydroxylapatite trials were carried out using different molarities of potassium
phosphate buffer, pH 6.8, to find optimal binding and elution conditions. Initialy 10
mM potassium phosphate buffer, pH 6.8, was used for equilibration but the B-
galactosidase bound too tightly and could not be eluted with very strong (1.0 M)
potassium phosphate buffer, pH 6.8. Subsequently, a variety of binding and elution
conditions were tested until a combination was found that bound the B-galactosidase
enough so that it could be eluted midway during an ascending phosphate gradient and
showed excellent separation of contaminating proteins. An ascending phosphate
gradient of 0.1-1.0 M was used to elute bound proteins over a volume of 120.0 ml. As
seen in Figure 3.8, small protein peaks are apparent in both the wash steps but it was
during the gradient elution that most of the separation occurred. Large protein peaks
occurred during the elution and only one of these peaks overlapped with the sole f3-
galactosidase peak for the purification. The resolution of the B-galactosidase protein
peak is low, so only four peak fractions were pooled, which could explain the low yield
(14 %) for this step. There was amost a 3-fold increase in the specific activity of the
protein to 35.85 1U/mg, with a purification factor for this step of 46.9.

The final polishing step in the purification scheme was chromatofocusing using
Polybuffer exchange 94, as described in section 3.3.5.5. A typical chromatogram for a
run for P. torridus DSM 9790 B-galactosidase on this chromatofocusing column is

represented in Figure 3.9.

-74-



Chapter 3 Picrophilus torridus DSM 9790 B-Galactosidase

0.8 T 6.2
g 0.7 . T 5.9
2 [
EE 0.6 "L L sg
S 05 o
=y P 153
S > 04 - T
- = | \ + 5
%2 03 [
| 8] [ ' 1
§ ® 501 o 47
< 01 o + 44
0 i * T * T T S S 0o ae e s 4.1

0O 5 10 15 20 25 30 35 40 45 50 55
Fraction number

‘ —— A280 - = - Enzyme activity (IU/ml) -~ pH ‘

Figure 3.9: Chromatogram for the further purification of p-galactosidase from P.
torridus DSM 9790 on a chromatofocusing column containing Polybuffer exchanger 94,
equilibrated to 6.3 (section 3.3.5.5)

The protein sequences for the putative P. torridus DSM 9790 B-galactosidases were
used to estimate the isoelectric point of the enzyme being purified. The programme
ExXPASY (compute pl/MW tool) predicted isoelectric points of 5.1 and 5.8 for the
putative proteins PTO1259 and PTO1453, respectively, as per section 3.3.2.1. Thus, a
descending pH gradient of 6.5-45 was used for the initia chromatofocusing
experiments. The protein eluted at pH 51 and a pH interval of 55-4.5 was
subsequently used for this purification step. When starting chromatofocusing at pH 5.5,
it isrecommended by Sigmato start the pH at 6.3. An enzyme activity peak is apparent
in Figure 3.9, occurring about half way during the gradient elution. The -gal actosidase
eluted at pH 5.1, which was the predicted isoelectric point for the putative protein
PTO1259. A sole protein peak corresponding to the enzyme activity peak is evident on
the chromatogram. However, it is clear from the nearly 3-fold increase in the
purification factor to 131.45 that a high degree of purification occurred during this step
(Table 3.10). The yield (4.98 %) and purification factor for this purification scheme
were lower than those obtained for the purification of a p-galactosidase from the
thermoacidophile Sulfolobus solfataricus, where a recovery of 18 % was reported for an
880-fold purification [Grogan 1991]. Nevertheless, the yield for this purification
scheme is analogous to that reported for p-galactosidases purified from other sources
[Li et al. 2009, Saishin et al. 2010]. The purified B-galactosidase from P. torridus DSM
9790 had a specific activity of 100.6 IU/mg.
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Table 3.10: Purification table for f-galactosidase from P. torridus DSM 9790

Purification step Volume Total Total Specific Yield Purifi-
(ml) protein Activity Activity (%) cation
(mg) (1J) (ITU/mg) factor
Crude extract 154.0 246.98 188.91 0.77 100 1
Ultrdfiltration 275 199.02 159.37 0.80 84.36 1.047
[didfiltration
lon exchange 120.0 50.04 103.72 2.07 54.91 271
Gel filtration 12.0 6.15 76.30 12.40 40.39 16.20
Hydroxyapatite 12.0 0.74 26.60 35.85 14.08 46.86
Chromato- 35 0.094 9.40 100.56 4,98 131.45
focusing/
ultrafiltration

3.4.5 Characterisation of a p-galactosidase purified from P. torridus DSM 9790
3.4.5.1 SDS-PAGE of purified p-galactosidase

Crude and purified samples of B-galactosidase from P. torridus DSM 9790 were
analysed by SDS-PAGE as outlined in section 2.2.4.1. The purified B-galactosidase
migrated as a single band (Figure 3.10 — Lane 3), confirming the enzyme had been
purified to homogeneity.
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Figure 3.10: DS PAGE of p-galactosidase from P. torridus DSV 9790
Lane 1: MM marker (mass indicated alongside); Lane 2: Crude enzyme; Lane 3: Purified B-galactosidase
from P. torridus DSM 9790

The results from the purification work and the SDS-gel in Figure 3.10 would suggest
that P. torridus DSM 9790 produces only one intracellular f-galactosidase; no peak
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splitting occurred during the purification and only one band is evident in lane 3 of
Figure 3.10. The B-gaactosidase purified in this study was later identified by LC-
MS/MS anaysis (section 3.4.5.8) as the enzyme corresponding to the putative protein
PTO1453 from P. torridus DSM 9790. It islikely that, while the genome sequence for
this thermoacidophile encodes for two putative pB-galactosidases, both might not be
expressed. Furthermore, it is possible that the PTO1259 putative B-galactosidase is
expressed, but at such alow level it is not detectable by the standard assay procedure
used in thiswork.

The putative protein sequences for the two enzymes share a very low identity (21 %).
Moreover, the B-galactosidase PTO1453 shares high identity (47-53 % - Appendix C)
with a number of p-galactosidases from other organisms, while that from PTO1259
displays a much lower level (24-33 % - Appendix D). It is also possible that
Picrophilus expresses two B-galactosidases that differ markedly in their substrate
specificity.  Recent investigations have suggested alternative substrates for (-
galactosidases isolated from microorganisms living in extreme habitats (such as hot
springs), where lactose is not normally available [Karan et al. 2013]. Most of these
extremozymes belong to GHF-42, and data supporting the hydrolysis of lactose by these
enzymes is limited or absent [ Shipkowski and Brenchley 2006]. It isthought that these
novel B-galactosidases act on short chain oligosaccharides released from pectin
gaactans [Karan et al. 2013]. GHF-42 B-galactosidases isolated from Bifidobacterium
adolescentis DSM 20083 and Haloferax alicantei were found to display no activity
towards lactose in vitro [Holmes et al. 1997, van Laere et al. 2000]. Furthermore, a f3-
gaactosidase characterised from Clostridium cellulovorans exhibited activity on the
synthetic substrate PNPG, but had no hydrolytic activity on ONPG [Kosugi et al. 2002].
Multiple forms of one enzyme, which differ in their physicochemical properties, have
been reported for a variety of microorganisms. These multiform enzymes convey a
physiological advantage by aiding the producing organisms to adapt and cope with a
wide variety of changes in their habitat [Naessens and Vandamme 2003]. The hot
acidic habitat of P. torridus DSM 9790 would suggest there is a selective advantage in
producing multiform B-galactosidases. The low sequence homology of 21 % for the
two enzymes would suggest physiologically different glycosyl hydrolases.
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3.4.5.2 Native PAGE and activity staining of purified p-galactosidase

Crude and purified samples of B-galactosidase from P. torridus DSM 9790 were
anaysed by native PAGE, for both protein and activity, as outlined in section 2.2.4.2.
When the gel was stained for protein, a single band (Figure 3.11 — Gel A, Lane 2) was
observed for the purified p-galactosidase confirming that the protein had been purified
to homogeneity. The activity staining was carried out in order to determine if the
purified protein had B-galactosidase activity. As native expression levels of this enzyme
were very low, activity was only seen in the crude extract when using the protein
sample from the ultrafiltration step (typically 210-fold concentration of the crude
enzyme). A single band was observed for the purified B-galactosidase (Figure 3.11 —
Gel B, Lane 2) after f-galactosidase activity staining with X-gal. Identical Rf valuesfor
the purified enzyme on both gels confirmed that it was the purified protein that had -
galactosidase activity. The single activity band for the crude extract (Figure 3.11 — Gel
B, Lane 1) further indicates that, if a second B-gal actosidase is expressed by P. torridus
DSM 9790, it is at a level below the detection limits of the assay used in this study or
displays novel substrate specificity.

12 12
-
A B

Figure 3.11: Native PAGE and activity staining of f-galactosidase from P. torridus

DSM 9790

Gel A: Native PAGE of p-galactosidase - Lane 1: Crude extract; Lane 2: Purified p-galactosidase from P.
torridus DSM 9790. Gel B: Activity stained native PAGE of B-galactosidase - Lane 1: Crude extract;
Lane 2: Purified B-galactosidase from P. torridus DSM 9790.
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3.4.5.3 Molecular mass determination of purified p-galactosidase

The molecular mass of the denatured purified enzyme was determined to be 55.8 + 2.3
kDa (n = 3) by SDS-PAGE (as per section 2.2.5.6.1)), while that of the native enzyme
was determined to be 157.0 £ 1.3 kDa (n = 3) by gel filtration chromatography (section
2.2.5.6.2). The apparent molecular mass is close to that calculated for the recombinant
PTO1453 putative B-galactosidase (59.7 kDa), in addition to the predicted molecular
mass of 56.2 kD calculated from the putative gene sequence. The higher molecular
mass for the recombinant form of the enzyme is due to the N-terminal His-tag and
linker sequence. The native molecular mass would suggest this enzyme is a multimeric
protein. Since the B-galactosidase migrated as a single band during SDS-PAGE, it can
be concluded that this enzyme is a homol ogous trimer, composed of similar or identical
subunits. Multimeric B-galactosidases abound in nature and trimer forms have been
isolated from Anthrobacter sp. 32c and Thermus thermophilus HB27 [Yan et al. 2010,
Hildebrandt et al. 2009]. The native molecular mass estimated for this -galactosidase
is similar to those reported for B-galactosidases isolated from other microorganisms
including, Paracoccus sp. 32d (160 kDa) [WierzbickaWos et al. 2011], Bacillus
licheniformis DSM 13 (160 kDa) [Jugjun et al. 2011], Sterigmatomyces elviae CBS8119
(170 kDa) [Onishi and Tanaka 1995], and Deinococcus geothermalis (158 kDa) [Lee et
al. 2011].

3.4.5.4 Confirmation of pH and temperature optima of purified g-galactosidase

After the enzyme had been purified, confirmation of its pH and temperature profiles was
obtained as described in sections 2.2.5.1 and 2.2.5.2, respectively. Figure 3.12 shows
the pH profile for purified P. torridus DSM 9790 B-galactosidase, overlaid with the pH
profile for the crude intracellular B-galactosidase activity. These results indicate the pH
optimum of the enzyme is pH 5.0-5.5, which is identical to that obtained for the crude
enzyme. High activity levels (> 85 % relative activity) occurred in the pH range 4.5-
6.0. The enzyme retained significant activity at pH values as low as 4.0 and as high as
7.0, outside of which the activity dropped markedly. At pH 4.5, which is close to the
physiological pH of 4.6 found in the cytoplasm of Picrophilus cells, the enzyme
displayed 85 % of its maximal activity. The B-gaactosidase showed 9 % relative
activity at pH 8.8.
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This B-galactosidase is unusually acid active for an intracellular enzyme. The pH
optimum was found to be similar to that reported for a thermostable B-galactosidase
isolated from Thermotoga maritima (pH optimum 5.5) [Katrolia et al. 2011]. However,
a more acidic pH vaues, the T. matitima enzyme displayed lower activity levels,
exhibiting 80 % relative activity at pH 5.0 and only 25 % at pH 4.5, below which no
activity was seen. Data published on p-gal actosidases from archaeal thermoacidophiles
is limited to the glycosyl hydrolases isolated from Sulfolobus solfataricus and
Caldarella acidophila, which displayed maximal activity at pH 6.5 and 5.0, respectively
[Pisani et al. 1990, Buonocore et al. 1980]. The former retains less than half its
maximal activity at pH 5.0, which further underscores the novelty of the enzyme
purified in this study.
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Figure 3.12: Confirmation of activity versus pH profile of purified p-galactosidase from
P. torridus DSM 9790 from pH 2.5-8.8

Relative activity (%) represents the % of optimal activity displayed by the enzyme at various pH values.
where 100 % activity corresponds to 0.69 and 0.40 IU/ml for purified and crude intracellular B-
galactosidase, respectively. Error bars indicate the standard deviation of the measured data values from
the mean, n=3.

The purified p-galactosidase also displayed unusually high activity at low pH when
compared with other intracellular enzymes characterised from P. torridus DSM 9790.
Hess et al. [2008] produced and characterised two esterases (EstA and EstB) from P.
torridus DSM 9790, which displayed maximal activity at pH 6.5 and 7.0, respectively.
At pH 5.0, where the -gal actosidase being investigated in this study showed maximal
activity, EStA and EstB displayed < 35 and 0.5 % relative activity, respectively. A
glucoamylase from P. torridus DSM 9790 exhibited maximal activity at pH 5.0.
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However, unlike the p-galactosidase purified in this study, it displayed little or no
activity below this pH [Schepers et al. 2006].

Figure 3.13 shows the temperature profile for purified P. torridus DSM 9790 B-
ga actosidase, overlaid with the temperature profile for the crude enzyme. From Figure
3.13, it is evident the temperature optimum of the purified enzymeis 70 °C. The profile
isvery similar to that obtained for the crude p-galactosidase, with high activity levels (>
82 % relative activity) occurring in the temperature range 60-75 °C. The similarity
between the two profiles, in addition to the almost identical pH versus activity profiles,
further indicate that only one intracellular B-galactosidase was purified and detected in
this study. The enzyme is active across a broad temperature range, displaying over half
its maximal activity in the temperature range 50-75 °C. The enzyme retains 20 and 35
% relative activities at 30 and 80 °C, respectively. At the optimum growth temperature
of Picrophilus cells (60 °C), the enzyme displayed 82 % of its maximal activity.
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Figure 3.13: Confirmation of activity versus temperature profiles of purified f-
galactosidase from P. torridus DSV 9790 from 30-80 °C

Relative activity (%) represents the % of optimal activity displayed by the enzyme at various pH values,
where 100 % activity corresponds to 0.52 and 0.64 1U/ml for purified and crude intracellular -

galactosidase, respectively. Error bars indicate the standard deviation of the measured data values from
the mean, n=3.

A high temperature optimum is to be expected for enzymes isolated from thermophilic
microorganisms. Several intra- and extracellular enzymes from P. torridus DSM 9790
have been shown to be optimally active between 55-90 °C, including esterases (EStA 55
°C and EstB 70 °C) [Hess et al. 2008], a glucoamylase (90 °C) [Serour and Antranikian
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2002], a glycerate kinase (60 °C) [Reher et al. 2006b], and a y-glutamyl transpeptidase
(55 °C) [Rajput et al. 2013]. A number of thermophilic B-galactosidases have been
isolated and characterised to date. The B-galactosidase from Thermus thermophilus
HB27 displayed maximal activity a 70 °C, while that from Rhizomucor sp. was
optimally active at 60 °C [Shaikh et al. 1999]. The B-galactosidases from Sulfolobus
solfataricus and Caldarella acidophila displayed maximal activity at 90 and 80 °C,
respectively [Pisani et al. 1990, Buonocore et al. 1980]. A number of thermophilic -
galactosidases have been exploited for their galacto-oligosaccharide producing potential
[Ji et al. 2005, Akiyama et al. 2001, Park et al. 2008, Kim et al. 2004]. However,
investigations into the use of a thermophilic B-galactosidase for the production of
lactulose is limited to one study [Kim et al. 2006]. The high temperature optimum of
70 °C would suggest that the intracellular B-galactosidase from P. torridus DSM 9790
may be suited for use in high temperature applications, such as the enzymatic

production of lactulose from lactose and fructose.

3.4.55 pH and temperature stability profiles of purified g-galactosidase

pH and temperature stability profiles for the purified 3-galactosidase were carried out as
per sections 2.2.5.3 and 2.2.5.4, respectively. The pH stability profile is presented in
Figure 3.14. Results show that the -galactosidase retained full activity at pH 4.0 and
5.5 for 30 min while, for the same time period, the enzyme lost over half its activity at
pH 7.0. After 60 min, the enzyme had retained almost full activity at pH 5.5 and lost
only 4 % activity at pH 4.0, while at pH 7.0 only 12 % activity remained. The enzyme
thus appears to have a narrow pH stability range but is very acid stable, retaining high
levels of residual activity after incubation in the pH range 4.0-5.5. This is probably an
adaption to life at acidic pH inside Picrophilus cells.
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Figure 3.14: The stability of purified f-galactosidase from P. torridus DSV 9790 at pH

values 4.0-7.0 for 30 and 60 min

Residual activity was calculated as a % of the enzyme activity of a sample which had been kept in pH 5.5
buffer at room temperature for 30 min, where 100 % activity corresponds to 0.19 [U/ml. Error bars
indicate the standard deviation of the measured data values from the mean, n = 3.

Figure 3.15 shows the temperature stability profile for the purified enzyme, carried out
at temperatures of 35-95 °C. It is should be noted that, while the enzyme appears to
have dlightly increased activity at 35, 50, and 60 °C, it is a relatively modest increase.
This may be the result of unidentified activation of the enzyme. Past research within
the group has indicated that some B-galactosidases are activated by limited proteolytic
cleavage [O'Connell and Walsh 2007], so perhaps trace levels of proteases were present
and clipped the enzyme, yielding a more active form. Furthermore, research conducted
by Carninci et al. [1998] demonstrated that some enzymes may undergo
thermoactivation at high temperatures in the presence of the disaccharide trehalose. It is
conceivable that the purified B-galactosidase underwent a similar thermoactivation in
the presence of unknown modulators in the protein sample, such as compounds present
in Polybuffer 74, which had been used as a solvent in the final step of the purification.
This activating effect would have been negated at very high temperatures due to the
structural instability of the enzyme. It isclear from these results that the 3-galactosidase
is stable and retains full activity after 30 min up to temperatures of 70 °C; after 60 min
less than 2 % enzyme activity has been lost at this temperature. Temperatures > 80 °C
completely inactivated the enzyme after 30 min. Results indicate that the enzyme is
thermostable and would maintain function for a significant time period at 70 °C when

used in lactulose producing experiments. Additionally, the novel physicochemical
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properties of high temperature and acid pH stability would suggest this is an
academically significant enzyme.
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Figure 3.15: The stability of purified p-galactosidase from P. torridus DSV 9790 at

temperatures 35-95 °C for 30 and 60 min

Residual activity was calculated as a % of the enzyme activity of a sample which had been kept at 4 °C
for 30 min, where 100 % activity correspondsto 0.36 IU/ml. Error bars indicate the standard deviation of
the measured data values from the mean, n = 3.

3.4.5.6 Determination of kinetic parameters (K, and Vma) Of purified B-

galactosidase

The kinetic properties K, and V max Were determined for the purified -galactosidase as
per section 2.2.5.5, using the substrates ONPG and lactose. Kinetic studies for this
enzyme using lactose were carried out on the crude preparation, as prohibitively low
levels of activity were recovered from the purification experiments. Plots of substrate
concentration versus enzyme velocity were fit using non-linear regression in GraphPad
Prism (Figures 3.16 and 3.17) and estimated kinetic constants are shown in Table 3.11.
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Figure 3.16: Plot of substrate concentration versus enzyme velocity of purified P.

torridus DSM 9790 f-gal actosidase with ONPG as substrate
The plot was graphed in GraphPad Prism and fit using non-linear regression, n = 3.
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Figure 3.17: Plot of substrate concentration versus enzyme velocity of crude P. torridus
DSM 9790 S-galactosidase with lactose as substrate

The plot was graphed in GraphPad Prism and fit using non-linear regression, n = 3. One unit of B-
galactosidase activity on lactose as a substrate was defined as the amount of enzyme capable of releasing
1 pumol of glucose under the defined assay conditions.
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Table 3.11: Estimated kinetic constants of P. torridus DSM 9790 f-galactosidase with
ONPG and lactose as substrates

Substrate Km V max Keat Keat! Kim
(mM) (umol/min/ml) (sh (s*mm™)

ONPG? 1.82 0.061 49.89 27.41

Lactose” 225.6 0.59 ND ND

@activity on ONPG determined using B-galactosidase assay, described in section 2.2.2.
® activity on lactose determined as described in section 2.2.5.5.
ND — not determined

The B-galactosidase from P. torridus DSM 9790 has a lower Michaglis constant on the
synthetic substrate ONPG (1.82 mM), indicating that the enzyme has a higher affinity
for this substrate over lactose. The K, on ONPG for this enzyme is similar to those
reported for B-gal actosidases from other sources, including Aspergillus niger van Teigh
(2.7 mM) [O'Connell and Walsh 2010], Pencillium chrysogenum (1.8 mM) [Nagy et al.
2001], and Kluyveromyces lactis (1.5 mM) [Kim et al. 2003]. The K, obtained using
lactose as a substrate (225.6 mM) is much higher than those reported for -
galactosidases isolated from Pseudoaltermonas haloplanktis (2.4 mM) [Hoyoux et al.
2001] and Caldariella acidophila (61.5 mM) [Buonocore et al. 1980] but is closer to the
those determined for (-galactosidases characterised from Aspergillus alliaceus (170
mM) [Sen et al. 2012] and Bacillus licheniformis DSM 13 (169 mM) [Jugun €t al.
2011]. Only enzyme velocity results for 50-600 mM lactose were used to determine the

kinetic constants, as at 900 mM a sharp increase in velocity was observed.

Estimated Vi values for ONPG and lactose were, respectively, 0.061 and 0.59
pmol/min/ml, indicating that this B-galactosidase can hydrolyse lactose faster than
ONPG when completely saturated. Estimated turnover number kex (49.89 s?) on
ONPG is lower than that reported for E. coli -galactosidase (kex 800 ). Additionally,
the catalytic efficiency (Kea/Km) on ONPG is much lower (27.41 s'mM™) than that
reported for the E. coli enzyme (7,272 smM™) [Tenu et al. 1971]. The kea Was,
however, much closer to that determined for a psychrophilic B-galactosidase from
Paracoccus sp. 32d (71.81 s%), but which had alower K, of 1.17 mM and thus a higher
Kea/Km of 61.38 s*.mM™ [Wierzbicka-Wos et al. 2011]. The turnover number and
catalytic efficiency are often higher for enzymes from psychrophilic organisms to

compensate for the reduced reaction rate at low temperature [Hoyoux et al. 2001].
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3.4.5.7 Determination of theisoelectric point

The isoelectric point of the purified enzyme was determined by isoelectric focusing as
outlined in section 2.2.5.7. The focusing gdl is presented in Figure 3.18. Using this
technique, the pl was found to be 5.7, which is close to the bioinformatically predicted
isoelectric point of 5.8 (determined as per section 3.3.2.1). It is higher than the
previously experimentally estimated pl of 5.1 (determined using chromatofocusing).
However, chromatofocusing is a less reliable method as it is basically a charge
exchange technigue and not truly IEF and, thus, it is debatable whether the pl measured
is a valuable parameter for identification and characterisation of a protein [Zhu et al.
2005b]. Problems associated with peak broadening, non-specific interactions between
the enzyme and the Polybuffer exchanger, in addition to non-uniform pH vaues
throughout the diameter of the column would influence the elution behaviour of the
enzyme, resulting in delayed elution of the enzyme and a lower estimation of the
isoelectric point. The pl is higher than that obtained for other microbia -
galactosidases, as outlined in Table 1.6 (page 21), but lower than the basic pl of 7.8 for
Pseudoal teromonas hal oplanktis $-galactosidase [Hoyoux et al. 2001].
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Figure 3.18: The isoelectric focusing gel for purified f-galactosidase from P. torridus

D3SM 9790
Lane 1: standard proteins with known isoelectric points, Lane 2: P. torridus DSM 9790 purified f-
galactosidase.
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3458 LC-MS/MSanalysis

The purified B-galactosidase from P. torridus DSM 9790 was sent to the Department of
Biochemistry at the University of Cambridge for protein identification by LC-MSMS
analysis, as outlined in section 2.2.5.8. The data generated was used to perform an
MS/MS ion search in the Mascot search tool against the NCBI database with taxonomy
Archaea. A good match should have a high score and contain multiple query matches
(which are listed in bold red type). The top hit for the protein purified in this study was
to a putative B-galactosidase (PTO1453) from P. torridus DSM 9790 (Appendix E). All
but three of the peptide matches were in bold red type and ranked 1, which is the best
match of that peptide to the protein. The mascot score for a protein is calculated from
the ion scores for the individual peptides. For this search, ion scores > 33 are above the
95 % confidence level and indicate identity or extensive homology. The top match for
this mascot search had a high mascot score of 2,938, indicating a high level of
confidence that the protein purified was correctly matched to a -gal actosidase from the
archaea P. torridus DSM 9790. Figure 3.19 shows the protein sequence for the putative
PTO1453 p-galactosidase with the peptides identified from the purified protein
highlighted in red. The sequence coverage of 87 % suggested the protein had been
correctly identified, as an 80 % level of sequence coverage is generally considered a
good match [Lee 2012]. MS/MS identified the protein molecular mass as 56.2 kDa,
which is very close to the denatured molecular mass of 55.8 kDa calculated from SDS-
PAGE gels. Thus, the protein was confirmed to be a B-galactosidase from P. torridus
DSM 9790 through LC-MS/MS analysis.

MLPEMNFLLGFALAGFOSENGIZDPDINSDUWLIVHD PVHNIRTGLYVEGDLPENGIGY WD LYEEYNGLAVOT
GMHMAARLGVEWIRIFPEITEEVEVHED TEDDDL ISVDVHNEGSLEELDEL ANQEATINEYME IFHNIN ITEENIH
TLIVHNWYHWPFIPIYLHDF IEARNIGL3NKEFNGWLNHETVVEFVETAEYLATEF SDVADMF 2 TMNEPNWVVEF
GHGTFIVEIGFPPAFPIVHGGLLAKFEHEIEATARS YD AMEE ITEEPVGL IMANSDVOFLTDEDEEAAEMA
TYNDRYSFIDPLEVGEMEWADEVTAGHNE IGEESNIDRSDLENELDWIGVN Y Y TRAVVEES GNGYTTLEGY
GHIATAGHPIRAGRDVIDF GWEF YPEGLVIVL 33T WERTHIFHIVTENGVADZIDRELRPRYLVSHIESVE
KALSMGHD IRGYLHWILIDNYEWAS GF 3 NEF GLYGIDLNNEKIOHRP S ALVFEE TANANGYVPEEFEWHAD
QHONS

Figure 3.19: The protein sequence for P. torridus DSM 9790 S-galactosidase PTO1453
with peptide matches from the protein purified in this study highlighted in red
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3.4.6 Investigation into the production of lactulose using intracelular -
galactosidase from P. torridus DSM 9790

All application studies relating to the production of lactulose from P. torridus DSM
9790 B-galactosidase were carried out using crude enzyme, due to the low levels of
activity obtained from the purification experiments. This work was carried out as
detailed in section 3.3.7. The synthesis was optimised with respect to ratio of lactose to
fructose, total substrate concentration, temperature, enzyme activity, and time, since
previous publications in this field indicated lactulose production was influenced by
these parameters [Kim et al. 2006, Adamczak et al. 2009, Guerrero et al. 2011, Mayer
et al. 2004, Lee et al. 2004]. Initial experiments focused on optimisation of the ratio of
lactose to fructose with 0.5 IU/ml enzyme and results are shown in Table 3.12. A
typical chromatogram representing the production of lactulose using this enzyme is

shown in Figure 3.20 (page 93).

Table 3.12: Effect of the ratio of lactose to fructose on lactulose production using P.
torridus DSM 9790 f-galactosidase with total 30 % (w/v) sugars

Lactose % (w/v):Fructose % (w/v) {w:w} Relative lactulose production (%)
5:25 { 1:5} 100 + 5.27
10:20{1:2} 96.94 + 4.07
15:15 {1:1} 71.20+ 7.11
20:10 {2:1} 4572 + 458

Relative lactulose production (%) represents the % of maximal lactulose production under the conditions
tested. Error barsindicate the standard deviation of the measured data values from the mean, n= 3.

Maximum lactulose production was observed at 5 % (w/v) lactose and 25 % (w/v)
fructose, implying that the optimum ratio of lactose to fructose was 1:5 (w/w). These
results are consistent with the work by Adamczak et al. [2009] and Guerrero et al.
[2011], who reported an increase in lactulose production at lower lactose to fructose
ratios. This is because the lactose competes with the fructose as a galactosyl acceptor
and at higher initial lactose concentrations more by-products (gal acto-oligosaccharides)
are formed. Using thisratio of lactose to fructose, the effect of substrate concentration
on lactulose production using 0.5 IU/ml of enzyme was investigated and the results are
reported in Table 3.13. The percentages of lactose to fructose were 5 (w/v):25 (w/v),
6.67:33.33, and 8.33:41.67 %, respectively.
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Table 3.13: Effect of different substrate concentrations on lactulose production using P.
torridus DSM 9790 f-galactosidase with a ratio lactose: fructose of 1:5 (w/w)

Total sugars % (w/v) Relative lactul ose production (%)
30 76.60 = 5.50
40 100 + 7.42
50 90.90+ 1.79

Relative lactulose production (%) represents the % of maximal lactulose production under the conditions
tested. Error barsindicate the standard deviation of the measured data values from the mean, n = 3.

Under the conditions tested, maximal lactulose production occurred with 40 % total
sugars. Above this, lactulose production started to decrease, with a 10 % decrease in
production levels when total sugar concentration was increased by 10 %. This result
may be a consequence of an increase in the viscosity of the reaction media at high sugar
concentrations, which would result in a decrease on the reaction rate due to mass
transfer limitations [Guerrero et al. 2011]. Additionally, the reaction rate may be
reduced due to areduction in water activity at high sugar concentration [Cruz-Guerrero
et al. 2006]. The next parameter under investigation was the effect of temperature on
the reaction and this was conducted using 40 % total sugars (6.67:33.33 % lactose to
fructose) using 0.5 IU/ml of enzyme. Table 3.14 outlines the results from this work,

which was carried out at thetimeintervals 3 and 6 h.

Table 3.14: Effect of different temperatures on lactulose production using P. torridus
DSM 9790 f-galactosidase

Temperature (°C) Relative lactulose production (%)
3h 6h
55 12.01+1.40 15.81+ 0.30
60 16.57 £ 0.33 28.90+1.81
65 30.88 + 3.61 79.73+2.85
70 60.04 + 3.50 100 + 6.81

Relative lactulose production (%) represents the % of maximal lactulose production under the conditions
tested. Error barsindicate the standard deviation of the measured data values from the mean, n = 3.

It is clear from the results in Table 3.14 that as the temperature increased so did
lactulose production, with maximum productivity occurring a 70 °C after 6 h. An
increase in temperature from 65 to 70 °C resulted in a 30 % increase in lactulose
production after 3 h, whereas the same temperature increase of 5 °C caused only a 20 %
increase in production levels after 6 h. Thermostability studies showed this f-
gaactosidase is very thermostable, losing only 2 % activity at 70 °C after 60 min. It is
still active after the first 3 h of the reaction and almost doubled lactulose production in
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the next 3 h, but clearly has lost some activity over time, as production more than
doubled for the same time interval a 65 °C. The temperature profile for this -
galactosidase, conducted by assaying the enzyme using ONPG, indicated the enzyme
retains over 80 % relative activity at 60 °C. However, when used in the production of
lactulose from the natural substrate lactose, the enzyme showed only 25 % the
production levels at 60 °C that it did at 70 °C. This could be due to improved substrate
solubility at high temperatures, as the reactions containing 40 % total sugars were quite
viscous. Thus, investigations into the effect of enzyme activity on lactulose production
was tested at 70 °C using 6.67 % lactose and 33.33 % fructose with enzyme
concentrations of 1.0-16.0 IU/ml for 3 h (Table 3.15).

Table 3.15: Effect of enzyme activity on lactulose production using P. torridus DSV
9790 p-galactosidase

Enzyme activity (1U/ml) Relative lactul ose production (%)

1 13.41 +0.62
2 35.39+ 154
4 4942+ 371
6 65.56 + 5.73
8 68.98 + 2.74
12 100 +2.13

16 98.36 + 2.67

Relative lactulose production (%) represents the % of maximal lactulose production under the conditions
tested. Error bars indicate the standard deviation of the measured data values from the mean, n = 3.

Increasing the enzyme to lactose ratio resulted in an increase in lactulose production,
which reached a maximum at 12.0 IU/ml. This result is consistent with the work by
Kim et al. [2006] and Guerrero et al. [2011], who reported an increase in lactulose
production when using increased levels of enzyme activity using B-galactosidases
isolated from S. solfataricus and A. oryzae, respectively. At 16.0 I[U/ml enzyme thereis
a dlight decrease in lactulose production; this could be due the enzyme using lactulose
as adonor for the synthesis for galacto-oligosaccharides. There have been many reports
in the literature on the use of lactulose as a substrate for production of oligosaccharides
[Marin-Manzano et al. 2013, Guerrero et al. 2013, Hernandez-Hernandez et al. 2011].
It was clear from the chromatograms for lactulose production at different ratios of
enzyme to substrate (data not shown) that lactose had become limiting and it was
necessary to re-optimise the sugar ratios for this level of enzyme activity (results shown
in Table 3.16).
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Table 3.16: Re-evaluation of the effect of the ratio of lactose to fructose on lactulose
production using P. torridus DSM 9790 p-galactosidase with total 40 % (w/v) sugars
using 12.0 IlU/ml enzyme

Lactose % (w/v):Fructose % Relative lactulose production (%)
(wiv) {wiw}

3h 6h
6.67:33.33 { 1:5} 61.87 + 4.98 61.94 + 4.86
13.33:26.67 { 1:2} 75.00 + 4.24 93.14+5.75
20:20 {1:1} 65.99 + 5.05 100+ 1.14

Relative lactulose production (%) represents the % of maximal lactulose production under the conditions
tested. Error barsindicate the standard deviation of the measured data values from the mean, n = 3.

Experiments were carried out for 3 and 6 h and the data in Table 3.16 shows that
maximal lactulose production was achieved after 6 h with 20:20 % lactose to fructose.
The results for the first 3 h suggest a ratio of lactose to fructose (1:2 (% wiw)) is
optimal. It is probable that alow ratio of lactose to fructose still favours production of
lactulose at the new level of enzyme, but because only 40 % total sugars were used,
lactose quickly became exhausted and this limited the reactions at low lactose to
fructose ratios. Enzyme availability was limited and it was decided to use the reaction
conditions optimised in this study for a small scale production of lactulose. 1t would be
desirable to re-optimise total sugar concentration, ratio of lactose to fructose, and

enzymeto lactoseratio if ahigher level of enzyme activity was available.

The optimum conditions for lactulose production using the crude intracellular (-
gaactosidase from P. torridus DSM 9790 were pH 5.5, 70 °C, 20 % (w/v) lactose and
20 % (wl/v) fructose, and 12.0 IU/ml enzyme for 6 h. Chromatograms for production of
lactulose under optimised conditions using this thermostable -gal actosidase are shown
in Figure 3.20. Standard sugars of fructose, glucose, galactose, lactulose, and lactose
were run through the carbohydrate column (as per section 3.3.7) and their elution times
noted, to alow identification of the peaks during lactulose production. The elution
times for the sugars were, respectively, 8.1, 9.4, 10.3, 19.2, and 21.3 min. Under
optimised conditions, 35.13 (x 1.87) g/l (n = 3) lactulose was produced in 6 h with a
productivity of 5.85 g/l/lh. The B-galactosidase from S solfataricus produced
approximately 50 g/l lactulose in a 6 h reaction time with a productivity of 8.3 g/l/h
[Kim et al. 2006]. However, alactulose yield (Y actuiose) Of 17.56 % was calculated for
the B-galactosidase in this study, which is significantly higher than that for the S
solfataricus enzyme (12.5 %). These results indicate that the -galactosidase from P.
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Figure 3.20: Chromatographic results for the production of lactulose from P. torridus

DSM 9790 -galactosidase under optimal conditions for this study

A: Chromatogram for 50 mM sodium acetate buffer, pH 5.5 (peaks 1 and 2: buffer); B: Chromatogram
for standard sugars (peaks 2 and 6: buffer; peak 3: fructose; peak 4: glucose; peak 5: galactose; peak 7:
lactulose; peak 8: lactose); C: Chromatogram for reaction control for lactulose production from P.
torridus DSM 9790 B-galactosidase (peaks 1 and 6: buffer; peak 2: fructose; peak 9: lactose); D:
Chromatogram for reaction of lactulose production from P. torridus DSM 9790 B-galactosidase, under
optimal conditions (peaks 1 and 13: buffer; peak 5: fructose; peak 6: glucose; peak 7: galactose; peak 15:
lactulose; peak 16: lactose; peaks 12, 14, 17 and 19: unidentified galacto-oligosaccharides). The peak
numbers are printed above each peak corresponding to the order in which the peak elutes and appears on
the chromatogram. The retention time is denoted on the time axis of the chromatogram.
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torridus DSM 9790 converted a larger fraction of initial lactose into lactulose than the
S solfataricus enzyme. Consequently, it may be theorised that higher production levels
are achievable using this enzyme and the limitation in this study was the availability of

enzyme.

It would be desirable to produce a biologically active recombinant version of the B-
galactosidase to allow further investigations into its suitability as a biocatalyst for the
production of lactulose from lactose and fructose. This enzyme has a higher Y xtuiose
than many of those reported in Table 1.7 (page 30). However, the production levels do
fall short of those reported for the cellobiose 2-epimerase from Caldicellulosiruptor
saccharolyticus DSM 8903, especially when used in combination with boric acid
(Yactulose 88 %0). There appears to be a promising future in the enzymatic production of
lactulose using enzymes from thermophilic microorganisms but much research is still
necessary to identify new and efficient biocatalysts. The p-galactosidase studied in this
research project holds potential but further research is needed and to conduct this, an
expression system which is capable of producing high levels of recombinant enzyme in

its active form would be necessary.
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3.5 Conclusion

In the present study, a 3-galactosidase from the thermoacidophilic archaeon P. torridus
DSM 9790 was identified and purified to homogeneity. The enzyme was characterised
biochemically and found to exhibit novel physicochemical properties. Maximal activity
was observed under conditions similar to those prevailing in the cells of P. torridus
DSM 9790, with high levels of relative activity displayed in the pH range 4.5-6.5 and at
temperatures of 55-75 °C. The enzyme is optimally adapted to work under acidic
conditions and at high temperatures. Moreover, the enzyme was found to be acid- and
thermostable, probably due to the low pH environment inside Picrophilus cells and its
high temperature habitat. It is the first B-galactosidase to be purified from such an
extreme thermoacidophilic organism. Furthermore, due to its thermostability, this
enzyme would be suited for use in biotechnological processes operated at high
temperatures that require a thermo-active p-galactosidase. One such application, the
production of the disaccharide lactulose at elevated temperature, was looked at in this
study was. This investigation suggests that the crude p-galactosidase activity from P.
torridus DSM 9790 is potentially more useful than several enzymes aready
characterised for such an application. The challenge remains to find an expression

system capable of producing high levels of active enzyme.
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4.1 Introduction

Alicyclobacillus species are a group of spore-forming, thermoacidophilic bacteria which
are the mgjor cause of spoilage of many fruit juice and fruit-based products [Zhang et
al. 2013]. Severd dtrains of A. acidocaldarius and A. acidoterrestris grow at
temperatures of > 70 °C. While not as acidophilic in nature as Picrophilus, the
alicyclobacilli thrive in low pH environments (see Table 1.1, page 8) and have been
found living in extreme habitats;, A. vulcanalis was isolated from a geothermal pool,
Coso hot springs, Caifornia [Simbahan et al. 2004]. These aerobic microorganisms can
use several di- and polysaccharides as a carbon source and, therefore, should be

recognised as arich source of glycoside hydrolases [Di Lauro et al. 2008].

Previous studies have indicated that alicyclobacilli are of potential interest both
academically and potentially as a source of useful enzymes. A. acidocaldarius has been
the most extensively studied producer, with a cellulase [Morana et al. 2008], an L-
arabinose isomerise [Lee et al. 2005], a neopullanase [Matzke et al. 2000], an
endoglucanase [Eckert and Schneider 2003], a kumamolisin-like protease [Catara et al.
2006], and a p-galactosidase [Di Lauro et al. 2008] already isolated from this
thermoacidophile.  The latter enzyme has aso been characterised from A.
acidocaldarius subsp. rittmannii [Gul-Guven et al. 2007].

B-Galactosidases produced by these thermoacidophilic bacteria are typically
intracellular and would be expected to display high levels of activity at elevated
temperatures and, thus, find use in high temperature applications that require
thermostable enzymes, in addition to being academically important. This study focused
on screening selected Alicyclobacillus strains for B-galactosidase activity and carrying
out some preliminary application studies. A p-galactosidase from A. vulcanalis DSM
16176 was selected for purification and further study.
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4.2 Methods
421 Microbial strains

Microbia strains used in this study are listed in Table 4.1. All of these alicyclobacilli
were obtained from the German Collection of Microorganisms and Cell Cultures,
Mascheroder Weg 1b, 38124 Braunschweig, Germany (DSMZ).

Table 4.1: Microbial strains used in screening for a thermophilic p-galactosidase
(cultured as outlined in section 4.2.2)

Organism Strain designation Media requirement
Alicyclobacillus acidocaldarius 446, 451, 452, 453, 454, 455 Medium 402
Alicyclobacillus acidoterrestris 3922, 3923, 3924 Medium 402
Alicyclobacillus acidiphilus 14558 Medium 402
Alicyclobacillus vulcanalis 16176 Medium 402 + MnSO,
Alicyclobacillus contaminas 17975 Medium 13 + MnSO,
Alicyclobacillus herbius 13609 Medium 13 + MnSO,
Alicyclobacillus kakegawensis 17979 Medium 13 + MnSO,
Alicyclobacillus shizuokensis 17981 Medium 13 + MnSO,

4.2.2 Microbial culturing techniquesand cell lysis

Regeneration of the purchased microbia strains was achieved by inoculation of their
designated liquid media. Details on culture media and growth conditions for the various
strains were obtained from the website of the culture collection from which they were
obtained (www.dsmz.de) and media constituents for Alicyclobacilli strains are shown in
Tables 4.2 and 4.3. The inoculated liquid media were subsequently incubated at the
optimum growth temperature for each strain, for 48 h. Following incubation, 500 ul of
the liquid cultures were spread plated onto designated solid media and incubated at the
strain’s optimum growth temperature for 24 h. Seria transfer, from old to fresh solid
media every week achieved maintenance of microbial cultures. Glycerol stocks for
each strain were prepared (and stored at -80 °C) also every 4 weeks to maintain viable
sources for culturing in the long term. Sonication was used to lyse the cdlls, as

described in section 2.2.1.

- 08 -



Chapter 4 Alicyclobacillus vulcanalis DSM 16176 B-Galactosidase

Table 4.2: Medium 402 for selected Alicyclobacilli strains as outlined at www.dsmz.de

Component Quantity
Solution A:

CaCl, x 2H,0 0.25¢g
MgSO, x 7H,0O 0.50¢9
(NHy4),SO, 0.20g

Y east extract 2.00g
Glucose 5.009g
KH,PO, 3.00g
dH,0 (for liquid medium) 1000.00 mi
dH,0 (for solid medium) 500.00 mi
Adjust pH to 4.0 (with 2.0 M H,SOy)

Solution B:

ZnS0O,4 x 7H,0 0.10g
MnCl, x 4H,0 0.03g
H3BO, 0.30g
CoCl, x 6H,0 0.20g
CuCl, x 2H,0 0.01g
NiCl, x 6H,0 0.02g
Na,MoO, 2H,0 0.03g
dH,O 1000.00 mi
Solution C:

Agar 15.009g
dH,O 500.00 ml

Sterilise solutions separately. For liquid medium combine 999 ml solution A and 1 ml solution B. For
solid medium combine 499 ml solution A, 1 ml solution B and 500 ml solution C. For strains requiring
MnSO, for growth, include at a concentration (in both liquid and solid media) of 10 mg/l.

Table 4.3: Medium 13 for selected Alicyclobacilli strains as outlined at www.dsmz.de

Component Quantity
Solution A:

CaCl, x 2H,0 0.25¢g
MgSO, x 7H,0O 0.504¢g
(NH,4),SO, 0.20g
Y east extract 1.00g
Glucose 1.00¢g
KH,PO, 3.00g
dH,0 (for liquid medium) 1000.00 mi
dH,0 (for solid medium) 500.00 ml
Adjust pH to 4.0/4.2 (with 2.0 M H,SO,)

Solution B:

Agar 15.009g
dH,O 500.00 ml

Sterilise solutions separately. For liquid medium use solution A asis. For solid medium combine 500 ml
solution A and 500 ml solution B. For strains requiring MnSO, for growth, include at a concentration (in
both liquid and solid media) of 10 mg/I.

4.2.3 p-Galactosidase assay

The assay used for estimation of B-gal actosidase activity was carried out as described in
section 2.2.2, but 0.2 M sodium acetate buffer, pH 5.5 was replaced with 0.2 M
potassium phosphate buffer, pH 6.0.

-99-



Chapter 4 Alicyclobacillus vulcanalis DSM 16176 3-Galactosidase

4.2.4 Molecular biology protocols

Molecular biology manipulations were carried out as per section 3.3.2. Bioinformatic
anaysis, DNA purification and sequencing, restriction enzyme digestion and ligation,
and transformation were carried out as per sections 3.3.2.1, 3.3.2.2, 3.3.2.4, and 3.3.2.5,
respectively. Section 4.2.4.1 outlines the PCR reactions undertaken in the amplification
of genomic DNA from A. vulcanalis DSM 16176.

4241 PCRreactions

PCR reactions were carried out using 20-60 ng of gDNA from A. vulcanalis 16176 and
the polymerase Phusion (NEB). The primers used in these reactions and the PCR cycle
parameters are listed Tables 4.4 and 4.5, respectively.

Table 4.4: PCR primes designed to amplify a f-galactosidase gene from A. vulcanalis
DSM 16176

Primers Restrictionenzyme  Tm
recognition site (°C)

Primer set 1 for cloning into pProEX HTb with an N-terminal His-tag

For. 5 CAGCAGGGATCCATGCGCAAATTTCCAGAGGG 3 BamH| 60
Rev. 5 CAGCAGAAGCTTTTATCGCGCCGTTTCCGCG 3 HindlIl 62
Primer set 2 for cloning into pProEX HTb with an N-terminal His-tag

For. 5 CAGCAGGAATTCGGATGGCCAAGACGCACCCT 3 EcoRl 58
Rev. 5 CAGCAGAAGCTTGAAATGAGTGAGCCATCCC 3 HindlIl 58

Table 4.5: PCR conditions for amplifying A. vulcanalis 16176 -galactosidase

Temperature (°C) Time Number of cycles
PCR conditionsfor amplifying A. vulcanalisDSM 16176 B-galactosidase using primer set 1
98 2min 1
98 30s
67 45s 5
72 2min
98 30s
70 45s 30
72 2min
72 5min 1
PCR conditionsfor amplifying A. vulcanalis DSM 16176 B-galactosidase using primers set 2
98 2min 1
98 30s
58 45s 35
72 2min
72 5min 1
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4.25 Protocol for purification of an intracellular B-galactosidase from A.
vulcanalisDSM 16176

The purification scheme employed for a native intracellular -galactosidase from A.
vulcanalis DSM 16176 involved five steps, as outlined below.

4.25.1 Concentration of crude p-galactosidase by ultrafiltration

After resuspending pelleted cells in 0.2 M potassium phosphate buffer, pH 6.0 and
carrying out cell lysis, as described in section 2.2.1, crude intracellular -galactosidase
was clarified by centrifugation at 12,000 rpm at 4 °C for 20 min, before being
concentrated (typicaly 105-fold) using a 50 ml Amicon Stirred Ultrafiltration Cell as
described in section 3.2.5.1.

4.2.5.2 lon exchange chromatography

lon-exchange chromatography was carried out as outlined in Amersham-Biosciences
[2004]. Prior to column chromatography, the optimum pH for binding of concentrated
B-galactosidase from ultrafiltration to DEAE-Sepharose CL 6B anion exchanger was
determined, using the test tube method. Subsequently, a 1.0 x 10.0 cm econo-column
(Bio-Rad), packed with DEAE-Sepharose CL 6B with a bed volume of 6.4 ml was
prepared. Equilibration of the column with running buffer (10 mM sodium acetate
buffer, pH 5.5) was carried out prior to sample application and confirmed by monitoring
column effluent pH. All ion exchange chromatography runs were carried out at 4 °C
using the Biologic LP purification system. After the column was loaded with B-
gaactosidase from section 4.2.5.1 (19.0 ml) the column was washed with 30.0 ml of

running buffer to elute any unbound protein.

The bound B-galactosidase was eluted from the column using 10 mM sodium acetate
buffer, pH 5.5 with an ascending linear salt gradient from 0-0.5 M NaCl over 120.0 ml.
A flow rate of 1.0 ml/min was used and fractions of 3.0 ml were collected. Fractions
were assayed for 3-galactosidase activity, as per section 4.2.3, and protein concentration
was recorded for each fraction via absorbance at 280 nm by the Biologic LP data view

software. B-Galactosidase containing fractions were pooled, assayed for total f-
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galactosidase activity (section 4.2.3) and total protein content by Bradford assay
(section 2.2.3).

4.25.3 Gd filtration chromatography

This chromatographic technique was carried out as outlined in Amersham-Biosciences
[2000]. Concentrated B-gal actosidase from section 4.2.5.2, (1.8 ml) was loaded into a
1.5 x 75.0 cm econo-column (Bio-Rad) packed with Superdex 200 with a bed volume of
130 ml. The column had been pre-equilibrated with 50 mM potassium phosphate
buffer, pH 6.0, containing 0.15 M NaCl (running buffer). All separations were carried
out a 4 °C using the Biologic LP purification system. During separation, running
buffer was run through the column at a flow rate of 0.4 ml/min. Fractions of 2.0 ml
were collected, assayed for B-galactosidase activity, as per section 4.2.3 and protein
concentration was recorded for each fraction via absorbance at 280 nm by the Biologic
LP data view software. B-Galactosidase containing fractions were pooled, assayed for
total B-galactosidase activity (section 4.2.3) and total protein content by Bradford assay
(section 2.2.3).

4.2.5.4 Hydroxylapatite chromatography

Hydroxylapatite chromatography was carried out according to Broadhurst [1997]. The
pooled B-galactosidase fraction from section 4.2.5.3 (2.0 ml) was loaded into a 1.0 x
10.0 cm Pharmacia Biotech C16 column (Amersham Biosciences UK Ltd.) packed with
Macro-Prep Ceramic Type 1 hydroxylapatite media (Bio-Rad) with a bed volume of 5.1
ml. The column had been pre-equilibrated with running buffer, which consisted of 5
mM potassium phosphate buffer, pH 6.8. All separations were carried out a 4 °C using
the Biologic LP Purification System. After the sample was loaded, 30 ml of running
buffer was passed through the column to remove unbound material. Subsequently, an
ascending running buffer concentration gradient from 5-200 mM phosphate over 120.0
ml was applied to the column to elute bound protein. A flow rate of 1.0 ml/min was
used and fractions of 3.0 ml were collected. Fractions were assayed for [3-galactosidase
activity, as per section 4.2.3 and protein concentration by absorbance at 280 nm was
recorded by Biologic LP Dataview Software. B-Galactosidase containing fractions were
pooled, assayed for total B-galactosidase activity (section 4.2.3) and total protein
content by Bradford assay (section 2.2.3).
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4.25.5 Chromatofocusing chromatography

Chromatofocusing was carried out according to Amersham-Biosciences [2004]. The
pooled B-galactosidase from section 4.2.5.4, (1.4 ml) was loaded into a 1.0 x 28.0 cm
Pharmacia Biotech C16 column (Amersham Biosciences UK Ltd.) packed with
Polybuffer Exchanger 94 (PBE 94) with a bed volume of 18.8 ml. The column had
been pre-equilibrated with 25 mM Bis-Tris, pH 6.3 (equilibration buffer). All
separations were carried out at 4 °C using the Biologic LP purification system. Prior to
loading the protein sample and after equilibration with equilibration buffer, 7.0 ml of
Polybuffer 74, pH 4.0 (running buffer, prepared by adjusting pH with 1 M HCI) was run
through the column. After loading of sample, running buffer was applied to the column
to create a pH gradient at a flow rate of 1.0 ml/min and fractions of 3.0 ml were
collected. The bound B-gal actosidase was eluted from the column when the descending
pH gradient reached the isoelectric point of the enzyme. Fractions were assayed for f3-
galactosidase activity, as per section 4.2.3 and protein concentration by absorbance at
280 nm was recorded by Biologic LP Dataview Software. The pH of the fractions was
also measured with a calibrated pH meter and recorded. B-Galactosidase containing
fractions were pooled, assayed for total f-galactosidase activity (section 4.2.3) and total

protein content by Bradford assay (section 2.2.3).

4.2.6 Characterisation studieson the purified pg-galactosidase

Characterisation studies were conducted on the purified B-galactosidase according to the
methods outlined in sections 2.2.5.1-2.2.5.8 and included pH versus activity and
temperature versus activity profiles, pH and temperature stability studies, kinetic
characterisation, molecular mass determination, isoelectric focusing, and MS/MS
analysis. Furthermore, the homogeneity of the purified protein was confirmed by SDS-
PAGE and native PAGE, as per sections 2.2.4.1 and 2.2.4.2, respectively. Some
additiona characterisation studies were carried out, as per sections 4.2.6.1-4.2.6.3.

4.2.6.1 Determination of the effect of cations, EDTA, and reducing agentson
purified p-galactosidase

The effect of metal ions on the activity of purified p-galactosidase was determined
according to the modified method of Chakraborti et al. [2000]. The activity of the
purified B-galactosidases was assayed as per section 4.2.3 with some modifications.
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The assay was carried out in the presence of each of the following: Cu**, Mg?*, Mn*,
ca®*, zn**, Hg?*, Co™, Ni?*, Cd**, Fe**, and Fe** at concentrations of 1 mM (in ONPG
substrate solution), and EDTA, DTT, and p-mercaptoethanol at concentrations of 1, 5,
and 25 mM (in ONPG substrate solution). The effect of the added metal ions and other
reagents was determined by expressing their assay result as a percentage of the control

assay result of the purified enzyme.

4.2.6.2 Inhibition studies

Inhibition of purified B-galactosidases was studied according to the modified method of
Shaikh et al. [1999]. The activity of the purified 3-galactosidases was assayed as per
section 4.2.3 with some modifications. Glucose, galactose, lactose, lactulose, fructose,
maltose, sucrose, and IPTG at concentrations of 5, 25, and 50 mM were added to the
ONPG substrate solution. The level of inhibition or activation of the added substances
was determined by expressing their assay result as a percentage of the control assay

result for the purified enzyme.

4.2.6.3 Determination of substrate specificity

The substrate specificity of the purified enzyme from Alicyclobacillus vulcanalis DSM
16176 was determined using substrates with similar structures to lactose and was based
on the method of Chakraborti et al. [2000]. The specificity was determined by assaying
the enzymatic activity of the purified enzymes, as outlined in section 4.2.3 with the
ONPG substrate substituted with p-NO,-phenyl substitutes of the following sugars: a-L-
arabinopyranoside, B-L-fucopyranoside, a-D-galactopyranoside, a-D-glucopyranoside,
a-D-mannopyranoside, and (-D-galactopyranoside, at the same concentration.
Absorbance at 410 nm was measured and values were related to a PNP standard curve,
which was constructed in the same manner as the ONP standard curve. The relative

activities were comparisons with ONPG, which was set to 100 %.

4.2.7 Screeningfor lactulose producing potential

Unless otherwise stated, reactions were performed at 70 °C in a 50 mM potassium
phosphate buffer, pH 6.0, containing 20 % (w/v) lactose and 20 % (w/v) fructose for 6 h
at 35.0 IlU/ml crude enzyme. Determination of carbohydrates was carried out by HPLC
as described in section 3.3.7.1, with 83 % acetonitrile as the mobile phase.
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4.3 Resultsand Discussion
4.3.1 ldentifying novel p-galactosidases from selected strains of Alicyclobacillus

Microbia strains (Table 4.1) obtained from DSMZ were cultured as outlined in section
4.2.2 and screened for both intra- and extracellular B-galactosidase activity. Strains
were selected on the basis of growth temperature, with the more thermophilic strains
selected for use in this study. All 14 strains were found to produce intracellular -
gaactosidase activity only. Some initial characterisation of the crude enzymes was
carried out in order to determine their physiologica properties (pH versus activity and
temperature versus activity profiles). Determination of these properties was necessary
to elucidate their optimum assay conditions.

4.3.1.1 Initial characterisation of crudeintracellular g-galactosidases

pH versus activity profiles were obtained for all crude intracellular -galactosidases as
described in sections 2.2.5.1. Figures 4.1-4.3 show the pH profiles for crude
Alicyclobacillus B-galactosidases. It is evident from these pH profiles that all the B-
galactosidases show similar activity over the range of pH values used in this study.
From Figure 4.1, it is clear that the B-galactosidases from DSM 451-455 share very
similar pH profiles, with high levels of activity in the pH range 5.5 to 7.5. DSM 451,
452, and 455 display optimum activities at pH 6.0, while DSM 453 and 454 are
maximally active at pH 6.5. The pH profilesin Figure 4.2 for strains DSM 3922-3924
are identical and very similar to that for DSM 14448, with al enzymes maximally
active at pH 6.0. These -galactosidases have a narrower pH range, displaying little to
no activity outside of the pH interval 5.5to 7.0. The pH profilesin Figure 4.3 for DSM
13609, 16176, 17979, and 17981 are also very similar, with maximal activity occurring
at pH 6.0 for all four enzymes. The profile for DSM 17975 differs, with an optimum
pH of 6.5. Thus, al 14 B-galactosidases tested in this study have a pH optimum of 6.0
or 6.5 and rapidly lose activity outside of the pH interval 5.5 to 7.5. The pH activity
profiles for these B-galactosidases are typical of those reported for intracellular enzymes
already characterised from A. acidocaldarius [Di Lauro et al. 2006, Matzke et al. 2000,
Gul-Guven et al. 2007, Yuan et al. 2008].
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Figure 4.1: pH versus activity profile for crude intracellular f-galactosidases from
DSM 451, 452, 453, 454, and 455 from pH 3.4-8.8

Relative activity (%) represents the % of optimal activity displayed by the enzymes at various pH values,
where 100 % activity corresponds to 0.43, 0.40, 0.36, 0.18, and 0.48 1U/ml for, respectively, DSM 451,

452, 453, 454, and 455. Error bars indicate the standard deviation of the measured data values from the
mean, n = 3.
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Figure 4.2: pH versus activity profile for crude intracellular f-galactosidases from
DSM 3922, 3923, 3924, and 14558 from pH 3.4-8.8

Relative activity (%) represents the % of optimal activity displayed by the enzymes at various pH values,
where 100 % activity corresponds to 0.43, 0.37, 0.45, and 0.53 1U/ml for, respectively, DSM 3922, 3923,

3924, and 14558. Error bars indicate the standard deviation of the measured data values from the mean, n
=3.
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Figure 4.3: pH versus activity profile for crude intracellular S-galactosidases from

DSM 13609, 16176, 17979, 17981, and 17975 from pH 3.4-8.8

Relative activity (%) represents the % of optimal activity displayed by the enzymes at various pH values,
where 100 % activity corresponds to 0.46, 0.36, 0.37, 0.39, and 0.31 1U/ml, respectively, for DSM 13609,
16176, 17979, 17981, and 17975. Error bars indicate the standard deviation of the measured data values
from the mean, n= 3.

Temperature versus activity profiles were obtained for al crude intracellular f-
gaactosidases as described in section 2.25.2. It is evident from the temperature
profiles (Figures 4.4-4.6) that these B-gal actosidases show arelatively wide disparity in
their temperature optima, even with closely related Alicyclobacillus strains. Figure 4.4
shows the temperature profiles for DSM 451-455. These results indicate DSM 451 and
452 share amost identical temperature versus activity profiles, with a temperature
optimum of 75 °C. DSM 453 and 454 share similar activity profiles with a temperature
optimum of 60 °C, while DSM 455 has a more unique activity profile and exhibits
maximal activity at 70 °C. The variation in temperature optima could be due to
alterations in the amino acid sequence of the enzymes, brought about by evolutionary
changes as they adapted to their different extreme habitats. Both DSM 451 and 452
were isolated from an acid hot spring and share almost identical temperature versus
activity profiles (Figure 4.4), while DSM 454 and 455 were found in soil from an acid
fumarole and are very similar in their thermo-activity but differ from the previousy

mentioned strains.
DSM 3922-3924 and 14558 have very similar activity profiles with alower temperature

optimum of 55 °C (Figure 4.5), probably due to the lower growth temperatures for these

Alicyclobacillus strains. The temperature versus activity profiles for DSM 16176 and
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17981 are identical and share similarity with DSM 17975 (Figure 4.6). These three B-
galactosidases share a temperature optimum of 70 °C and retain high levels of activity
(> 80 % relative activity) at 75 °C. They are much more thermophilic than the enzymes
from the strains DSM 13609 and 17979, which display maximal activity at 60 °C and
retain little or no activity at temperatures > 70 °C. All 14 p-galactosidases tested in this
study have broad temperature optimum and exhibit maximal activity in the temperature
range 55-75 °C. The temperature activity profiles for these (3-galactosidases are similar
those for 3-gal actosidases characterised from A. acidocaldarius [Gul-Guven et al. 2007,
Yuan et al. 2008].
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Figure 4.4: Temperature versus activity profile crude intracellular f-galactosidases
from DSM 451, 452, 453, 454, and 455 from 35-95 °C

Relative activity (%) represents the % of optimal activity displayed by the enzymes at various pH values,
where 100 % activity corresponds to 0.49, 0.50, 0.52, 0.64, and 0.42 1U/ml for, respectively, DSM 451,

452, 453, 454, and 455. Error bars indicate the standard deviation of the measured data values from the
mean, n = 3.

- 108 -



Chapter 4 Alicyclobacillus vulcanalis DSM 16176 B-Galactosidase

120 -

100

80

60 -

40

Reativeactivity (%)

20 1

0 T T T T T T T T 1
25 30 35 40 45 50 55 60 65 70

Temperature (°C)

‘—*— DSM 3922 —=— DSM 3923 —+— DSM 3924 —=— DSM 14558‘

Figure 4.5: Temperature versus activity profile crude intracellular p-galactosidases
from DSM 3922, 3923, 3924, and 14558 from 30-65 °C

Relative activity (%) represents the % of optimal activity displayed by the enzymes at various pH values,
where 100 % activity corresponds to 0.41, 0.35, 0.40, and 0.49 1U/ml for, respectively, DSM 3922, 3923,

3924, and 14558. Error barsindicate the standard deviation of the measured data values from the mean, n
=3
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Figure 4.6. Temperature versus activity profile crude intracellular p-galactosidases
from DSM 13609, 16176, 17979, 17981, and 17975 from 35-80 °C

Relative activity (%) represents the % of optimal activity displayed by the enzymes at various pH values,
where 100 % activity corresponds to 0.54, 0.49, 0.28, 0.57, and 0.47 IU/ml, respectively, for DSM 13609,
16176, 17979, 17981, and 17975. Error bars indicate the standard deviation of the measured data values
from the mean, n= 3.
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4.3.2 Recombinant production of a p-galactosidase from A. wulcanalis DSM
16176

Although DSM 451 and DSM 452 had the highest temperature optima of 75 °C, they
were not considered any further as 3-gal actosidases had already been characterised from
closely related strains [Di Lauro et al. 2008, Gul-Guven et al. 2007]. DSM 16176,
17981, and 17975 were al very thermophilic with high temperature optima of 70 °C.
Based on evidence that the 16s rRNA sequence of A. vulcanalis DSM 16176 shared
97.8 % identity with that of A. acidocaldarius [Simbahan et al. 2004], it was decided to
select the B-gaactosidase produced by this strain for study. The complete genome
sequence for the latter strain is available at NCBI (ID 1764) and, thus, it was hoped to
produce a recombinant version of the DSM 16176 B-galactosidase using homology
cloning. Furthermore, if high level expression of active DSM 16176 B-galactosidase
were to be obtained, it was hoped that lactulose production studies could be conducted

using this enzyme.

Attempts were made to produce a recombinant (3-galactosidase from A. vulcanalis DSM
16176, to alow overexpression of the target protein. No sequence information was
available for this organism so primers were designed based on the 3-galactosidase from
the closely related strain A. acidocaldarius DSM 446, which was found in the Genbank
database with accession number CP001727 (REGION: 2957190..2959256). The gene
was cloned as described in section 4.2.4 using Primer Set 1 (described in Table 4.4). A
second primer set (Primer Set 2, Table 4.4) was designed based on the nucleotide
sequence of a B-galactosidase from Alicyclobacillus sendaiensis DSM 17461, which had
been previously cloned and sequenced within the research group. The PCR product
amplified from the genomic DNA of A. vulcanalis DSM 16176, using primer set 1 was
designated as ai_16176a, while the PCR product amplified from the genomic DNA of
the same strain, using the primer set 2, was termed ali_16176b.

Figure 4.7 shows an example of the successful cloning of ali_16176a (Lane 2: ~2,000
bp) and ali_16176b (Lane 3: ~1,600 bp) into pProEX HTb. Each of the constructs was
sent to MWG so the first half of the putative genes could be sequenced, as described in
section 3.3.2.2. The sequences were blasted using BlastP (as per section 3.3.2.1) and

none of these inserts were found to share homology with other known (-galactosidase
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genes. The sequence of ali_16176a was found to share 83 % identity to part of the
genome sequence of A. acidocaldarius DSM 446 featuring a putative cyanophycin
synthetase 4-diphosphocytidyl-2C-methyl-D-erthritolkinase, while ali_16176b also had
identity (85 %) to a part of this genome, but to a region containing a putative

Orn/Lys/Arg decarboxylase magjor region.

Figure 4.7: DNA gel showing the successful cloning of PCR products amplified from

the genome of A. vulcanalis DSM 16176
Lane 1: DNA ladder 1 kb; Lane 2: pProEX HTb-ali_16176a; Lane 3: pProEX HTb-ali_16176b.

In parallel with the sequencing work, each of the constructs was transformed into the E.
coli strain Dh5a (as described in section 3.3.2.5) and expression trials were carried out,
as per section 3.3.3. Figure 4.8 shows an example of an SDS-gel with the protein
fractions from the expression trials for each of the constructs. No recombinant protein
is evident on this gel. Thus, homology cloning based on the genome sequence of
closely related Alicyclobacillus strains failed to produce a recombinant -gal actosidase
from A. vulcanalis DSM 16176. It is possible to amplify a gene from an organism using
oligonucleotides designed from the data of a single known closely related sequence, if
the novel gene of interest shares significant homology to the known gene
[Balasubramaniam et al. 2000]. Often, a single-nucleotide change in the region where
the oligonucleotide is expected to bind is enough to impede correct primer annealing

[Lang and Orgogozo 2011].
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Figure 4.8: Constructs expressed in E. coli Dh5a at 37 °C for 4 h at 250 rpm, with 0.1

mM IPTG

Lane 1: protein MM marker; Lane 2: ai_16176a uninduced control; Lane 3: ali_16176a soluble cellular
protein; Lane 4: ai_16176a insoluble cellular protein, Lane 5: ali_16176b uninduced control; Lane 6:
ai_16176b soluble cellular protein; Lane 7: ai_16176b insoluble cellular protein.

Other classical methods do exist, such as sequencing the entire species genome (with
the hope that the target gene is included in the sequence data) or the use of degenerate
primers [Lang and Orgogozo 2011, Kwok et al. 1994]. The former method requires
time and a significant budget, while the latter necessities multiple sequences from
closely related organisms. The decision was made to natively purify the p-gal actosidase
from A. wulcanalis DSM 16176, as under the circumstances this provided the most
resource efficient means of obtaining a B-galactosidase from the alicyclobacilli in this

work for characterisation studies.

4.3.3 Purification of an intracelular p-galactosidase from A. wulcanalis DSM
16176

For the purification of the intracellular B-gal actosidase from A. vulcanalis DSM 16176,
the bacteria was grown in 2.0 | of medium 402 supplemented with MnSO, and 1 %
lactose (as per section 4.2.2). Purification of the enzyme was carried out as described in
section 4.2.5. The chromatograms for the various steps of the purification protocol are
presented in Figures 4.9-4.12. A purification table for the p-galactosidase from A.
vulcanalis DSM 16176, detailing the yield and purification fold for each step, is
presented in Table 4.6 (page 117). After harvesting the cells by centrifugation, the
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intracellular enzyme was isolated by lysing the cells (as outlined in section 2.2.1). The
crude enzyme was concentrated by ultrafiltration (section 4.2.5.1), with a 10 kDa cut-off
membrane to avolume of 19.0 ml. There was a dlight increase in the specific activity of
the enzyme after this step, resulting in a purification factor of 1.27 (see Table 4.6, page
117). The concentrated extract was applied to an ion exchange column as outlined in
section 4.2.5.2 and a chromatogram representing a typical run of the column is

presented in Figure 4.9.
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Figure 4.9: Chromatogram for the purification of f-galactosidase from A. vulcanalis
DSM 16176 on an anion ion exchange column containing DEAE-Sepharose CL-6B,
equilibrated to pH 5.5 (section 4.2.5.2)

After elution of the run presented in Figure 4.9, fractions 34-41 were pooled and
subsequently subjected to gel filtration chromatography. It is clear from this
chromatogram that the majority of contaminating proteins that were removed were lost
during the initial wash step. An ascending NaCl gradient of 0-0.5 M was used to elute
bound proteins over a volume of 120.0 ml. Two protein peaks are evident during this
elution in Figure 4.9. The second peak is much smaller but broader and partially
overlaps with the only enzyme activity peak. The p-galactosidase eluted over avolume
of 240 ml. A fina wash step using 20 M NaCl eluted more strongly adsorbed
contaminating proteins. There was alargelossin total protein of 121.2 mg for this step,
while the enzyme activity dropped by 148.8 U resulting in a yield of 56.4 %. Results
from the chromatogram, in addition to the purification factor of 2.87, indicate an
increase in the purity of the protein sample was achieved during this step.

-113-



Chapter 4 Alicyclobacillus vulcanalis DSM 16176 3-Galactosidase

lon exchange chromatography was followed by gd filtration, which was carried out
according to section 4.2.5.3. Figure 4.10 represents a typical chromatogram for a run
for A. vulcanalis DSM 16176 B-gaactosidase on the gel filtration column used in this
study. Fractions 32-38 for this purification run were pooled, after which they were
subjected to hydroxylapatite chromatography.
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Figure 4.10: Chromatogram for the further purification of f-galactosidase from A.
vulcanalis DSV 16176 on a gel filtration column containing Superdex 200 (section
4.25.3)

In the chromatogram in Figure 4.10, a single enzyme activity peak corresponds to a
partially resolved protein peak. Good separation was achieved during this step, as
evident by the other protein peaks in Figure 4.10. It appears the magjority of
contaminating proteins removed are of lower molecular mass than the target protein, as
they elute later in the purification. There was a good recovery of enzyme activity from
this step, with ayield of 41.3 %. The purification amost doubled to 5.0, indicating that

asubstantial degree of purification was achieved.

The next step in the purification involved hydroxylapatite chromatography (as per
section 4.2.5.4) and the partially purified enzyme was applied to a hydroxylapatite
column. A typical chromatogram for this purification is presented in Figure 4.11 and,
for this particular run, fractions 23-28 were pooled and subsequently subjected to
chromatofocusing.
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Figure 4.11: Chromatogram for the further purification of S-galactosidase from A.
vulcanalis DSM 16176 on a hydroxylapatite column containing Macroprep Ceramic
Type 1 hydroxylapatite media (section 4.2.5.4)

Binding and elution conditions were optimised by varying the molarities of the
equilibration and elution buffers. Initially, 10 mM potassium phosphate, pH 6.8 was
used as the binding buffer, and elution was carried out using 400 mM potassium
phosphate, pH 6.8, over a gradient of 10-400 mM. However, under these conditions the
B-galactosidase did not bind completely to the column and a lower molarity starting
buffer had to be used. Thus, binding was achieved with 5 mM potassium phosphate
buffer, pH 6.8, and elution was carried out over an ascending phosphate gradient 5-200
mM over a volume 120.0 ml. Good separation was achieved during this
chromatographic step, as evident in Figure 4.11. Protein was detected for the entire
course of the elution and in the final high phosphate wash, but only protein from
fractions 23-33 overlapped with the enzyme activity peak. Some peak tailing occurred
for the activity peak and fractions 29-33 were not pooled for further purification, which
could have contributed to the low yield of 23.9 %. Over a 3-fold increase in the specific
activity of the protein to 38.94 IU/mg was achieved for this step, with a purification
factor of 17.9.

The final polishing step in the purification scheme was chromatofocusing using
Polybuffer exchange 94, as described in section 4.2.5.5. A typica chromatogram for a
run for A. vulcanalis DSM 16176 (3-gal actosidase on this chromatofocusing column is

represented in Figure 4.12.
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Figure 4.12: Chromatogram for the further purification of f-galactosidase from A.
vulcanalis DSM 16176 on a chromatofocusing column containing Polybuffer exchanger
94, equilibrated to 6.3 (section 4.2.5.5)

As no sequence information is available for A. vulcanalis DSM 16176, there was no
way of predicting the isoelectric point of the B-galactosidase. A descending pH gradient
of 6.0-4.0 was used as a starting point, and the target protein was found to elute within
this pH range. The enzyme elutes towards the end of the gradient, at pH of
approximately 4.2. There appears be no magor contaminating protein peaks in the
chromatogram in Figure 4.12, but the degree of purification incurred during this step is
evident from the final purification factor of 110.2. This 6-fold purification incurred
during this last step resulted in a homogenous protein with a specific activity of 240.28
IU/mg (Table 4.6). The yield (5.89 %) and purification factor (110.22) for this
purification scheme were similar to those obtained for the purification of a f-
galactosidase from the thermoacidophile A. acidocaldarius subsp. rittmannii, where a
recovery of 8 % was reported for an 163-fold purification [Gul-Guven et al. 2007].
Similarly, the yield and purification factor for this scheme are very similar to those for
the purification of the intracellular B-galactosidase from P. torridus DSM 9790, for
which a 131.45-fold purification and 4.98 % yield were obtained.
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Table 4.6: Purification table for -galactosidase from A. vulcanalis DSV 16176

Purification step Volume Total Tota Specific Yield Purifi-
(ml) protein Activity Activity (%) cation
(mg) (J) (TU/mg) factor
Crude extract 435 269.64 587.52 2.18 100 1
Ultrafiltration 19.0 174.12 479.84 2.76 81.67 1.27
/diafiltration
lon exchange 725 52.91 331.09 6.26 56.35 2.87
Gel filtration 14.0 22.28 242.65 10.89 41.30 5.00
Hydroxyapatite 18.0 3.61 140.60 38.94 23.93 17.86
Chromato- 1.08 0.144 34.60 240.28 5.89 110.22
focusing/
ultrefiltration

4.3.4 Characterisation of purified p-galactosidase from A. vulcanalis DSM 16176
4.3.4.1 SDS-PAGE of purified p-galactosidase

Crude and purified samples of B-galactosidase from A. vulcanalis DSM 16176 were
analysed by SDS-PAGE as outlined in section 2.2.4.1. The purified -gaactosidase
migrated as a single band (Figure 4.13 — Lane 3), confirming the enzyme had been

purified to homogeneity.
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Figure 4.13: SDSPAGE of -galactosidase from A. vulcanalis DSM 16176
Lane 1. MM marker (mass indicated alongside); Lane 2: Crude enzyme; Lane 3: Purified B-galactosidase
from A. vulcanalis DSM 16176
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4.3.4.2 Native PAGE and activity staining of purified g-galactosidase

Crude and purified samples of B-galactosidase from A. vulcanalis DSM 16176 were
anaysed by native PAGE, for both protein and activity, as outlined in section 2.2.4.2.
A single band (Figure 4.14 — Gel A, Lane 2) was observed for the purified -
galactosidase when the gel was stained for protein, confirming that the protein had been
purified to homogeneity. The activity staining was carried out in order to determine if
the purified protein possessed B-galactosidase activity. As native expression levels of
this enzyme were low, activity was only seen in the crude extract when using the
protein sample from the ultrafiltration step (typically 105-fold concentration of the
crude enzyme). A single band was observed for the purified protein (Figure 4.14 — Gel
B, Lane 2) after B-galactosidase activity staining with X-gal. Identical Rf values for the
purified enzyme on both gels confirmed that it was the purified protein that had p-
galactosidase activity. The second band occurring in Gel B, Lane 1 could simply be an
artefact such as a higher order oligomer. However, it could also be a second f-
galactosidase or a B-glucosidase. It may be worth sending a sample for MS/MS analysis
for identification.

1

A B

Figure 4.14: Native PAGE and activity staining of f-galactosidase from A. vulcanalis
DSM 16176

Gel A: Native PAGE of p-galactosidase - Lane 1: Crude extract; L2: Purified p-galactosidase from A.
vulcanalis DSM 16176. Gel B: Activity stained native PAGE of B-galactosidase - Lane 1: Crude extract;
L2: Purified B-galactosidase from A. vulcanalis DSM 16176.
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4.3.4.3 Molecular mass determination of purified p-galactosidase

The molecular mass of the denatured purified enzyme was determined to be 83.7 + 3.8
kDa (n = 3) by SDS-PAGE (section 2.2.5.6.1), while that of the native enzyme was
determined to be 178.8 + 2.3 kDa (n = 3) by gel filtration chromatography (section
2.2.5.6.2). The native molecular mass would suggest this enzyme is a multimeric
protein. Since the B-galactosidase migrated as a single band during SDS-PAGE, it can
be concluded that this enzyme is most likely a homologous dimer, composed of similar
or identical subunits. Dimeric B-galactosidases have been characterised from
Pyrococcus woesei [Wanarska et al. 2005], Rhizomucor sp. [Shaikh et al. 1999],
Kluyveromyces lactis [Kim et al. 2003], and Kluyveromyces marxianus [O'Connell and
Walsh 2007]. Furthermore, the (3-galactosidases from A. acidocaldarius DSM 446 was
determined to be a dimer with a molecular mass of 79 and 162 kDa in denaturing and
native conditions, respectively [Di Lauro et al. 2008]. Additionally, the purified B-
gaactosidase from A. acidocaldarius subsp. rittamannii was found to be a dimeric
protein with very similar denatured and native molecular masses of 76 and 165 kDa,
respectively [Gul-Guven et al. 2007]. The native molecular mass of the A. vulcanalis
DSM 16176 B-galactosidase is close to that of the P. torridus DSM 9790 B-
gaactosidase (157 kDa), although the latter enzyme was found to be atrimer. Another
noteworthy example is the B-galactosidase from the extremely halophilic archaea
Haloferax alicantel which is 180 kDa in size and consists of two monomers, both

having molecular masses of 78 kDa[Holmes et al. 1997].

4.3.4.4 Confirmation of pH and temperature optima of purified p-galactosidase

After the enzyme had been purified, confirmation of its pH and temperature profiles was
obtained as described in sections 2.2.5.1 and 2.2.5.2, respectively. Figure 4.15 shows
the pH profile for the purified A. vulcanalis DSM 16176 B-galactosidase, overlaid with
the pH profile for the crude enzyme. The enzyme was found to display maximal
activity at pH 6.0 and more than 90 % of the maximal activity was retained in the pH
range 5.5-6.5. The pH activity profiles for both the pure and crude enzyme are very
similar, with little or no activity exhibited at pH < 4.5. This enzyme does not exhibit
activity to the same extent as the P. torridus DSM 9790 [-galactosidase at more acidic
pH values, and seems adapted to function under more neutra conditions, which would
reflect life inside Alicyclobacillus cells. Krulwich et al. [1978] showed that the closely
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related A. acidocaldarius maintains a cytoplasmic pH between 5.85 and 6.31 over a
range of external pH from 2.0 to 4.5. At pH 7.0 and 7.5, the enzyme shows 77 and 51
% relative activity, respectively. At higher pH, the activity of the enzyme drops
markedly.
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Figure 4.15: Confirmation of activity versus pH profile of purified p-galactosidase from
A. vulcanalis DSV 16176 from pH 3.4-8.8

Relative activity (%) represents the % of optimal activity displayed by the enzyme at various pH values.
where 100 % activity corresponds to 0.38 and 0.35 IU/ml for purified and crude B-galactosidase,
respectively. Error barsindicate the standard deviation of the measured data val ues from the mean, n = 3.

The pH profile is similar to that reported for a B-galactosidase purified from A.
acidocaldarius subsp. rittmannii [Gul-Guven et al. 2007]. The latter enzyme also has a
pH optimum of 6.0 and loses al activity at pH < 4.5. The enzyme in this study
displayed higher activity in the pH range 5.5-7.5; the A. acidocaldarius subsp.
rittmannii enzyme exhibits only ~40 % relative activity at pH 5.5 and 7.0. Similarly, a
B-galactosidase from A. acidocaldarius displays optimal activity at pH 6.0 and exhibits
limited to no activity as the pH is dropped below 5.0 [Yuan et al. 2008]. The pH
optimum was similar to that reported for other enzymes characterised from the closely
related A. acidocaldarius, such as a neopullanase (pH 5.5) [Matzke et al. 2000], an
endoglucanase (pH 6.0) [Eckert et al. 2002], an L-arabinose isomerise (pH 6.0) [Lee et
al. 2005], and a -glycosidase (pH 5.5) [Di Lauro et al. 2006]

The temperature profile for the purified A. vulcanalis DSM 16176 (-galactosidase is
shown in Figure 4.16 and is overlaid with the temperature profile for the crude enzyme.

The small discrepancy in the activities of the crude and purified enzyme could be due to
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the inhibiting effect of some unidentified agent in the crude preparation, such as a
protease or some metal ion. For both the pure and crude enzyme, activity increased
with temperature reaching a maximum at 70 °C after which it dropped losing all activity
at 80 °C, probably due to the thermal inactivation of the enzyme. The enzymeis active
across a broad temperature range, with > 60 % relative activity retained from 55 to 75
°C. At the optimum growth temperature of this thermophile (55 °C), the enzyme
displayed 60 % of its maximal activity. This p-galactosidase retains activity (7.6 %) as
low as 35 °C.
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Figure 4.16: Confirmation of activity versus temperature profile of purified f-
galactosidase from A. vulcanalis DSM 16176 from 35-80 °C

Relative activity (%) represents the % of optimal activity displayed by the enzyme at various pH values,
where 100 % activity corresponds to 0.80 and 0.79 IU/ml for purified and crude B-galactosidase,
respectively. Error barsindicate the standard deviation of the measured data values from the mean, n = 3.

The temperature optimum for this thermophilic B-galactosidase is within range of that
reported for B-galactosidases isolated from alicyclobacilli, such as those isolated from
A. acidocaldarius subsp. rittmannii (65 °C) [Gul-Guven et al. 2007] and A.
acidocaldarius (70 °C) [Yuan et al. 2008]. Furthermore, severa intra- and extracellular
enzymes from A. acidocaldarius have been shown to be optimally active between 60-85
°C, including an a-amylase (85°C) [Li et al. 2012], an L-arabinose isomerise (65 °C)
[Lee et al. 2005], a cellulase (65 °C) [Morana et al. 2008], an endo-f-1,4-glucanase (65
°C) [Bai et al. 2010b], and a kumamolisin-like protease (60 °C) [Catara et al. 2006].
Interestingly, the purified B-galactosidase had an identical temperature optimum to the
B-galactosidase from P. torridus DSM 9790, which may be due to the similar growth
temperature of these thermoacidophiles. Both had very similar profiles, with enzyme
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activity increasing with temperature up the optimum of 70 °C. However, the P. torridus
DSM 9790 B-galactosidase retained an additional 20 % of its maximal activity at 75 °C
and was the more thermophilic of the two enzymes. The high temperature optimum of
70 °C could render the A. vulcanalis DSM 16176 (-galactosidase suited for use as a
biocatalyst in high temperature industrial processes.

4.3.45 pH and temperature stability profilesof purified g-galactosidase

pH and temperature stability profiles for the purified 3-galactosidase were carried out as
per sections 2.2.5.3 and 2.2.5.4, respectively. The pH stability profile is presented in
Figure 4.17. The enzyme is most stable at its pH optimum of 6.0, retaining full activity
after 30 min and 81 % after 60 min. Although the enzyme is not very acid active, it is
quite stable at low pH and retains 91 and 78 % relative activity after 30 min at pH 5.0
and 4.0, respectively, while after 60 min the enzyme retains 80 and 64 % relative
activity at these respective pH values. After 30 min at pH 7.0 the enzyme has lost over
70 % of its relative activity and, thus, appears to have a narrow pH stability range.
Although stable at low pH, this enzyme is less acidic than the same enzyme from P.
torridus DSM 9790, which retained amost full activity at pH 4.0 after 60 min, a
physicochemical property which can likely be attributed to the low cytoplasmic pH of
Picrophilus cdlls.
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Figure 4.17: The stability of purified f-galactosidase from A. vulcanalis DSV 16176 at

pH values 4.0-7.0 for 30 and 60 min

Residual activity was calculated as a % of the enzyme activity of a sample which had been kept in pH 6.0
buffer at room temperature for 30 min, where 100 % activity corresponds to 0.26 1U/ml. Error bars
indicate the standard deviation of the measured data values from the mean, n = 3.
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The temperature stability profile for the purified enzyme is shown in Figure 4.18, which
was carried out at temperatures of 60 to 75 °C. Results indicate this is a thermostable
enzyme as it retains high levels of activity up to temperatures of 70 °C. At 60 °C the
enzyme retains full activity up to 60 min and loses only a marginal amount after 120
min. The enzyme is stable at 65 °C for 30 min, and after 120 min has lost only 14 %
relative activity. At its temperature optimum of 70 °C the enzyme is moderately
thermostable, retaining 76, 50, and 42 % relative activity after 30, 60, and 120 min,
respectively. At 75 °C, this B-galactosidase is rapidly inactivated but retains small
relative activity levels (14 %) after 30 min.

Although not as thermostable as the P. torridus DSM 9790 [3-gal actosidase (the enzyme
retained almost full activity after 60 min at 70 °C), this enzyme would maintain function
for significant periods of time at elevated temperatures. This would indicate this
enzyme for use in high temperature processes requiring a thermoactive and
thermostable -galactosidase, such as lactulose synthesis or in the production of lactose-
free milk or dairy products. Furthermore, this enzyme is more thermostable than many
of the current commercialy used B-galactosidases. The enzyme produced by
Aspergillus oryzae is completely inactivated after 120 min at 70 °C and has a much
lower temperature optimum of 46 °C [Tanaka et al. 1975, Wu et al. 2013b].
Additionally, the commonly used B-galactosidase from Kluyveromyces lactis has an
even lower temperature optimum of 34 °C and loses half its maximal activity after less
than aminute at 60 °C [Adalberto et al. 2010].
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Figure 4.18: The stability of purified f-galactosidase from A. vulcanalis DSV 16176 at

temperatures 60-75 °C for 30, 60, and 120 min

Residual activity was calculated as a % of the enzyme activity of a sample which had been kept at 4 °C
for 30 min, where 100 % activity correspondsto 0.64 |U/ml. Error bars indicate the standard deviation of
the measured data values from the mean, n = 3.

4.3.4.6 Determination of kinetic parameters (Kn and Vpma) Of purified -
galactosidase

Kinetic characterisation of the purified enzyme was carried out as described in section
2.25.5. The kinetic properties K, and Vmax were determined for the purified -
gaactosidase using the substrate ONPG. Kinetic studies on lactose were carried out
using crude enzyme, as activity recovered from purification experiments was too low to
allow kinetic evaluation. Plots of substrate concentration versus enzyme velocity were
fit using non-linear regression in GraphPad Prism (Figures 4.19 and 4.20) and estimated
kinetic constants are shown in Table 4.7.
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Figure 4.19: Plot of substrate concentration versus enzyme velocity of purified A.

vulcanalis DSV 16176 S-galactosidase with ONPG as substrate
The plot was graphed in GraphPad Prism and fit using non-linear regression, n = 3.
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Figure 4.20: Plot of substrate concentration versus enzyme velocity of crude A.
vulcanalis DSV 16176 S-galactosidase with lactose as substrate

The plot was graphed in GraphPad Prism and fit using non-linear regression, n = 3. One unit of B-
galactosidase activity on lactose as a substrate was defined as the amount of enzyme capable of releasing
1 pmol of glucose under the defined assay conditions.
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Table 4.7: Estimated kinetic constants of A. vulcanalis DSV 16176 p-galactosidase
with ONPG and lactose as substrates

Substrate Km V max Keat Kea! Kim
(mM) (umol/min/ml) (sh (s*mM™)

ONPG? 3.81 0.061 186.54 48.96

Lactose” 4253 1.31 ND ND

&activity on ONPG determined using B-gal actosidase assay, described in section 4.2.3.
® activity on lactose determined as described in section 2.2.5.5.
ND — not determined

The Michaelis constants for the B-galactosidase from A. vulcanalis DSM 16176 on the
substrates ONPG and lactose were, respectively, 3.8 and 425.3 mM. The enzyme was
most efficient in catalysing the hydrolysis of ONPG over lactose and had over a 110-
fold higher affinity for the former. The K, on ONPG is lower than those reported by
Brady et al. [1995] and Cowan et al. [1984] for B-galactosidases from Kluyveromyces
marxianus IMB3 (5 mM) and Thermus strain 4-1A (5 mM) but is similar to that
determined for a -galactosidase from Thermus thermophilus HB27 (3.5 mM) [Yan et
al. 2010]. The K, for a B-galactosidase from A. acidocaldarius DSM 446 on ONPG
(5.5 mM) is higher than that for the enzyme purified in this study but the K., islower for
lactose (60.8 mM). The catalytic efficiency and turnover number for the A.
acidocaldarius DSM 446 B-galactosidase is higher for ONPG (2,657 s* and 484 s
! mM™, respectively) than the enzyme purified in this study (Table 4.7) [Di Lauro et al.
2008].

A B-galactosidase from A. acidocaldarius subsp. rittmannii has (on ONPG) a higher Ky,
of 8.9 mM and alower turnover number of 17.9 s* [Gul-Guven et al. 2007]. The K, on
ONPG for the A. vulcanalis DSM 16176 enzyme is higher than that determined for the
B-galactosidase from P. torridus DSM 9790, which had a K, of 1.82 mM. This
indicates that the latter enzyme has a higher affinity for the synthetic substrate ONPG.
The turnover number and catalytic effieiency (Table 4.7) for the A. vulcanalis DSM f-
galactosidase were higher than those determined for the P. torridus DSM 9790 enzyme.
The estimated Vmax 0N ONPG for this enzyme (0.061 pmol/min/ml) is lower than that
determined lactose (1.31 pmol/min/ml). Thus, the maximal velocity of the enzyme is
lowest on ONPG and highest on lactose.
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4.3.4.7 Determination of the effects of selected metal cations and other reagents
on purified p-galactosidase

The effect of various metal ions (cations) and other agents on the purified (-
galactosidase was carried out as outlined in section 4.2.6.1. The results of the former
study are presented in Table 4.8. Each metal ion was added to a final concentration of
1.0 mM in the enzyme reaction mixture, The most dramatic effect was seen with Cu®,

which completely inactivated the enzyme.

Table 4.8: The effect of various metal ions on the enzymatic activity of the pg-
galactosidase from A. vulcanalis DSM 16176

Metal ion Relative activity (%)
Ca™" 100.6 + 3.7
Cd* 98.8+ 6.2
Co™ 101.3+3.2
cu* 001
Fe** 82.0+5.38
Fe** 91.3+39
Hg** 87.3+26
Mg** 951+ 1.7
Mn?* 1034+ 1.3
Ni* 84.3+54
zZn** 80.0+ 4.1

Relative activity (%) was calculated as a % of assay value when the assay was carried out without the
addition of any metal ions to the assay mixture, n = 3. 100 % activity corresponds to 0.29 |U/ml for the
purified B-galactosidase. All metal ions were tested at 1 mM concentration.

With the addition of Ca?*, Cd*", and Co?* the enzyme exhibited almost the same level of
activity as without the addition of metal ions. There did not appear to be a significant
activating effect by any of the cations, but a small increase in activity (3 %) was
observed for Mn*". The addition of Fe?* and Zn?* reduced the activity of the enzyme by
around 20%. In the presence of Fe*, Hg?*, Mg®, and Ni%, this p-galactosidase
displayed respective relativity activities of 91.3, 87.3, 95.1, and 84.3 % (Table 4.8).
Metal ion inhibition studies have been described for other microbial sources of -
gaactosidase. A study by Chakraborti et al. [2000] found the activity of a -
galactosidase from Bacillus sp. was not significantly affected by Ca?* and Co**, while
the enzyme lost 91 % and 12 % relative activity when assayed in the presence of 1 mM
Cu?* and Fe**, respectively.
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The strong inhibitory effect of the divalent cation Cu®* has also been reported for p-
gaactosidases from Pseudoalteromonas sp. [Fernandes et al. 2002], Bacillus subtilis
KL88 [Rahim and Lee 1991], Bifidobacterium infantis HL96 [Hung and Lee 2002], and
Aspergillus oryzae [Tanaka et al. 1975]. The activity of a B-galactosidase from A.
acidocaldarius subsp. rittmannii was similarly inhibited by Cu®* at a concentration of 1
mM, while Ca?* and Mg** did not affect the enzyme [Guven et al. 2011]. Kim et al.
[2006] examined the effects of various divalent cations on a -galactosidase from S
solfataricus. The meta ions Ca?*, Mg®, and Mn*" did not appear to influence the
activity of the enzyme, which is in agreement with the results from this study.
However, the activity of the S. solfataricus enzyme was activated by 10 % in the

presence of Fe**.

In addition to the fact that no significant activation was seen for the A. vulcanalis DSM
16176 B-galactosidase, the inhibitory effect by most of the cations would suggest that
this enzyme does not require metal ions for activity. Metal ions which are commonly
encountered in milk and dairy products at high concentration (such as calcium and
magnesium) [Mahoney and Adamchuk 1980] did not, however, appear to have much of
an effect on activity. This would suggest that this enzyme may be suited for use in the
dairy industry for the hydrolysis of lactose in milk and dairy products, especialy as it
was found to display thermophilic and thermostable physicochemical properties.
Furthermore, metal ions do not appear to be elementary in the activity of this enzyme

and so are unlikely to be a prerequisite for transglycosylation reactions.

Results from studies conducted examining the effects of EDTA and thiol reagents on
the B-galactosidase purified in this study are summarised in Table 4.9. It would appear
that the reducing agents B-mercaptoethanol and DTT did not have much of an effect on
the activity of the enzyme, while EDTA appeared to cause activation of the enzyme.
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Table 4.9: The effect of thiol reagents and EDTA on the enzymatic activity of the -
galactosidase from A. vulcanalis DSM 16176

Agent Concentration (mM)

1 5 25
B-Mercaptoethanol 958+ 2.3 96.7+ 1.1 98014
DTT 100.8+ 1.1 1019+ 25 106.3+ 24
EDTA 106.7 + 3.1 106.9+ 1.3 123.6 +£ 13.7

Relative activity (%) was calculated as a % of assay value when the assay was carried out without the
addition of any agents to the assay mixture, n = 3. 100 % activity corresponds 0.32 1U/ml for the -
galactosidase control.

As seen in Table 4.9, p-mercaptoethanol did not have an activating effect on the
enzyme. The same result was seen for DTT at low concentrations (1-5 mM), but at 25
mM this thiol reagent activated the enzyme by 6 %. Thisis arelative modest increase,
however, and it is likely that the active site of this B-galactosidase does not contain
sulfhydryl groups. Thiol proteins contain a highly reactive cysteine in the active centre
which can be activated by reducing compounds. Thisis in contrast to results published
by Guven et al. [2011] who reported a 22 and 25 % increase in the activity of a -
gaactosidase from A. acidocaldarius subsp. rittmannii in the presence of 8 mM f-
mercaptoethanol and DTT, respectively. The chelating agent EDTA did not cause
inhibition of the enzyme at concentrations of up to 25 mM which further underscores
the fact that this enzyme does not require metal ion cofactors for its hydrolytic activity
or, specificaly, it is not a metaloenzyme. Another recent example of a meta-
independent B-galactosidase is the GH42 enzyme isolated from Caldicelluloiruptor
saccharolyticus [Park and Oh 2010].

EDTA appeared to cause modest activation of the enzyme purified in this study at high
concentration. In the presence of 25 mM EDTA, an increase in hydrolytic activity of 24
% observed. A 20 % increase in activity with 20 mM EDTA was seen for the
previously mentioned A. acidocaldarius subsp. rittmannii B-galactosidase [Guven et al.
2011]. Similarly, the B-galactosidase from Thermus strain 4-1A was activated by
EDTA [Cowan et al. 1984]. Liu et al. [2004] and Whisnant and Gilman [2002]
reported similar findings for, respectively, a tyrosinase from Bacillus thuringiensis and
an alkaline phosphatase (commercia sample from ICN Biomedicals). The mechanism
of reaction for this activation is unclear but one explanation put forward is the effect this

chelating agent has on the ionic strength of an enzyme’s environment [Liu et al. 2004].
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4.3.4.8 Inhibition studieson purified g-galactosidase

Inhibition studies were carried out on the purified A. vulcanalis DSM 16176 -
galactosidase as outlined in section 4.2.6.2. The results from this study are shown in
Table 4.10. The strongest inhibition was seen for fructose and galactose, while all the

other sugars tested had some effects on the activity of the enzyme.

Table 4.10: The effect of various potential inhibitors on the enzymatic activity of the S-
galactosidase from A. vulcanalis DSM 16176

Inhibitor Concentration (mM)
5 25 50

Fructose 74717 516+ 17 33449
Galactose 78.1+0.9 426+08 285+0.8
Glucose 984+19 972+ 17 96.1+1.8
IPTG 76.8+1.1 60.8+ 2.3 51.2+0.3
Lactose 88.3+12 82.1+15 77.1+0.7
Lactulose 86.9+2.8 744124 60.1+04
Maltose 875+28 85.0+ 2.9 809+04
Sucrose 83.3+3.5 87.2+22 86.1+ 0.9

Relative activity (%) was calculated as a % of assay value when the assay was carried out without the
addition of any inhibitors to the assay mixture, n=3. 100 % activity corresponds to 0.34 1U/ml for the -
galactosidase control.

The potential inhibitors used in this study included; fructose, glucose, gaactose,
isopropyl-p-D-thiogalactopyranoside (IPTG), lactose, lactulose, maltose, and sucrose.
Glucose and galactose were selected as they are products of the hydrolysis of lactose
and would provide information on the susceptibility of the purified enzyme to product
inhibition. Similar information was hoped to be garnered from assaying this B-
gaactosidase in the presence of fructose, lactose, and lactulose, the former two being
the sugars used in transglycosylation reactions and lactul ose being a potential product of
thisreaction. IPTG is a structural analogue of galactose and was selected in addition to
maltose and sucrose to determine the enzyme's sensitivity to inhibition by structuraly
similar molecules. The most modest inhibition was observed for glucose, which caused
a loss of only 4 % relative activity at 50 mM (Table 4.10). A similar finding was
reported by Chakraborti et al. [2000] for a B-galactosidase from Bacillus sp. MTCC
3088. A much stronger inhibition was observed for galactose, where increasing
concentrations resulted in a marked reduction in the activity of the enzyme. Product
inhibition by galactose has previously been reported by Guven et al. [2011] for a B-
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gaactosidase from A. acidocaldarius subsp. rittmannii. The inhibition by glucose and
galactose is thought to be a result of their competitive action at the catalytic site of the
enzyme [Chakraborti et al. 2000].

The activity of the purified B-galactosidase was moderately affected by lactose (Table
4.10), probably due to its competition with the substrate ONPG. Furthermore, a
considerable reduction in activity was observed in the presence of fructose (33 %
activity remaining at 50 mM). Inhibition by these sugars has also been observed for f3-
galactosidases isolated from A. acidocaldarius subsp. rittmannii [Guven et al. 2011]
and Bifidobacterium longum CCRC 15708 [Chin-An et al. 2006]. The degree of
product inhibition observed in the presence of fructose is similar to that for galactose. It
was unsurprising that lactulose resulted in a reduction in the activity of the enzyme on
ONPG since this disaccharide has been shown to serve as an aternative substrate for f3-
gaactosidase [Di Lauro et al. 2008]. Catalytic activity was moderately affected by
maltose and sucrose, but with increasing concentrations of the latter the inhibition was
reduced somewhat (an increase from 5 to 50 mM sucrose reduced inhibition by 3 %).

The purified B-galactosidase from A. vulcanalis DSM 16176 was aso inhibited by IPTG
at each of the molar concentrations tested, with only haf the activity of the enzyme
remaining a&¢ 50 mM. IPTG has been shown to inhibit a p-galactosidase from
Rhizomucor sp., by competitive inhibition [Shaikh et al. 1999]. All this work was
carried out on the synthetic substrate ONPG, but for certain applications the substrate
would be the naturally-occurring lactose. In this scenario, it would be expected that
some differences in the inhibition by different sugars would be seen, especially since
the Michaglis constants for this enzyme on ONPG and lactose are considerably
different. This B-galactosidase has a 110-fold lower affinity for lactose, so it seems
reasonable to assume that the inhibitory effects of the sugars used in this study would
differ.

4.3.4.9 Determination of the substrate specificity of the purified enzyme

The activity of the purified enzyme was carried out on various synthetic disaccharide
substrates as per section 4.2.6.3. The relative activities with various p-NO,-phenyl

glycosides were compared by measuring against hydrolysis of ONPG and results are
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presented in Table 4.11. The enzyme catalysed the hydrolysis not only of 0-NO,-
phenyl-B-D-galactopyranoside  (ONPG) but adso of  p-NOy-phenyl-p-D-
gaactopyranoside (PNPG) (46 %) and p-NOx-phenyl-o-L-arabinopyranoside (21 %).
No hydrolytic activity was observed against p-NO,-phenyl-p-L-fucopyranoside, p-NO,-
phenyl-a-D-galactopyranoside, p-NO,-phenyl-a-D-glucopyranoside, and p-NO»-
phenyl-a-D-mannopyranoside (Table 4.11).

Table 4.11: Substrate specificity of a f-galactosidase from A. vulcanalis DSV 16176

Substrate Relative activity (%)
0-NO,-phenyl-B-D-galactopyranoside (ONPG) 100+ 0.7
p-NO,-phenyl-p-D-galactopyranoside (PNPG) 46.2+ 0.8
p-NO,-phenyl-a-L-arabinopyranoside 21.4+£0.3
p-NO,-phenyl-B-L-fucopyranoside 0+01
p-NO,-phenyl-a-D-galactopyranoside 0+0.0
p-NO,-phenyl-a-D-glucopyranoside 0+0.0
p-NO,-phenyl-a-D-mannopyranoside 0£0.0

The relative activity with various p-NO,-phenyl glycosides were compared by measuring ONPG
hydrolysis.

It is evident from these results that the B-galactosidase from A. vulcanalis DSM 16176
shows marked preference for B-D-anomeric linkages. The enzyme showed greatest
specificity for the ortho-substituted NO,-phenyl-f-D-galactopyranoside (ONPG). On
the para-substituted NO,-phenyl-B-D-galactopyranoside (PNPG), the enzyme exhibited
less than half the maximal activity observed on ONPG. Similar results have been
reported for both B-galactosidases from Bacillus sp. MTCC 3088 [Chakraborti et al.
2000] and Planococcus sp. [Sheridan and Brenchley 2000]. This B-galactosidase is not
specific for B-D linkages, as activity was also observed on p-NO,-phenyl-a-L-
arabinopyranoside. Activity on this substrate has previously been reported for f-
galactosidases isolated from Manheimia succiniciproducens [Lee et al. 2012],
Aspergillus niger van Teigh [O'Connell and Walsh 2010], and Thermomyces langinosus
[Fischer et al. 1995]. The enzyme showed no activity towards B-L and a-D linkages,
which has also been observed by Chakraborti et al. [2000] for the B-galactosidase from
Bacillus sp. MTCC 3088.
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4.3.4.10 Deter mination of theisoelectric point

The isoelectric point of the purified enzyme was determined by isoelectric focusing as
outlined in section 2.2.5.7. Using this technique, the pl was found to be 4.8, which is
higher than the previously estimated pl of 4.2 (determined using chromatofocusing).
However, chromatofocusing is generally regarded as a less reliable method in
establishing a proteins pl, as discussed in section 3.4.5.7. The isoelectric point of 4.8
for the A. vulcanalis DSM 16176 (-galactosidase purified in this study is within range
of B-galactosidases characterised from Penicillium chrysogenum (4.6) [Nagy et al.
2001], Aspergillus niger van Teigh (4.7) [O'Connell and Walsh 2010], Alternaria tenius
(4.6) [Letunova et al. 1981], Lactobacillis reuteri L103 (4.6-4.8) [Nguyen et al. 2006],
and Kluyveromyces marxianus DSM 5418 (5.1) [O'Connell and Walsh 2007].

4.3.4.11 LC-MS/MS analysis

The B-galactosidase purified from A. vulcanalis DSM 16176 was sent for protein
identification by LC-MS/MS analysis (as per section 2.2.5.8) to the Department of
Biochemistry at the University of Cambridge. Using the data generated from this, an
MS/MS ion search in the Mascot search tool against the NCBI database with taxonomy
Bacteria was conducted. The top hit was to a B-galactosidase from A. acidocaldarius
subsp. acidocaldarius DSM 446 (Appendix F). For this search, individual ion scores >
39 are above the 95 % confidence interval and indicate identity or extensive homology.
The mascot score for the top match in this search was 666, indicating a significant level
of identity between the purified protein and the B-galactosidase from A. acidocaldarius
subsp. acidocaldarius DSM 446. Figure 4.21 shows the protein sequence for the -
gaactosidase from A. acidocaldarius DSM 446 with the peptides identified from the
protein purified from A. wulcanalis DSM 16176 highlighted in red. The sequence
coverage was 22 % for this mass spectrometry analysis. The predicted molecular mass
for this match was 77.8 kDa, which is close to the denatured molecular mass of 83.7
kDa calculated for the B-galactosidase purified in this study. Thus, the purified protein
was found to share homology to a pB-galactosidase from another strain of
Alicyclobacillus, indicating that the enzyme purified to homogeneity in this work was a
[-galactosidase from A. vulcanalis DSM 16176.
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MAFKHAP IFPNVOOGFLHGGD TN DOWLAYPDVLEQDVOLNRE AWV VS LG IF 3V ILEPEEGLF TFEWLD
EATERLTHAGVEILLATPAGARPANLIAEYPEVLEVGPDGRFNEHGGRHNHCY TSP ITREEVRIINEEL A
ERTAHHP GV IGWHVINEY GGECHCPLCOEAFRENLEREYETLD ALNHAWWTPFWIHTY TD WS QIESPMPH
GETSIHGLNLDWERFVTDOTVDF CRHE IEFLEOVHFNLPVTTHNF MG TYPGLNYWRFRDVLDVISWDIYRR
WHAHETLVPEAVHTAMVHDLNES ILEEKFFLLME I TEF 3V TH WO AV S KOKERPGVHVLVIL QA AHGADIVOY
FOWRESRGSYEEF HGAVVDHVGHAN TEVF ROV oAV GENLERL APMAGAEVEAD AAVIFDWENEWMALED AE
GPRHIGHHYEE TWVWHHY AALWEMGVPHDVIDEEQPLD GYEL VW APMLYMVERP GV AERNEAFVERGGELVL
TYWSGIVDENDLVFLGGFPGPLRELAGVAEE ID AL YD GERVEPVEVADGNPLGLAGHYEARELCEVVHLE
GAEP IAVYGADYYEGHP AATVHRVGEGEV Y Y WAARLEDAFLRDFF ARVAAEAGVARATERELFPD GV I ANV
R3GDGVETVHLMNF TPEAREVALDEAEYEPLYGEAPTDGAVELP AYGVSVLERF ARG

Figure 4.21: The protein sequence for A. acidocaldarius DSV 446 f-galactosidase with
peptide matches from the protein purified A. vulcanalis DSM 16176 highlighted in red

4.35 Investigation into the production of lactulose using an intracelular -
galactosidase from A. vulcanalisDSM 16176

The use of the B-galactosidase from A. wulcanalis DSM 16176 in the production of
lactulose was investigated using highly concentrated crude enzyme (typicaly 375-fold
concentration). The reaction was carried out as described in section 4.2.7 using the
optimised conditions for the P. torridus DSM 9790 3-gal actosidase with a fina enzyme
concentration of 35.0 IU/ml. A typica chromatogram representing the production of
lactulose using this enzyme is shown in Figure 4.22 (page 135). Standard sugars of
fructose, glucose, galactose, lactulose, and lactose were run through the carbohydrate
column (as per section 4.2.7) and their elution times noted, to allow identification of the
peaks during lactulose production. The elution times for the sugars were, respectively,
8.4,10.2,11.1, 21.9, and 24.9 min.

Under the conditions tested, 8.38 (x 0.68) g/l (n = 3) lactulose was produced in 6 h with
a productivity of 1.40 g/l/h. A lactulose yield of 4.19 % was calculated for the f3-
gaactosidase in this study, which is higher than that reported by Song et al. [2012b]
(0.6 %) and Song et al. [2013b] (3.95 %) for a p-galactosidase from Kluyveromyces
lactis. Thisyield is lower than that obtained using enzymes from other sources (Table
1.7, page 30). Specificaly, the yield for the A. vulcanalis DSM 16176 enzyme is much
lower than that reported using B-galactosidases from Sulfolobus solfataricus (12.5 %)
[Kim et al. 2006], Aspergillus oryzae (325 %) [Adamczak et al. 2009], and
Saccharomyces fragilis (7.5 %) [Wang et al. 2013]. However, it is evident from
chromatogram D (Figure 4.22) that for atypical reaction using the A. vulcanalis DSM
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Figure 4.22: Chromatographic results for the production of lactulose from A.

vulcanalis DSV 16176 S-galactosidase under the conditions used in this study

A: Chromatogram for 50 mM potassium phosphate buffer, pH 6.0 (peak 1: buffer); B: Chromatogram for
standard sugars (peak 1: buffer; peak 3: fructose; peak 4: glucose; peak 5: galactose; peak 10: lactulose;
peak 11: lactose); C: Chromatogram for reaction control for lactulose production from A. vulcanalis DSM
16176 B-galactosidase (peak 1: buffer; 2™ peak at 10 min: fructose; peak 3: lactose); D: Chromatogram
for reaction of lactulose production from A. vulcanalis DSM 16176 B-galactosidase (peak 1: buffer; peak
4: fructose; peak 5: glucose; peak 6: galactose; peak 12: lactulose; peak 13: lactose; peaks 8, 10, 14 and
29: unidentified galacto-oligosaccharides). The peak numbers are printed above each peak corresponding
to the order in which the peak elutes and appears on the chromatogram. The retention time is denoted on

the time axis of the chromatogram.
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16176 B-gaactosidase, not al of the lactose is hydrolysed at this level of enzyme
activity. Due to limited native production of this enzyme, higher levels of activity were
not available and this prevented further optimisation of lactulose production. However,
thisinitial evaluation of the application of the -galactosidase from A. vulcanalis DSM
16176 for the production of this synthetic disaccharide appears promising.
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4.4 Conclusion

Herein, selected aicyclobacilli were identified as producers of intracellular p-
galactosidases displaying optimal activity at high temperatures. The B-galactosidase
from A. wulcanalis DSM 16176 was purified to homogeneity and biochemically
characterised with regard to a number of physicochemical properties of academic and
potential industrial interest. The enzyme was thermophilic, displaying maximal activity
at 70 °C and high levels of activity up to 75 °C. While not very acid active, the enzyme
was quite stable at pH values as low as 4.0. Furthermore, due to the high temperature
habitat of A. vulcanalis DSM 16176, this -galactosidase is thermostable, retaining high
levels of relative activity at temperatures of up to 70 °C. This property would lend this
enzyme to a number of high temperature industrial processes requiring a thermo-active
B-galactosidase, such as the production of the synthetic disaccharide lactulose or in the
manufacture of lactose-free milk and dairy products. Some preliminary applications
suggested this enzyme may hold potential for use in the former but additiona
investigations are necessary to further ascertain its suitability. Furthermore, the
biochemical properties of this enzyme would suggest it is of academic interest. To date,
there have been no reports in the literature on the characterisation of a glycosyl
hydrolase from A. vulcanalis DSM 16176.
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In the present study, B-galactosidases from the thermoacidophiles P. torridus DSM
9790 and A. vulcanalis DSM 16176 were selected for further investigation. Extensive
cloning strategies failled to yield biologically active recombinant enzyme and the
proteins were purified from their native source. The characterisation of these B-
galactosidases has not been previously reported in the literature. The enzymes were

characterised with regard to a number of physicochemical properties, as outlined in

Tableb.1.

Table 5.1: Physicochemical properties of f-galactosidases characterised in this work

Physicochemical property

P. torridus DSM 9790

A. vulcanalis DSM 16176

Specific activity (1U/mg) 100.56 240.28
Denatured molecular mass (kDa) 55.8 83.7
Native molecular mass (kDa) 157.0 178.8
Multimer state Homotrimer Homodimer
PHopt 5.0-5.5 6.0
Temperatureyy (°C) 70 70
pH stability 96 % residual activity after 60 64 % residual activity after 60
min at pH 4.0 min at pH 4.0
Temperature stability 98 % residual activity after 60 50 % residual activity after 60
minat 70 °C minat 70 °C
Km (MM) 1.82 (ONPG) 3.81 (ONPG)
225.6 (Lactose) 425.3 (Lactose)
V max (LMol/min/ml) 0.061 (ONPG) 0.061 (ONPG)
0.59 (Lactose) 1.31 (Lactose)
| soelectric point 5.7 4.8
Notes N/A 1 mM Cu® inactivates enzyme;

not a metalloenzyme; marked
preference for p-D-anomeric
linkages

Both enzymes were found to display novel properties that would be of both academic
and industria interest. The enzymes were very thermophilic, sharing a high
temperature optimum of 70 °C. Activity a such high temperature indicates the
importance of these extremozymes, especialy when compared to more traditional
enzymes sourced from mesophiles. The P. torridus DSM 9790 B-galactosidase
displayed maximal activity as low as pH 5.0, an unusua property for an intracellular
enzyme. Moreover, this enzyme was found to be quite acid stable. The thermostability
exhibited by both the enzymes at high temperature was a particularly nove trait, with

high levels of activity retained up to 70 °C after 60 min. This very unusual property can
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likely be attributed to the high growth temperature of the producer strains and further
highlights how unique these B-galactosidases are. Owing to this property, these
enzymes may be of interest for application in industrial processes requiring
thermostable f-galactosidases. The crude p-galactosidase activity from both P. torridus
DSM 9790 and A. vulcanalis DSM 16176 was investigated for its potential in the

production of lactulose at €l evated temperature.

Both strains produced -gal actosidase activity capable of synthesising the disaccharide
lactulose. Under the conditions optimised in this study, the P. torridus DSM 9790
crude activity produced 35.13 g/l lactulose, with Y axctuiose 17.6 %. The enzyme thus
appeared to be more efficient in catalysing the transglycosylation of lactose into
lactulose than several enzymes aready reported in the literature [Kim et al. 2006, Lee et
al. 2004, Song et al. 2012a, Song et al. 2012b]. It is theoretically possible that higher
production levels can be achieved if a biologically active recombinant [3-galactosidase
from this archaea is produced. Synthesis was not optimised for the crude enzyme from
A. wulcanalis DSM 16176 but a production level of 8.38 g/l lactulose was observed,
With Y acriose 4.19 %. Production using both these strains was carried out at high
temperature, which would facilitate the use of very high sugar concentrations during
future optimisation experiments. A biocatalyst process using thermophilic -
gaactosidases for the production of lactulose would be characterised by
environmentally clean production and relatively straight-forward purification. Such
production would circumvent many of the problems associated with the current
chemical production methods, where lactulose is synthesised via the chemica akaline
isomerisation of lactose in the presence of complexing agents.

The thermophilic B-galactosidase from A. vulcanalis DSM 16176 could potentially
replace current commercially used dairy yeasts in the production of low lactose and
lactose-free dairy products. There is a strong globa market for these products due to
the global lactose intolerance problem. The B-galactosidase from P. torridus DSM
9790 was active at low pH, while simultaneously at high temperature and may find
application hydrolysing lactose in acidic products such as whey at elevated temperature.
Both the B-galactosidases characterised in this work would facilitate much higher

temperature processing of milk and whey products, which has numerous benefits such
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as improved substrate solubility, higher reaction velocity, and reduced risk of

contamination.

These enzymes hold much potentia for the biotechnological sector, relating to their
direct application in various industrial processes. Furthermore, these enzymes are of
academic interest, both due to their novel physicochemical properties and by extending
the knowledge with regard to such novel enzymes. Successful overexpression of these
B-galactosidases would facilitate further characterisation and application studies.
Expression hosts worth further investigation, for recombinant production of the P.
torridus DSM 9790 B-galactosidase, include industrial strains of fungi such as
Aspergillus, Trichoderma, Penicillum, and Rhizopus species [Ward 2011]. No reports
were found in the literature describing the production of archael proteins in fungi.
However, the process of protein transcription and translation in archaea closely
resembles that of the eukaryotic system [Smith and Robinson 2002], and so expression

in fungi may offer a promising alternative.

The difficulties encountered during the expression of the putative P. torridus DSM 9790
B-galactosidases would suggest these proteins may only fold correctly after
modification of their amino acid sequence using site-directed mutagenesis (SDM).
However, this type of mutational work requires extensive knowledge of the protein
structure, function, and mechanism. Due to the novelty of these putative proteins, a
more realistic approach would involve directed evolution, which requires minimal
knowledge of how the enzyme structure relates to its function [McGrath and Walsh
2005]. Directed evolution concerns the generation of random genetic diversity followed
by high throughput screening for desirable variants [Leemhuis et al. 2009]. Companies
such as Life Technologies™ now offer services to synthesise a gene from the nucleotide
sequence and provide a variety of directed evolution services.

An important area of future work regarding the A. wvulcanalis DSM 16176 f-
gaactosidase would include determination of the nucleotide sequence to allow
amplification of the gene sequence for cloning and overexpression. This may be
achieved by a technique such as Southern Blotting combined with DNA-DNA
Hybridisation. Hybridisation probes may be designed based on the nucleotide sequence
of the p-galactosidase from the closely related strain A. acidocaldarius DSM 446.
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Alternatively, the complete amino acid sequence of the A. vulcanalis DSM 16176 B-
galactosidase (which could be elucidated by de novo sequencing) may be used to design
a mixed oligonuclecotide probe. Another method would be complete genome
sequencing of the strain A. vulcanalis DSM 16176. Although more complex, this latter
approach would be much more information rich since the sequences of a mirad of other
glycosyl hydrolases may be determined, which would provide scope for further work on

this very novel thermoacidophile.

Another important area of future work would involve crystallisation of these proteins
and solving their crystal structure using X-Ray Diffraction. Information such as novel
structural adaptions adopted by these enzymes could be garnered from this structura
work and would allow re-design of more traditional mesophilic enzymes. So far the
structure of select microbial f-galactosidases is available in the Protein Data Bank but
these are predombinantly from mesophiles. The structures of thermophilic f-
gaactosidase from Thermus thermophilus A4 (PDB ID: 069315) and Sulfolobus
solfataricus (PDB ID: P22498) have been solved. It is thought that thermophilic
proteins are stabilised by a very tight hydrophobic core, increased charged amino acids
at the surface, and a greater number of salt bridges and disulphide linkages [Horikoshi
2011]. If the structural details of the thermostable -galactosidases characterised in this
work were elucidated, the adaptions involved in stabilising these proteins at high
temperature could be assessed and used in the re-design of mesophilic enzymes.

-142-



Bibliography




Adalberto, P. R., Massabni, A. C., Carmona, E. C., Goulart, A. J., Marques, D. P. and Monti, R. (2010)
‘Effect of divalent metal ions on the activity and stability of B-galactosidase isolated from
Kluyveromyces lactis, Rev Cienc Farm Baxica Apl, 31(3), 143-150.

Adamczak, M., Charubin, D. and Bednarski, W. (2009) 'Influence of reaction medium composition on
enzymatic synthesis of galacto-oligosaccharides and lactulose from lactose concentrates
prepared from whey permeate’, Chemical Papers, 63(2), 111-116.

Aider, M. and de Halleux, D. (2007) 'l somerisation of lactose and lactulose production: review', Trendsin
Food Science and Technology, 18(7), 356-364.

Aider, M. and Gimenez-Vidal, M. (2012) 'Lactulose synthesis by electro-isomerisation of lactose: Effect
of lactose concentration and electric current density’, Innovative Food Science and Emerging
Technologies, 16(0), 163-170.

Akiyama, K., Takase, M., Horikoshi, K. and Okonogi, S. (2001) 'Production of galacto-oligosaccharides
from lactose using a B-glucosidase from Thermus sp. Z-1', Bioscience Biotechnology and
Biochemistry, 65(2), 438-441.

Albers, S. V., Jonuscheit, M., Dinkelaker, S., Urich, T., Kletzin, A., Tampe, R., Driessen, A. J. M. and
Schleper, C. (2006) 'Production of recombinant and tagged proteins in the hyperthermophilic
archaeon Sulfolobus solfataricus, Applied and Environmental Microbiology, 72(1), 102-111.

Algueres, S. M. C., Almeida, R. V., Clementino, M. M., Vieira, R. P., Almeida, W. |., Cardoso, A. M.
and Martins, O. B. (2007) 'Exploring the biotechnological applications in the archaeal domain,
Brazlian Journal of Microbiology, 38(3), 398-405.

Amersham-Biosciences (2000) Gel Filtration Principles and Methods, 18-1022-18.

Amersham-Biosciences (2004) lon Enchange Chromatography and Chromatofocusing Principles and
Methods, 11-0004-21.

Angelov, A., Futterer, O., Vderius, O., Braus, G. H. and Liebl, W. (2005) ‘Properties of the recombinant
glucose/galactose dehydrogenase from the extreme thermoacidophile, Picrophilus torridus,
Febs Journal, 272(4), 1054-1062.

Angelov, A. and Liebl, W. (2006) 'Insights into extreme thermoacidophily based on genome analysis of
Picrophilus torridus and other thermoacidophilic archaea, Journal of Biotechnology, 126(1), 3-
10.

Angelov, A., Putyrski, M. and Liebl, W. (2006) 'Molecular and biochemical characterisation of o-
glucosidase and a-mannosidase and their clustered genes from the thermoacidophilic archaeon
Picrophilus torridus, Journal of Bacteriology, 188(20), 7123-7131.

Angelov, A. S. (2004) Genome Sequence Analysis and Characterisation of Recombinant Enzymes from
the Thermoacidophilic Archaeon Picrophilus torridus, unpublished thesis

Ansari, S. A. and Satar, R. (2012) 'Recombinant B-galactosidases - Past, present and future: A mini
review', Journal of Molecular Catalysis B-Enzymatic, 81, 1-6.

Arrondo, J. L. R, Muga, A., Castresana, J.,, Bernabeu, C. and Gofii, F. M. (1989) 'An infrared
spectroscopic study of (-galactosidase structure in aqueous solutions, Febs Letters, 252(1-2),
118-120.

Auch, A. F., von Jan, M., Klenk, H. P. and Goker, M. (2010) 'Digital DNA-DNA hybridisation for

microbial species delineation by means of genome-to-genome sequence comparison', Standards
in Genomic Sciences, 2(1), 117-134.

-144 -



Bai, Y. G., Huang, H. Q., Meng, K., Shi, P. J,, Yang, P. L., Luo, H. Y., Luo, C. L., Feng, Y. K., Zhang,
W. and Yao, B. (2012) 'ldentification of an acidic a-amylase from Alicyclobacillus sp A4 and
assessment of its application in the starch industry’, Food Chemistry, 131(4), 1473-1478.

Bal, Y. G, Wang, J. S,, Zhang, Z. F., Shi, P. J,, Luo, H. Y., Huang, H. Q., Feng, Y. K. and Yao, B.
(2010b) 'Extremely Acidic pB-1,4-Glucanase, CelA4, from Thermoacidophilic Alicyclobacillus sp
A4 with High Protease Resistance and Potential as a Pig Feed Additive', Journal of Agricultural
and Food Chemistry, 58(3), 1970-1975.

Bai, Y. G., Wang, J. S, Zhang, Z. F., Shi, P. J., Luo, H. Y., Huang, H. Q., Luo, C. L. and Yao, B. (2010a)
'Expression of an extremely acidic B-1,4-glucanase from thermoacidophilic Alicyclobacillus sp
A4 in Pichia pastoris is improved by truncating the gene sequence’, Microbial Cell Factories,
9(33).

Balasubramaniam, A., MacNeil, D. and Weinberg, D. (2000) 'Homology-Based Cloning Methods' in
Neuropeptide Y Protocols, Humana Press, 61-70.

Bastings, M. M., van Baal, |., Meijer, E. W. and Merkx, M. (2008) 'One-step refolding and purification of
disulfide-containing proteins with a C-terminal MESNA thioester', Bmc Biotechnology, 8, 76.

Bauer, M. W., Driskill, L. E. and Kelly, R. M. (1998) 'Glycosyl hydrolases from hyperthermophilic
microorganisms, Current Opinion in Biotechnology, 9(2), 141-145.

Berman, H. M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T. N., Weissig, H., Shindyalov, |I. N. and
Bourne, P. E. (2000) 'The Protein Data Bank', Nucleic Acids Research, 28(1), 235-242.

Bertoldo, C., Dock, C. and Antranikian, G. (2004) 'Thermoacidophilic microorganisms and their novel
biocatalysts, Engineering in Life Sciences, 4(6), 521-532.

BIO-RAD (2004) 'Model 111 mini |EF cell instruction manual’,

Biswas, S., Kayastha, A. M. and Seckler, R. (2003) 'Purification and characterisation of athermostable f3-
galactosidase from kidney beans (Phaseolus vulgaris L.) cv. PDR14', Journal of Plant
Physiology, 160(4), 327-337.

Blanchard, J. E., Gal, L., He, S. M., Foisy, J., Warren, R. A. J. and Withers, S. G. (2001) 'The
identification of the catalytic nucleophiles of two B-galactosidases from glycoside hydrolase
family 35', Carbohydrate Research, 333(1), 7-17.

Bouhnik, Y., Attar, A., Joly, F. A., Riottot, M., Dyard, F. and Flourie, B. (2004) 'Lactulose ingestion
increases faecal bifidobacterial counts: a randomised double-blind study in healthy humans,
European Journal of Clinical Nutrition, 58(3), 462-466.

Bradford, M. M. (1976) 'A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding', Analytical Biochemistry, 72(1-2), 248-254.

Brady, D., Marchant, R., McHale, L. and McHale, A. P. (1995) ‘'Isolation and partial characterisation of
[-galactosidase activity produced by a thermotolerant strain of Kluyveromyces marxianus during
growth on lactose-containing media’, Enzyme and Microbial Technology, 17(8), 696-699.

Broadhurst, A. V. (1997) 'Hydroxylapatite Chromatography', Current Protocolsin Protein Science, 8.6.1-
8.6.12.

Brock, T. D., Brock, K. M., Belly, R. T. and Weiss, R. L. (1972) 'Sulfolobus: a new genus of sulfur-
oxidizing bacteria living at low pH and high temperature', Archiv fur Mikrobiologie, 84(1), 54-
68.

Brown, J. R. and Doolittle, W. F. (1997) 'Archaea and the prokaryote-to-eukaryote transition,
Microbiology and Molecular Biology Reviews, 61(4), 456-502.

- 145-



Buonocore, V., Sgambati, O., Rosa, M. d., Esposito, E. and Gambacorta, A. (1980) 'A congtitutive p-
galactosidase from the extreme thermoacidophile archaebacterium Caldariella acidophila:
properties of the enzyme in the free state and in immobilised whole cells.', Journal of Applied
Biochemistry, 2(5), 390-397.

Cantarel, B. L., Coutinho, P. M., Rancurel, C., Bernard, T., Lombard, V. and Henrissat, B. (2009) 'The
Carbohydrate-Active EnZymes database (CAZy): an expert resource for Gylcogenomics.',
Nucleic Acids Research, 37:D233-238.

Carninci, P., Nishiyama, Y., Westover, A., Itoh, M., Nagaoka, S., Sasaki, N., Okazaki, Y., Muramatsu,
M. and Hayashizaki, Y. (1998) 'Thermostabilisation and thermoactivation of thermolabile
enzymes by trehalose and its application for the synthesis of full length cDNA', Proceedings of
the National Academy of Sciences of the United Sates of America, 95(2), 520-524.

Catara, G., Fiume, I., luliano, F., Maria, G., Ruggiero, G., Pamieri, G., Capasso, A. and Rossi, M. (2006)
‘A new kumamolisin-like protease from Alicyclobacillus acidocaldarius: an enzyme active under
extreme acidic conditions, Biocatalysis and Biotransformation, 24(5), 358-370.

Chakraborti, S., Sani, R. K., Banerjee, U. C. and Sobti, R. C. (2000) 'Purification and characterisation of a
novel B-galactosidase from Bacillus sp MTCC 3088, Journal of Industrial Microbiology and
Biotechnology, 24(1), 58-63.

Chen, J,, Liu, Y. D., Li, X. N., Wang, Y. J., Ding, H., Ma, G. H. and Su, Z. G. (2009) ‘Cooperative effects
of ureaand L-arginine on protein refolding’, Protein Expression and Purification, 66(1), 82-90.

Chen, Y. S, Lee, G. C. and Shaw, J. F. (2006) 'Gene cloning, expression, and biochemical
characterisation of a recombinant trehalose synthase from Picrophilus torridus in Escherichia
coli', Journal of Agricultural and Food Chemistry, 54(19), 7098-7104.

Chin-An, H., Roch-Chui, Y. and Cheng-Chun, C. (2006) 'Purification and characterisation of a sodium-
stimulated B-galactosidase from Bifidobacterium longum CCRC 15708, World Journal of
Microbiology and Biotechnology, 22(4), 355-361.

Cohen, S. N., Chang, A. C. Y. and Hsu, L. (1972) 'Nonchromosomal antibiotic resistance in bacteria -
genetic transformation of Escherichia coli by R-factor DNA', Proceedings of the National
Academy of Sciences of the United States of America, 69(8), 2110-2114.

Cowan, D. A., Daniel, R. M., Martin, A. M. and Morgan, H. W. (1984) 'Some properties of a p-
galactosidase from an extremely thermophilic bacterium', Biotechnology and Bioengineering,
26(10), 1141-1145.

Darland, G. and Brock, T. (1971) 'Bacillus acidocaldarius sp.nov., an acidophilic thermophilic spore-
forming bacterium', Journal of General Microbiology, 67(JUL), 9-15.

Darland, G., Brock, T. D., Samsonoff, W. and Conti, S. F. (1970) 'A thermophilic, acidophilic
mycoplasmaisolated from a coal refuse pile', Science, 170(3965), 1416-1418.

Davies, G. and Henrissat, B. (1995) 'Structures and mechanisms of glycosyl hydrolases, Structure, 3(9),
853-859.

de Preter, V., Vanhoutte, T., Huys, G., Swings, J., Rutgeerts, P. and Verbeke, K. (2006) 'Effect of
lactulose and Saccharomyces boulardii administration on the colonic urea-nitrogen metabolism
and the bifidobacteria concentration in healthy human subjects, Alimentary Pharmacology and
Therapeutics, 23(7), 963-974.

Demirjian, D. C., Moris-Varas, F. and Cassidy, C. S. (2001) 'Enzymes from extremophiles, Current
Opinion in Chemical Biology, 5(2), 144-151.

Deutscher, M. P. (1990) Guide To Protein Purification, Academic Press.

- 146 -



Di Lauro, B., Ross, M. and Moracci, M. (2006) 'Characterisation of a B-glycosidase from the
thermoacidophilic bacterium Alicyclobacillus acidocaldarius, Extremophiles, 10(4), 301-310.

Di Lauro, B., Strazzulli, A., Perugino, G., La Cara, F., Bedini, E., Corsaro, M. M., Ross, M. and
Moracci, M. (2008) 'Isolation and characterisation of a new family 42 -galactosidase from the
thermoacidophilic bacterium Alicyclobacillus acidocaldarius: Identification of the active site
residues, Biochimica Et Biophysica Acta-Proteins and Proteomics, 1784(2), 292-301.

Duffner, F., Bertoldo, C., Andersen, J. T., Wagner, K. and Antranikian, G. (2000) 'A new thermoactive
pullulanase from Desulfurococcus mucosus. Cloning, sequencing, purification, and
characterisation of the recombinant enzyme after expression in Bacillus subtilis, Journal of
Bacteriology, 182(22), 6331-6338.

Eckert, K. and Schneider, E. (2003) 'A thermoacidophilic endoglucanase (CelB) from Alicyclobacillus
acidocaldarius displays high sequence similarity to arabinofuranosidases belonging to family 51
of glycoside hydrolases, European Journal of Biochemistry, 270(17), 3593-3602.

Eckert, K., Zielinski, F., Lo Leggio, L. and Schneider, E. (2002) 'Gene cloning, seguencing, and
characterisation of a family 9 endoglucanase (Cel A) with an unusual pattern of activity from the
thermoacidophile Alicyclobacillus acidocaldarius ATCC27009', Applied Microbiology and
Biotechnology, 60(4), 428-436.

Fahey, E. M., Chaudhuri, J. B. and Binding, P. (2000) '‘Refolding of low molecular weight urokinase
plasminogen activator by dilution and size exclusion chromatography - A comparative study’,
Separation Science and Technology, 35(11), 1743-1760.

Fernandes, S., Geueke, B., Delgado, O., Coleman, J. and Hatti-Kaul, R. (2002) 'B-Galactosidase from a
cold-adapted bacterium: purification, characterisation and application for lactose hydrolysis,
Applied Microbiology and Biotechnology, 58(3), 313-321.

Fischer, L., Scheckermann, C. and Wagner, F. (1995) 'Purification and characterisation of a
thermotolerant p-galactosidase from Thermomyces lanuginosus, Applied and Environmental
Microbiology, 61(4), 1497-1501.

Fowler, A. V. and Zabin, I. (1977) 'Amino-acid sequence of B-galactosidase of Escherichia coli’,
Proceedings of the National Academy of Sciences of the United States of America, 74(4), 1507-
1510.

Fox, P. F. and McSweeney, P. L. H. (2009) Advanced Dairy Chemistry, Springer Science+Business
Media, LLC.

Fitterer, O., Angelov, A., Liesegang, H., Gottschalk, G., Schleper, C., Schepers, B., Dock, C.,
Antranikian, G. and Liebl, W. (2004) 'Genome sequence of Picrophilus torridus and its
implications for life around pH 0', Proceedings of the National Academy of Sciences of the
United States of America, 101(24), 9091-9096.

Gibson, G. R. and Roberfroid, M. B. (1995) 'Dietary modulation of the human colonic microbiota:
introducing the concept of prebiotics, Journal of Nutrition, 125(6), 1401-1412.

Gomes, J. and Steiner, W. (2004) 'The biocatalytic potential of extremophiles and extremozymes, Food
Technology and Biotechnology, 42(4), 223-235.

Grogan, D. W. (1991) 'Evidence that B-galactosidase of Sulfolobus solfataricus is only one of several
activities of a thermostable p-d-glycosidase', Applied and Environmental Microbiology, 57(6),
1644-1649.

Guerrero, C., Vera, C. and lllanes, A. s. (2013) 'Optimisation of synthesis of oligosaccharides derived

from lactulose (fructosyl-galacto-oligosaccharides) with B-galactosidases of different origin',
Food Chemistry, 138(4), 2225-2232.

- 147 -



Guerrero, C., Vera, C., Plou, F. and Illanes, A. (2011) 'Influence of reaction conditions on the selectivity
of the synthesis of lactulose with microbial B-galactosidases, Journal of Molecular Catalysis B-
Enzymatic, 72(3-4), 206-212.

Gul-Guven, R., Guven, K., Pali, A. and Nicolaus, B. (2007) 'Purification and some properties of a f3-
galactosidase from the thermoacidophilic Alicyclobacillus acidocaldarius subsp. rittmannii
isolated from Antarctica’, Enzyme and Microbial Technology, 40(6), 1570-1577.

Guven, R. G., Kaplan, A., Guven, K., Matpan, F. and Dogru, M. (2011) 'Effects of various inhibitors on
B-galactosidase purified from the thermoacidophilic Alicyclobacillus acidocaldarius subsp.
rittmannii isolated from Antarctica, Biotechnology and Bioprocess Engineering, 16(1), 114-119.

Hakansson, K., Broder, D., Wang, A. H. and Miller, C. G. (2000) 'Crystallisation of peptidase T from
Salmonella typhimurium', Acta Crystallographica Section D: Biological Crystallography, 56(Pt
7), 924-926.

Halliwell, C. M., Morgan, G., Ou, C. P. and Cass, A. E. (2001) 'Introduction of a (poly)histidinetag in L-
lactate dehydrogenase produces a mixture of active and inactive molecules, Analytical
Biochemistry, 295(2), 257-261.

Hames, B. D. (1998) Gel electrophoresis of proteins:a practical approach, OUP Oxford.

Harju, M., Kallioinen, H. and Tossavainen, O. (2012) 'Lactose hydrolysis and other conversions in dairy
products: Technological aspects, International Dairy Journal, 22(2), 104-1009.

Hashemi, S. A. and Ashtiani, F. Z. (2010) The isomerisation kinetics of lactose to lactulose in the
presence of sodium hydroxide at constant and variable pH', Food and Bioproducts Processing,
88(C2-3), 181-187.

Healthcare, G. Gel Filtration Chromatography: Principles and Methods Handbook.

Henrissat, B. (1991) 'A classification of glycosyl hydrolases based on amino-acid-sequence similarities,
Biochemical Journal, 280, 309-316.

Henz, S. R.,, Huson, D. H., Auch, A. F., Nieselt-Struwe, K. and Schuster, S. C. (2005) 'Whole-genome
prokaryotic phylogeny', Bioinformatics, 21(10), 2329-2335.

Hernandez-Hernandez, O., Montanes, F., Clemente, A., Moreno, F. J. and Sanz, M. L. (2011)
'‘Characterisation of galacto-oligosaccharides derived from lactulose, Journal of
Chromatography A, 1218(42), 7691-7696.

Hess, M. (2008) 'Thermoacidophilic proteins for biofuel production', Trends in Microbiology, 16(9), 414-
419.

Hess, M., Katzer, M. and Antranikian, G. (2008) 'Extremely thermostable esterases from the
thermoacidophilic euryarchaeon Picrophilus torridus, Extremophiles, 12(3), 351-364.

Hicks, K. B. and Parrish, F. W. (1980) 'A new method for the preparation of lactulose from lactose,
Carbohydrate Research, 82(2), 393-397.

Hidaka, M., Fushinobu, S., Ohtsu, N., Motoshima, H., Matsuzawa, H., Shoun, H. and Wakagi, T. (2002)
‘Trimeric crystal structure of the glycoside hydrolase family 42 B-galactosidase from Thermus
thermophilus A4 and the structure of its complex with galactose, Journal of Molecular Biology,
322(1), 79-91.

Hildebrandt, P., Wanarska, M. and Kur, J. (2009) 'A new cold-adapted B-D-galactosidase from the

Antarctic Arthrobacter sp. 32c - gene cloning, overexpression, purification and properties, BMC
Microbiol, 9, 151.

- 148 -



Holmes, M. L., Scopes, R. K., Moritz, R. L., Simpson, R. J., Englert, C., Pfeifer, F. and Dyall-Smith, M.
L. (1997) 'Purification and analysis of an extremely halophilic B-galactosidase from Haloferax
alicantel’, Biochimica et Biophysica Acta, 1337(2), 276-286.

Holsinger, V. H. and Kligerman, A. E. (1991) 'Applications of lactase in dairy foods and other foods
containing lactose', Food Technology, 45(1), 92.

Horikoshi, K. (2011) Extremophiles Handbook, Springer.

Hoyoux, A., Jennes, |., Dubois, P., Genicot, S., Dubail, F., Francois, J. M., Baise, E., Feller, G. and
Gerday, C. (2001) ‘'Cold-adapted p-galactosidase from the Antarctic psychrophile
Pseudoalteromonas haloplanktis', Applied and Environmental Microbiology, 67(4), 1529-1535.

Huang, J. L., Huang, J. H., Shyu, R. H., Teng, C. W, Lin, Y. L., Kuo, M. D., Yao, C. W. and Shaio, M.
F. (2001) 'High-level expression of recombinant dengue viral NS-1 protein and its potential use
as adiagnostic antigen', Journal of Medical Virology, 65(3), 553-560.

Huang, Y. W., Krauss, G., Cottaz, S., Driguez, H. and Lipps, G. (2005) 'A highly acid-stable and
thermostable endo-B-glucanase from the thermoacidophilic archaeon Sulfoloblus solfataricus,
Biochemical Journal, 385, 581-588.

Hung, M. N. and Lee, B. H. (2002) 'Purification and characterisation of a recombinant -galactosidase
with transgalactosylation activity from Bifidobacterium infantis HL96', Applied and
Environmental Microbiology, 58(4), 439-445.

Husain, Q. (2010) 'B-galactosidases and their potential applications: a review', Critical Reviews in
Biotechnology, 30(1), 41-62.

Inohara-Ochiai, M., Hasegawa, S., Iguchi, S., Ashikari, T., Shibano, Y., Hemmi, H., Nakayama, T. and
Nishino, T. (2002) 'Deletion and insertion of a 192-residue peptide in the active-site domain of
glycosyl hydrolase family-2 B-galactosidases, Journal of Bioscience and Bioengineering, 93(6),
575-583.

Inohara-Ochiai, M., Nakayama, T., Nakao, M., Fujita, T., Ueda, T., Ashikari, T., Nishino, T. and
Shibano, Y. (1998) 'Unigque primary structure of a thermostable multimetal B-galactosidase from
Saccharopolyspora rectivirgula’, Biochimica Et Biophysica Acta-Protein Structure and
Molecular Enzymology, 1388(1), 77-83.

Jacobson, R. H., Zhang, X. J., DuBose, R. F. and Matthews, B. W. (1994) 'Three-dimensional structure of
B-galactosidase from E. coli', Nature, 369(6483), 761-766.

Ji, E. S., Park, N. H. and Oh, D. K. (2005) 'Galacto-oligosaccharide production by a thermostable
recombinant B-galactosidase from Thermotoga maritima’, World Journal of Microbiology and
Biotechnology, 21(5), 759-764.

Jorda, J. and Yeates, T. O. (2011) 'Widespread disulfide bonding in proteins from thermophilic archaea,
Archaea-an International Microbiological Journal.

Jugjun, O., Nguyen, T. H., Maischberger, T., Igbal, S., Haltrich, D. and Y amabhai, M. (2011) ‘Cloning,
purification, and characterisation of B-galactosidase from Bacillus licheniformis DSM 13,
Applied Microbiology and Biotechnology, 89(3), 645-654.

Juers, D. H., Jacobson, R. H., Wigley, D., Zhang, X. J., Huber, R. E., Tronrud, D. E. and Matthews, B.
W. (2000) 'High resolution refinement of p-galactosidase in a new crystal form reveals multiple
metal-binding sites and provides a structural basis for a-complementation’, Protein Science, 9(9),
1685-1699.

Jurado, E., Camacho, F., Luzén, G. and Vicaria, J. M. (2002) 'A new kinetic model proposed for

enzymatic hydrolysis of lactose by a B-galactosidase from Kluyveromyces fragilis, Enzyme and
Microbial Technology, 31(3), 300-309.

- 149-



Jurado, E., Camacho, F., Luzdn, G. and Vicaria, J. M. (2004) 'Kinetic models of activity for f-
galactosidases: influence of pH, ionic concentration and temperature', Enzyme and Microbial
Technology, 34(1), 33-40.

Karan, R., Capes, M. D., DasSarma, P. and DasSarma, S. (2013) 'Cloning, overexpression, purification,
and characterisation of a polyextremophilic B-galactosidase from the Antarctic haloarchaeon
Halorubrum lacusprofundi', Bmc Biotechnology, 13(3), 11.

Katrolia, P., Zhang, M., Yan, Q. J,, Jiang, Z. Q., Song, C. L. and Li, L. T. (2011) 'Characterisation of a
thermostable family 42 B-galactosidase (BgalC) family from Thermotoga maritima showing
efficient lactose hydrolysis, Food Chemistry, 125(2), 614-621.

Kim, C. S, Ji, E. S. and Oh, D. K. (2003) 'Expression and characterisation of Kluyveromyces lactis f3-
galactosidase in Escherichia coli', Biotechnology Letters, 25(20), 1769-1774.

Kim, C. S, Ji, E. S. and Oh, D. K. (2004) 'Characterisation of athermostable recombinant f-galactosidase
from Thermotoga maritima’, Journal of Applied Microbiology, 97(5), 1006-1014.

Kim, Y. S, Kim, J. E. and Oh, D. K. (2013) 'Borate enhances the production of lactulose from lactose by
cellobiose 2-epimerase from Caldicellulosiruptor saccharolyticus, Bioresource Technology,
128, 809-812.

Kim, Y. S. and Oh, D. K. (2012) 'Lactulose production from lactose as a single substrate by a
thermostable cellobiose 2-epimerase from Caldicellulosiruptor saccharolyticus, Bioresource
Technology, 104, 668-672.

Kim, Y. S, Park, C. S. and Oh, D. K. (2006) 'Lactulose production from lactose and fructose by a
thermostable B-galactosidase from Sulfolobus solfataricus, Enzyme and Microbial Technology,
39(4), 903-908.

Kocabiyik, S. and Ozel, H. (2007) 'An extracellular - Pepstatin insensitive acid protease produced by
Thermoplasma volcanium', Bioresource Technology, 98(1), 112-117.

Kosugi, A., Murashima, K. and Doi, R. H. (2002) ‘Characterisation of two noncellulosomal subunits,
ArfA and BgaA, from Clostridium cellulovorans that cooperate with the cellulosome in plant
cell wall degradation’, Journal of Bacteriology, 184(24), 6859-6865.

Krause, M., Ukkonen, K., Haatgja, T., Ruottinen, M., Glumoff, T., Neubauer, A., Neubauer, P. and
Vasala, A. (2010) 'A novel fed-batch based cultivation method provides high cell-density and
improves yield of soluble recombinant proteins in shaken cultures, Microbial Cell Factories, 9,
11

Krulwich, T. A., Davidson, L. F., Filip, S. J., Jr., Zuckerman, R. S. and Guffanti, A. A. (1978) The
protonmotive force and B-galactoside transport in Bacillus acidocaldarius, Journal of Biological
Chemistry, 253(13), 4599-4603.

Kwok, S., Chang, S. Y., Sninsky, J. J. and Wang, A. (1994) 'A guide to the design and use of mismatched
and degenerate primers, PCR Methods and Applications, 3(4), S39-47.

Ladero, M., Santos, A., Gar¢ia, J. L. and Garcia-Ochoa, F. (2001) 'Activity over lactose and ONPG of a
genetically engineered B-galactosidase from Escherichia coli in solution and immobilised:
kinetic modelling', Enzyme and Micraobial Technology, 29(2-3), 181-193.

Laemmli, U. K. (1970) 'Cleavage of structural proteins during the assembly of the head of bacteriophage
T4', Nature, 227(5259), 680-685.

Lang, M. and Orgogozo, V. (2011) 'ldentification of homologous gene sequences by PCR with
degenerate primers, Methods in Molecular Biology, 772, 245-256.

- 150 -



Leg E. G, Kim, S,, Oh, D. B,, Leg, S. Y. and Kwon, O. (2012) 'Distinct roles of B-galactosidase
paralogues of the rumen bacterium Mannheimia succiniciproducens, Journal of Bacteriology,
194(2), 426-436.

Lee, J. H.,Kim, Y. S, Yeom, S. J. and Oh, D. K. (2011) 'Characterisation of a glycoside hydrolase family
42 B-galactosidase from Deinococcus geothermalis, Biotechnology Letters, 33(3), 577-583.

Lee, M. S. (2012) Mass Spectrometry Handbook, Pharmaceutical Science and Biotechnology: Practices,
Applications and Methods, John Wliey & Sons.

Lee S. J, Lee, D. W., Choe, E. A, Hong, Y. H., Kim, S. B, Kim, B. C. and Pyun, Y. R. (2005)
'‘Characterisation of a thermoacidophilic L-arabinose isomerase from Alicyclobacillus
acidocaldarius: Role of Lys-269 in pH optimum’, Applied and Environmental Microbiology,
71(12), 7888-7896.

Lee Y. J, Kim, C. S. and Oh, D. K. (2004) 'Lactulose production by B-galactosidase in permeabilised
cells of Kluyveromyceslactis, Applied Microbiology and Biotechnology, 64(6), 787-793.

Leemhuis, H., Kelly, R. M. and Dijkhuizen, L. (2009) 'Directed evolution of enzymes: Library screening
strategies, International Union of Biochemistry and Molecular Biology Life, 61(3), 222-228.

Letunova, E. V., Tikhomirova, A. S., Shiian, S. D., Markin, V. A. and Khorlin, A. (1981) 'Purification
and properties of B-galactosidase from Alternaria tenius, Biokhimiia, 46(5), 911-919.

Li,D.L., Sheng, J. Y., Yang, J. F., Yang, C. L., Zeng, Z. and Sheng, L. L. (2012) 'Characterisation of an
acidophilic and thermostable a-amylase from Alicyclobacillus sendaiensis NUST', Sarch-
Sarke, 64(11), 914-920.

Lin, X., Liu, M. and Tang, J. (1992) 'Heterologous expression of thermopsin, a heat-stable acid
proteinase’, Enzyme and Microbial Technology, 14(9), 696-701.

Liu, N., Zhang, T., Wang, Y. J.,, Huang, Y. P., Ou, J. H. and Shen, P. (2004) 'A heat inducible tyrosinase
with distinct properties from Bacillus thuringiensis, Letters in Applied Microbiology, 39(5),
407-412.

Liu, Y. D., Li, J. J, Wang, F. W., Chen, J., Li, P. and Su, Z. G. (2007) ‘A newly proposed mechanism for
arginine-assisted protein refolding - not inhibiting soluble oligomers athough promoting a
correct structure', Protein Expression and Purification, 51(2), 235-242.

Lo, S., Dugdale, M. L., Jeerh, N., Ku, T., Roth, N. J. and Huber, R. E. (2010) 'Studies of Glu-416 variants
of B-galactosidase (E. coli) show that the active site Mg is not important for structure and
indicate that the main role of Mg®" is to mediate optimization of active site chemistry’, The
Protein Journal, 29(1), 26-31.

Madigan, M. T. and Oren, A. (1999) Thermophilic and halophilic extremophiles, Current Opinion in
Microbiology, 2(3), 265-269.

Mahoney, R. R. (1998) 'Gal actosyl-oligosaccharide formation during lactose hydrolysis: a review', Food
Chemistry, 63(2), 147-154.

Mahoney, R. R. and Adamchuk, C. (1980) 'Effect of milk constituents on the hydrolysis of lactose by
lactase from Kluyveromyces fragilis, Journal of Food Science, 45(4), 962-964.

Maksimainen, M., Paavilainen, S., Hakulinen, N. and Rouvinen, J. (2012) 'Structural analysis, enzymatic
characterisation, and catalytic mechanisms of B-galactosidase from Bacillus circulans sp.
alkalophilus, Febs Journal, 279(10), 1788-1798.

Mallick, P., Boutz, D. R., Eisenberg, D. and Yeates, T. O. (2002) ‘Genomic evidence that the intracellular

proteins of archaeal microbes contain disulfide bonds', Proceedings of the National Academy of
Sciences of the United Sates of America, 99(15), 9679-9684.

-151 -



Manzi, P. and Pizzoferrato, L. (2013) 'HPLC determination of lactulose in heat treated milk', Food and
Bioprocess Technology, 6(3), 851-857.

Marconi, E., Messia, M. C., Amine, A., Moscone, D., Vernazza, F., Stocchi, F. and Palleschi, G. (2004)
'Heat-treated milk differentiation by a sensitive lactulose assay', Food Chemistry, 84(3), 447-
450.

Marin-Manzano, M. C., Abecia, L., Hernandez-Hernandez, O., Sanz, M. L., Montilla, A., Olano, A.,
Rubio, L. A., Moreno, F. J. and Clemente, A. (2013) 'Galacto-oligosaccharides derived from
lactulose exert a selective stimulation on the growth of Bifidobacterium animalis in the large
intestine of growing rats, Journal of Agricultural and Food Chemistry, 61(31), 7560-7567.

Matthews, B. W. (2005) 'The structure of E. coli B-galactosidase’, Comptes Rendus Biologies, 328(6),
549-556.

Matzke, J., Herrmann, A., Schneider, E. and Bakker, E. P. (2000) 'Gene cloning, nucleotide sequence and
biochemical properties of a cytoplasmic cyclomaltodextrinase (neopullulanase) from
Alicyclobacillus acidocaldarius, reclassification of a group of enzymes, Fems Microbiology
Letters, 183(1), 55-61.

Maurelli, L., Giovane, A., Esposito, A., Moracci, M., Fiume, |., Rossi, M. and Morana, A. (2008)
'Evidence that the xylanase activity from Sulfolobus solfataricus O a is encoded by the
endoglucanase precursor gene (ss01354) and characterisation of the associated cellulase activity’,
Extremophiles, 12(5), 689-700.

Mayer, J., Conrad, J., Klaiber, |., Lutz-Wahl, S., Beifuss, U. and Fischer, L. (2004) 'Enzymatic production
and complete nuclear magnetic resonance assignment of the sugar lactulose, Journal of
Agricultural and Food Chemistry, 52(23), 6983-6990.

McGrath, B. M. and Walsh, G. (2005) Directory of Therapeutic Enzymes, Taylor & Francis.

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H. P. and Goker, M. (2013) ‘Genome sequence-based species
delimitation with confidence intervals and improved distance functions, BMC Bioinformatics,
14(60).

Middelberg, A. P. J. (2002) 'Preparative protein refolding’, Trends in Biotechnology, 20(10), 437-443.

Mizota, T., Mori, T., Yaeshima, T., Yanagida, T., Iwatsuki, K., Ishibashi, N., Tamura, Y. and Fukuwatari,
Y. (2002) 'Effects of low dosages of lactulose on the intestinal function of healthy adults,
Milchwissenschaft-Milk Science International, 57(6), 312-315.

Mlichova, Z. and Rosenberg, M. (2006) 'Current trends of p-galactosidase application in food
technology', Journal of Food and Nutrition Research, 45(2), 47-54.

Montgomery, E. M. and Hudson, C. S. (1930) 'Relationship between rotary power and structure in the
sugar group. XXVII. Synthesis of a new disaccharide ketose (lactulose) from lactose.', Journal of
the American Chemical Society, 52, 2101-2106.

Montilla, A., del Castillo, M. D., Sanz, M. L. and Olano, A. (2005) 'Egg shell as catalyst of lactose
isomerisation to lactulose', Food Chemistry, 90(4), 883-890.

Morana, A., Esposito, A., Maurelli, L., Ruggiero, G., lonata, E., Rossi, M. and La Cara, F. (2008) 'A
novel thermoacidophilic cellulase from Alicyclobacillus acidocaldarius, Protein and Peptide
Letters, 15(9), 1017-1021.

Naessens, M. and Vandamme, E. J. (2003) 'Multiple forms of microbial enzymes', Biotechnology Letters,
25(14), 1119-1124.

- 152 -



Nagy, Z., Kiss, T., Szentirmai, A. and Biro, S. (2001) 'B-Galactosidase of Penicillium chrysogenum:
production, purification, and characterisation of the enzyme, Protein Expresson and
Purification, 21(1), 24-29.

Nakayama, T. and Amachi, T. (1999) 'B-Galactosidase, enzymology', Encyclopedia of bioprocess
technology, fermentation, biocatalysis and bioseparation, 3, 1291-1305.

Nguyen, T. H., Splechtna, B., Steinbock, M., Kneifel, W., Lettner, H. P., Kulbe, K. D. and Haltrich, D.
(2006) 'Purification and characterisation of two novel B-galactosidases from Lactobacillus
reuteri', Journal of Agricultural and Food Chemistry, 54(14), 4989-4998.

Niehaus, F., Bertoldo, C., Kahler, M. and Antranikian, G. (1999) 'Extremophiles as a source of novel
enzymes for industrial application’, Applied Microbiology and Biotechnology, 51(6), 711-729.

O'Connell, S. and Walsh, G. (2007) 'Purification and properties of a B-galactosidase with potential
application as a digestive supplement’, Applied Biochemistry and Biotechnology, 141(1), 1-14.

O'Connell, S. and Walsh, G. (2010) 'A novel acid-stable, acid-active p-galactosidase potentially suited to
the alleviation of lactose intolerance', Applied Microbiology and Biotechnology, 86(2), 517-524.

Ohto, U., Usui, K., Ochi, T., Yuki, K., Satow, Y. and Shimizu, T. (2011) 'Crystal structure of human f-
galactosidase: structural basis of GM1 gangliosidosis and morquio B diseases, Journal of
Biological Chemistry, 287(3), 1801-1812.

Ohtsuka, K., Tanoh, A., Ozawa, O., Kanematsu, T., Uchida, T. and Shinke, R. (1990) 'Purification and
properties of a p-galactosidase with high galactosyl transfer activity from Cryptococcus laurentii
OKN-4', Journal of Fermentation and Bioengineering, 70(5), 301-307.

Olano, A. and Corzo, N. (2009) 'Lactulose as a food ingredient', Journal of the Science of Food and
Agriculture, 89(12), 1987-1990.

Onishi, N. and Tanaka, T. (1995) 'Purification and characterisation of a novel thermostable galacto-
oligosaccharide-producing p-galactosidase from Sterigmatomyces elviae CBS8119', Applied and
Environmental Microbiology, 61(11), 4026-4030.

Panesar, P. S., Kumari, S. and Panesar, R. (2010) 'Potential applications of immobilised B-galactosidase
in food processing industries, Enzyme Research.

Panesar, P. S, Panesar, R., Singh, R. S., Kennedy, J. F. and Kumar, H. (2006) 'Microbial production,
immobilisation and applications of B-D-galactosidase’, Journal of Chemical Technology and
Biotechnology, 81(4), 530-543.

Park, A. R. and Oh, D. K. (2010) 'Effects of galactose and glucose on the hydrolysis reaction of a
thermostable B-galactosidase from Caldicellulosiruptor saccharolyticus, Applied Microbiology
and Biotechnology, 85(5), 1427-1435.

Park, H. Y., Kim, H. J, Lee, J. K., Kim, D. and Oh, D. K. (2008) 'Galacto-oligosaccharide production by
a thermostable B-galactosidase from Sulfolobus solfataricus, World Journal of Microbiology &
Biotechnology, 24(8), 1553-1558.

Park, J. E., Park, S. R., Woo, J. Y., Hwang, H. S., Cha, J. and Lee, H. (2013) 'Enzymatic properties of a
thermostable a-glucosidase from acidothermophilic Crenarchaeon Sulfolobus tokodaii Strain 7,
Journal of Microbiology and Biotechnology, 23(1), 56-63.

Perkins, D. N., Pappin, D. J, Creasy, D. M. and Cottrell, J. S. (1999) 'Probability-based protein
identification by searching sequence databases using mass spectrometry datal, Electrophoresis,
20(18), 3551-3567.

Petrova, V. V. and Kujumdzieva, A. V. (2010) 'Thermotolerant yeast strains producers of galacto-
oligosaccharides', Biotechnology & Biotechnological Equipment, 24(1), 1612-1619.

- 153 -



Pikuta, E. V., Hoover, R. B. and Tang, J. (2007) 'Microbia extremophiles at the limits of life', Critical
Reviews in Microbiology, 33(3), 183-209.

Pisani, F. M., Rella, R, Raia, C. A., Rozzo, C., Nucci, R., Gambacorta, A., Derosa, M. and Rossi, M.
(1990) 'Thermostable B-galactosidase from the archaebacterium Sulfolobus solfataricus -
purification and properties, European Journal of Biochemistry, 187(2), 321-328.

Prescott, L. M., Harley, J. P. and Klein, D. A. (2002) Microbiology, McGraw-Hill Higher Education.

Rahim, K. A. A. and Lee, B. H. (1991) 'Specificity, inhibitory studies, and oligosaccharide formation by
B-galactosidase from Psychrotrophic Bacillus subtilis KL88', Journal of Dairy Science, 74(6),
1773-1778.

Rajput, R., Verma, V. V., Chaudhary, V. and Gupta, R. (2013) 'A hydrolytic y-glutamyl transpeptidase
from thermoacidophilic archaeon Picrophilus torridus: binding pocket mutagenesis and
transpeptidation’, Extremophiles, 17(1), 29-41.

Rasouli, |. and Kulkarni, P. R. (1994) 'Enhancement of B-galactosidase productivity of Aspergillus niger
NCIM-616', Journal of Applied Bacteriology, 77(4), 359-361.

Reher, M., Bott, M. and Schonheit, P. (2006b) '‘Characterisation of glycerate kinase (2-phosphoglycerate
forming), a key enzyme of the nonphosphorylative Entner-Doudoroff pathway, from the
thermoacidophilic euryarchaeon Picrophilus torridus, Fems Microbiology Letters, 259(1), 113-
119.

Rhimi, M., Boisson, A., Degjob, M., Boudebouze, S., Maguin, E., Haser, R. and Aghgjari, N. (2010)
'Efficient bioconversion of lactose in milk and whey: immobilisation and biochemical
characterisation of a B-galactosidase from the dairy Sreptococcus thermophilus LMD9 strain',
Research in Microbiology, 161(7), 515-525.

Rojas, A. L., Nagem, R. A. P., Neustroev, K. N., Arand, M., Adamska, M., Eneyskaya, E. V.,
Kulminskaya, A. A., Garratt, R. C., Golubev, A. M. and Polikarpov, I. (2004) 'Crystal structures
of B-galactosidase from Penicillium sp. and its complex with galactose', Journal of Molecular
Biology, 343(5), 1281-1292.

Ryu, K., Kim, Y. H., Kim, Y., Lee, J. S,, Jeon, B. and Kim, T. Y. (2008) ‘Increased yield of high-purity
and active tetrameric recombinant human EC-SOD by solid phase refolding’, Journal of
Microbiology and Biotechnology, 18(10), 1648-1654.

Sambrook, J. J. and Russell, D. D. W. (2001) Molecular cloning: a laboratory manual. Vol. 2, Cold
Spring Harbor Laboratory Press.

Saneian, H. and Mostofizadeh, N. (2012) 'Comparing the efficacy of polyethylene glycol (PEG),
magnesium hydroxide and lactulose in treatment of functional constipation in children’, Journal
of Research in Medical Sciences, 17, S145-S149.

Schepers, B., Thiemann, V. and Antranikian, G. (2006) ‘Characterisation of a novel glucoamylase from
the thermoacidophilic Archaeon Picrophilus torridus heterologously expressed in E. cali’,
Engineering in Life Sciences, 6(3), 311-317.

Schiraldi, C. and de Rosa, M. (2002) 'The production of biocatalysts and biomolecules from
extremophiles, Trends in Biotechnology, 20(12), 515-521.

Schiraldi, C., Giuliano, M. and De Rosa, M. (2002) 'Perspectives on biotechnological applications of
archaed, Archaea, 1(2), 75-86.

Schleif, R. (2000) 'Regulation of the L-arabinose operon of Escherichia coli', Trends in Genetics, 16(12),
559-565.

-154 -



Schleper, C., Puehler, G., Holz, |., Gambacorta, A., Janekovic, D., Santarius, U., Klenk, H. P. and Zillig,
W. (1995) 'Picrophilus gen nov, fam nov - A novel aerobic, heterotrophic, thermoacidophilic
genus and family comprising archaea capable of growth around pH 0, Journal of Bacteriology,
177(24), 7050-7059.

Schleper, C., Puhler, G., Klenk, H. P. and Zillig, W. (1996) 'Picrophilus oshimae and Picrophilus torridus
fam nov, gen nov, sp nov, two species of hyperacidophilic, thermophilic, heterotrophic, aerobic
archaed, International Journal of Systematic Bacteriology, 46(3), 814-816.

Schuster-Wolff-Buhring, R., Fischer, L. and Hinrichs, J. (2010) 'Production and physiological action of
the disaccharide lactulose, International Dairy Journal, 20(11), 731-741.

Seki, N., Hamano, H., liyama, Y., Asano, Y., Kokubo, S., Yamauchi, K., Tamura, Y., Uenishi, K. and
Kudou, H. (2007) 'Effect of lactulose on calcium and magnesium absorption: a study using
stable isotopes in adult men', Journal of Nutritional Science and Vitaminology (Tokyo), 53(1), 5-
12.

Sen, S, Ray, L. and Chattopadhyay, P. (2012) 'Production, purification, immobilisation, and
characterisation of a thermostable B-galactosidase from Aspergillus alliaceus, Applied
Biochemistry and Biotechnology, 167(7), 1938-1953.

Seo, J. S, An, J. H., Baik, M. Y., Park, C. S,, Cheong, J. J., Moon, T. W., Park, K. H., Do Chov, Y. and
Kim, C. H. (2007) 'Molecular cloning and characterisation of trehalose biosynthesis genes from
hyperthermophilic archaebacterium Metallosphaera hakonesis, Journal of Microbiology and
Biotechnology, 17(1), 123-129.

Serour, E. and Antranikian, G. (2002) 'Novel thermoactive glucoamylases from the thermoacidophilic
Archaea Thermoplasma acidophilum, Picrophilus torridus and Picrophilus oshimae', Antonie
Van Leeuwenhoek International Journal of General and Molecular Microbiology, 81(1-4), 73-
83.

Shaikh, S. A., Khire, J. M. and Khan, M. |. (1999) 'Characterisation of a thermostable extracellular -
galactosidase from a thermophilic fungus Rhizomucor sp.', Biochimica et Biophysica Acta,
1472(1-2), 314-322.

Sheridan, P. P. and Brenchley, J. E. (2000) ‘Characterisation of a salt-tolerant family 42 B-galactosidase
from a psychrophilic antarctic Planococcus isolate', Applied and Environmental Microbiology,
66(6), 2438-2444,

Shipkowski, S. and Brenchley, J. E. (2006) 'Bioinformatic, genetic, and biochemical evidence that some
glycoside hydrolase family 42 B-galactosidases are arabinogalactan type | oligomer hydrolases,
Applied and Environmental Microbiology, 72(12), 7730-7738.

Simbahan, J., Drijber, R. and Blum, P. (2004) 'Alicyclobacillus vulcanalis sp nov., a thermophilic,
acidophilic bacterium isolated from Coso Hot Springs, California, USA', International Journal
of Systematic and Evolutionary Microbiology, 54, 1703-1707.

Simren, M. and Stotzer, P. O. (2006) 'Use and abuse of hydrogen breath tests, Gut, 55(3), 297-303.

Skalova, T., Dohnalek, J.,, Spiwok, V., Lipovova, P., Vondrackova, E., Petrokova, H., Duskova, J.,
Strnad, H., Kralova, B. and Hasek, J. (2005) 'Cold-active p-galactosidase from Arthrobacter sp
C2-2 forms compact 660 kDa hexamers: Crystal structure at 1.9 angstrom resolution’, Journal of
Molecular Biology, 353(2), 282-294.

Smith, J. and Charter, E. (2011) Functional Food Product Devel opment, Wiley.

Smith, J. D. and Robinson, A. S. (2002) 'Overexpression of an archaeal protein in yeast: Secretion
bottleneck at the ER', Biotechnology and Bioengineering, 79(7), 713-723.

- 155-



Song, C. L., Chi, Z. M., Li, J. and Wang, X. H. (2010) 'B-Galactosidase production by the psychrotol erant
yeast Guehomyces pullulans 17-1 isolated from sea sediment in Antarctica and lactose
hydrolysis, Bioprocess and Biosystems Engineering, 33(9), 1025-1031.

Song, Y., Suh, Y., Park, C. and Kim, S. (2013b) 'Improvement of lactulose synthesis through optimisation
of reaction conditions with immobilised B-galactosidase’, Korean Journal of Chemical
Engineering, 30(1), 160-165.

Song, Y. S, Lee, H. U,, Park, C. and Kim, S. W. (2012a) '‘Batch and continuous synthesis of lactulose
from whey lactose by immobilised B-galactosidase’, Food Chemistry, 136(2), 689-694.

Song, Y. S, Shin, H. Y., Lee, J. Y., Park, C. and Kim, S. W. (2012b) 'B-Galactosidase-immoabilised
microreactor fabricated using a novel technique for enzyme immobilisation and its application
for continuous synthesis of lactulose', Food Chemistry, 133(3), 611-617.

Stackebrandt, E. and Goebel, B. M. (1994) 'Taxonomic note: a place for DNA-DNA reassociation and
16s rRNA sequence analysis in the present species definition in bacteriology', International
Journal of Systematic Bacteriology, 44(4), 846-849.

Steyn, C. E., Cameron, M. and Witthuhn, R. C. (2011) 'Occurrence of Alicyclobacillus in the fruit
processing environment - A review', International Journal of Food Microbiology, 147(1), 1-11.

Symposium, C. F. (2008) Evolution of Hydrothermal Ecosystems on Earth (and Mars), Wiley.

Takagi, M., Tamaki, H., Miyamoto, Y., Leonardi, R., Hanada, S., Jackowski, S. and Chohnan, S. (2010)
'Pantothenate kinase from the thermoacidophilic Archaeon Picrophilus torridus, Journal of
Bacteriology, 192(1), 233-241.

Tanaka, Y., Kagamiishi, A., Kiuchi, A. and Horiuchi, T. (1975) 'Purification and properties of -
galactosidase from Aspergillus oryzae', Journal of Biochemistry, 77(1), 241-247.

Tang, L., Li, Z. A, Dong, X. X., Yang, R. J,, Zhang, J. H. and Mao, Z. G. (2011) 'Lactulose biosynthesis
by B-galactosidase from a newly isolated Arthrobacter sp.', Journal of Industrial Microbiology
& Biotechnology, 38(3), 471-476.

Tenu, J. P, Viratelle, O. M., Garnier, J. and Yon, J. (1971) 'pH dependence of the activity of -
galactosidase from Escherichia coli', European Journal of Biochemistry, 20(3), 363-370.

Terpe, K. (2003) 'Overview of tag protein fusions: from molecular and biochemical fundamentals to
commercial systems, Applied Microbiology and Biotechnology, 60(5), 523-533.

Thurmer, A., Voigt, B., Angelov, A., Albrecht, D., Hecker, M. and Liebl, W. (2011) 'Proteomic analysis
of the extremely thermoacidophilic archaeon Picrophilus torridus at pH and temperature values
close to its growth limit', Proteomics, 11(23), 4559-4568.

Turner, P., Mamo, G. and Karlsson, E. N. (2007) 'Potential and utilisation of thermophiles and
thermostable enzymes in biorefining', Microbial Cell Factories, 6, 9.

Uchino, F. and Doi, S. (1967) 'Acido-thermophilic bacteria from thermal waters, Agricultural and
Biological Chemistry, 31(7), 817.

Vaheri, M. and Kaupinnen, V. (1978) The formation of lactulose (4-O-beta-gal actopyranosylfructose) by
B-galactosidase’, Acta Pharmaceutica Fennica, 87, 75-83.

Vallgo, L. F. and Rinas, U. (2004) 'Strategies for the recovery of active proteins through refolding of
bacterial inclusion body proteins, Microbial Cell Factories, 3.

van de Vossenberg, J., Driessen, A. J. M., Zillig, W. and Konings, W. N. (1998) 'Bioenergetics and

cytoplasmic membrane stability of the extremely acidophilic, thermophilic archaeon Picrophilus
oshimae', Extremophiles, 2(2), 67-74.

- 156 -



van den Burg, B. (2003) 'Extremophiles as a source for novel enzymes, Current Opinion in
Microbiology, 6(3), 213-218.

Van, T. T., Ryu, S. I, Lee, K. J,, Kim, E. J. and Lee, S. B. (2007) 'Cloning and characterisation of
glycogen-debranching enzyme from hyperthermophilic archaeon Sulfol obus shibatae', Journal of
Microbiology and Biotechnology, 17(5), 792-799.

Wallenfels, K. and Weil, R. (1972) 'The Enzymes, 3rd Edition’, 7.

Wanarska, M., Kur, J., Pladzyk, R. and Turkiewicz, M. (2005) 'Thermostable Pyrococcus woesei B-D-
galactosidase-high level expression, purification and biochemical properties, Acta Biochimica
Polonica, 52(4), 781-787.

Wang, H., Yang, R., Hua, X., Zhao, W. and Zhang, W. (2013) 'Enzymatic production of lactulose and 1-
lactulose: current state and perspectives, Applied Microbiology and Biotechnology, 97(14),
6167-6180.

Ward, O. P. (2011) 'Production of recombinant proteins by filamentous fungi', Biotechnology Advances,
30(5), 1119-1139.

Wayne, L. G., Brenner, D. J., Colwell, R. R., Grimont, P. A. D., Kandler, O., Krichevsky, M. I., Moore,
L. H., Moore, W. E. C., Murray, R. G. E., Stackebrandt, E., Starr, M. P. and Truper, H. G.
(1987) 'Report of the Ad-Hoc-Committee on reconciliation of approaches to bacterial
systematics), International Journal of Systematic Bacteriology, 37(4), 463-464.

Whisnant, A. R. and Gilman, S. D. (2002) 'Studies of reversible inhibition, irreversible inhibition, and
activation of alkaline phosphatase by capillary electrophoresis, Analytical Biochemistry, 307(2),
226-234.

Wierzbicka-Wos, A., Ciedlinski, H., Wanarska, M., Kozlowska-Tylingo, K., Hildebrandt, P. and Kur, J.
(2011) 'A novel cold-active B-D-galactosidase from the Paracoccus sp. 32d-gene cloning,
purification and characterisation', Microbial Cell Factories, 10, 108.

Woesg, C. R., Kandler, O. and Wheelis, M. L. (1990) 'Towards a natural system of organisms. proposal
for the domains Archaea, Bacteria, and Eucarya, Proceedings of the National Academy of
Sciences of the United Sates of America, 87(12), 4576-4579.

Wu, C., Wang, Z., Guan, B., Wang, X., Zhang, Y., Xiao, Y., Zhi, B., Liu, Y. D., Zhenggiang, L. and Huo,
Q. (2013b) 'Improving the properties of p-galactosidase from Aspergillus oryzae via
encapsulation in aggregated silica nanoparticles, New Journal of Chemistry, 37, 3793-3797.

Wu, J. and Filutowicz, M. (1999) 'Hexahistidine (His6)-tag dependent protein dimerisation: a cautionary
tale', Acta Biochimica Polonica, 46(3), 591-599.

Wu, M. and Scott, A. J. (2012) 'Phylogenomic analysis of bacterial and archaeal sequences with
AMPHORAZ2', Bioinformatics, 28(7), 1033-1034.

Wu, Y. F., Yuan, S. G., Chen, S, Wu, D., Chen, J. and Wu, J. (2013a) 'Enhancing the production of
galacto-oligosaccharides by mutagenesis of Sulfolobus solfataricus B-galactosidase’, Food
Chemistry, 138(2-3), 1588-1595.

Yan, L., Tianran, Y., Miao, W., Ming, Y., Ning, H. and Lin, X. (2010) Study on the characterisation of a
potential thermostable f-galactosidase from Thermus thermophilus HB27, trandated by 2118-
2121.

Yuan, T.Z., Yang, P. L., Wang, Y. R., Meng, K., Luo, H. Y., Zhang, W., Wu, N. F., Fan, Y. L. and Yao,

B. (2008) 'Heterologous expression of a gene encoding a thermostable B-galactosidase from
Alicyclobacillus acidocaldarius, Biotechnology Letters, 30(2), 343-348.

- 157 -



Zhang, J., Yue, T. and Yuan, Y. (2013) 'Alicyclobacillus contamination in the production line of kiwi
productsin China, PLoS One, 8(7), e67704.

Zhang, T., Xu, X. J,, Shen, L., Feng, Y. Y., Yang, Z., Shen, Y. L., Wang, J. F,, Jin, W. R. and Wang, X.
N. (2009) 'Modeling of protein refolding from inclusion bodies, Acta Biochimica Et Biophysica
Shnica, 41(12), 1044-1052.

Zhu, K., Zhao, J., Lubman, D. M., Miller, F. R. and Barder, T. J. (2005b) 'Protein pl shifts due to
posttranslational modifications in the separation and characterisation of proteins, Analytical
Chemistry, 77(9), 2745-2755.

Zokaee, F., Kaghazchi, T., Zare, A. and Soleimani, M. (2002) 'lsomerisation of lactose to lactulose -
study and comparison of three catalytic systems, Process Biochemistry, 37(6), 629-635.

- 158 -



Appendices




5.1 Appendix A: Protein and gene sequence for P. torridus DSM 9790 putative -
galactosidase PT01259

Protein sequence (Protein ID: YP_024037.1)

MHI RFI NGFMSGFHL GYL QNNKNL PENSDWYQWIHDKNVRMVNY! RDGYPEDNKI EYLNDNVI RDL HDNN
FNLI KI DVDWPSL FPDGTGDI NCDVKFNDKGDVI DI SMNDRLFNDLRRAADDG VEKYYNFI ENARSHG
KTMVTL YDGVL PLW.HDPLDTNKNI FKSERSGW.NKNI VAEFAKYAYY! SRRI NNADFY! TI NNGNDI | N
HGYLYGNLDGYPPG SGYDASI | SNRNVAYSHNI AYKI LSG NKTG SVSYNNYI PYDEASI El ADYTGY
LIMNKLI LFNSL YGLFDNDL SNRFDERRI NEFHGSDFI EI DYSGNI CTKYTGQDVLPLPLRFTFMPVCPDN
NVEPMVERAI YDL YSSFKFDLFTGEKFPGNDDKRLEFI KRSLI DVHKSMNFVKI | GNI YSTLYDGYEFSK

GFAERCGM DI KNNKKDSFYLYSKI | NDG DEK

Gene sequence (Gene ID: 2844921)
1 atgcatataa gatttatcaa tggttttatg tccggctttc atttgggcta tttacagaat

61 aat aaaaatt taccagaaaa cagcgactgg taccagtgga cacatgacaa aaat gtgaga

121 atgatgaact atatcaggga

181
241
301
361
421
481
541
601
661
721
781
841
901
961

aatgttataa
ccatccct at
ggt gacgt ca
gat gat ggt a
aaaacaat gg
acaaat aaaa
gaatttgcaa
acaat aaaca
tat ccaccag
tcgcat aat a
t at aacaat t
tt aat gaat a
aacagatttg
tact caggaa

gggat ctgca
ttccggacgg
tagat at at c
ttgttgaaaa
ttacacttta
atatctttaa
agt at gcat a
at ggcaat ga
ggat at cggg
ttgcatat aa
acat accata
aattgatttt
at gagaggag
acatttgtac

cggat acccg
t gat aat aat
aaccggcgat
aat gaacgac
gt att at aat
cgatggcegtt
at cagaaaga
ttatatatca
tattat aaat
ctacgatgca
gattctatca
cgat gaggct
atttaattct
aat aaat gaa
aaaat acaca

gaggat aat a aaattgaata tctcaatgat

tttaatttaa
at aaact gcg
aggcttttta
ttcat agaaa
cttccattgt
t cgggcet gge
agaagaat aa
cat ggat at t
tcgataattt
gggat aaat a
tccatt gaaa
ctctacggtc
ttccatggtt

ggccaggat g

t aaaaat aga
at gt gaaat t
at gat ct aag
at gcaaggt ¢
ggcttcacga
t aaat aagaa
acaat gcaga
t at acggaaa
ccat gaggaa
aaacaggcat
ttgcagatta
tatttgataa
cagattttat
tattgccctt

cat ggact gg
t aat gacaag
gagggccgcec
acat ggcatt
tcccct t gat
cattgttgct
tttttatata
t ctt gat ggc
t at ggcat at
atcggt atca
caccggttat
tgat ct at ca
t gagat t gat
gcctttaaga

1021
1081
1141
1201
1261
1321

tttacattca tgcctgtctg ccctgataat aatgttgagc ccatgatgga aagggccatt

tacgatttat attcatcatt taaattcgat ctatttacag gtgaaaagtt tcctggaaat

gat gat aaaa gattggaatt tattaaaaga tcactaattg atgttcataa atcaatgaat

ttcgttaaaa tcattgggaa tatctactca acgctgtatg atggctatga gttttcaaag

ggctttgccg aacgctgcgg tatgattgac at aaaaaata ataaaaagga ttcattttat

ctttattcga aaat aatcaa tgacggaata gat gaaaaat aa

- 160 -



5.2 Appendix B: Protein and gene sequence for P. torridus DSM 9790 putative -
galactosidase PT01453

Protein sequence (Protein ID: YP_024231.1)

M_PKNFLLGFSLAGFQSEMS SDPDSNSDWALW/HDPVNI RTGLVSGDLPENG GYWDL YKKYNGLAVQT
GVNAARL GVEWBRI FPKSTEEVKVMEDYKDDDL | SVDVNEGSL EKL DRLANQKAI NRYMEI FNNI KENNM
TLI VNVYHWPI Pl YLHDPI EARNSGL SNKRNGAL NHKTVVEFVKYAKYL AWKFSDVADMFS| MNEPNVVF
GNGYFNVKSGFPPAFPSVHGGL LAKKHEI EAI ARSYDAMKE! TKKPVGLI MANSDVQPL TDEDKEAAENA
TYNDRYSFI DPLRVGEMKWADEVTAGNPI GEKSNI DRSDLKNKLDW GVNYYTRAVVKKSGNGYTTLKGY
GHSATAGVPSRAGRDVSDFGWEFYPEGL VNVL SSYWKRYHI PM VTENGVADS| DRLRPRYLVSHI KSVE
KALSMGVDI RGYLHWSLI DNYEWASGFSMKFGLYG DLNNKKI QHRPSAL VFKEI ANANGVPEEFEWWVAD

QHNS

Nucleotide sequence (Gene ID: 2845087)
1 atgttaccca agaacttttt acttggcttt tctctggctg gctttcagtc tgaaatgggce

61 atatcagatc ctgatagcaa ttcagattgg tggttatggg tacatgaccc ggtgaatata

121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441

aggact ggac
aaaaaat at a
t ggagcagga
gatgatttaa
aat caaaagg
acgct aat ag
gct aggaat a
gaatttgtaa
tct at aat ga
ttcccaccag
gct at agcaa
at ggcaaat t
acttacaatg
gat gaggtta
aaaaat aagc
ggaaacggat
agggccggaa
gtcttatcat
gctgactcta
aaggctttat
t at gaat ggg
aaaaagattc

gtcccggagg

ttgtatctgg
at ggt ct ggc
tatttccaaa
tttccgtgga
caatt aat ag
tgaatgttta
gtggactttc
aat at gcaaa
at gagccaaa
catttccaag
gat cat acga
cagat gt aca
atcgctattc
ct gcaggt aa
t agact ggat
at acaacat t
gggat gt aag
cat act ggaa
tt gat agact
ct at gggt at
catcaggttt
aacacagacc
aatttgaatg

t gacttacct
t gt t caaaca
aagt act gaa
t gt t aat gag
at at at ggaa
ccattggcca
aaat aaaaga
atatctggca
cgttgtattt
t gt gcat ggc
cgccat gaag
accact aaca
att cat agat
t ccaat t ggt
aggtgtt aac
aaaaggat at
tgactttggc
aagat at cac
t agaccaagg
ggat at t agg
tt caat gaaa
aagt gcactg
gat ggcagac

-16

gaaaat ggaa
ggaat gaat g
gaagt aaagg
ggaagtcttg
atcttcaata
at accaat at
aat ggct ggc
tggaaattta
ggt aat ggat

ggtttgcttg
gagat t acaa

gat gaggat a
ccgct aagag
gaaaagagca
tattatacaa
ggacactctg
t gggaat t ct
attccaat ga
tacctt gt gt
ggatatcttc
tttgggettt
gtatttaaag
cagcat caga

1-

taggat act g
ct gcaaggct
t gat ggaaga
aaaaacttga
at at caagga
at cttcacga
ttaatcataa
gcgat gt ggc
attttaat gt
caaaaaaaca
aaaaaccagt
aagaagcagc
tt ggt gagat
acat cgat ag
gggccegttgt
caaccgct gg
at ccagaagg
ttgtgactga
cacat at aaa
act ggtctct
atggtattga
aaatt gcaaa
attcatga

ggatctttac
t ggagt t gaa
t t acaaagat
cagact ggca
aaat aat at g
t ccaat agaa
aaccgttgtg
agatatgttt
t aaat caggg
t gaaat t gag
t ggt ct aatt
agaaat ggct
gaaat gggct
atctgatcta
aaaaaaat ct
cat gccaagt
tcttgtaaac
aaat ggt gt t
gtctgttgaa
gat t gat aac
ttt gaacaat

tgccaacgga



5.3 Appendix C: BLASTP results for sequences producing significant alignment with putative g-galactosidase PT 01453 from
P. torridus DSM 9790

Sequences producing significant alignments:
Select: All Mone Selected:0

it Alignments o
Description :izre ;-Cm;; fﬁz:’ value Ident Accession
beta-galactosidase [Picrophilus torridus DEM 37301 =ref™P 011178254.1] beta-nalactosidase [Picranhilus torridus] =oh|AAT44038.1] beta-galactosidase [Ficrophilus torridus DS 9790 1017 1017 100% 0.0 100% P 0242311
Chain A, Structure Of Beta-glveosidase From Acidilobus Saccharovorans In CormplexWith Tris =pdbl4HAL(A Chain A Structure Of Bets-glvcosidase From Acidilobus Saccharovorans In Complex'With Glycerol 538 538 &7% 00 B3% 4HAZ A
beta-galactosidase [Acidilobus saccharovorans 345-15] =refyyP 013267307.1 beta-galactosidase Acidilobus saccharovorans] =gblADL19795.1] Beta-galactosidase [Acidilobus saccharovorans 345-15 538 838 &7% 00 83% YP 0038168261

dlvcoside hydrolase family 1 [Vulcanisaeta distributa DSW 14429] =refyWP 013336691.1] beta-nalactosidase [Volcanisaeta disttibutal =ablADMNS0966.1] alvcoside tydrolase family 1 Mulcanisaeta distributa 0S 508 508 97% 2e-172 53% YR _003902017.1

alvcoside hydrolase family 1 lonisphaera agarenans OSM 17230] =reflwP 013303406.1] beta-galactosidase lanisphaers agaregans] =ablADM27 756.1] alvcoside hydrolase family 1 lonisphaers angrecans [ 508 508 98% 2e-172 50% YP 003859636.1

-0

echame: Full=Beta-nalactosidase; Short=Lactase =oh|ARATE030.1] beta glyeosidase [Sulfolobus shibatae S03 803 97 Ze-171 52% PA03881

glycaside hydrolase [Caldivirga maguilingensis 1G-167] =reflWP 012185473 1] beta-galactosidase [Caldivirga maguilingensis] =qblSBY01 253 1] glyenside hydrolase family 1 [Caldiviiga maguilingensis IC-16 493 493 97%  2e-162 51% YP 0015402431
eta-nalactosidase [Sulfalabus islandicus 497 497 7% He-169 52% WP 0167310381

dlycoside hydrolase [Sulfolobus islandicus b 14 25] =refyP 002844314 1] glyeoside hydrolase [Sulfolobus islandicus b A6 27) =refrP 002915612 1] ghyeoside bydrolase [Sulfolobus islandicus M6 4] =refvy 494 494 97% Be-168 52% YP 0028303641

=

glycoside hydrolase [Sulfolobus islandicus LS 2.15] =ref]YP 002838515.1] glvcoside tydrolase [Sulfolobus islandicus 'WH.15.51] =reflyF 003420620.1] glyeoside hydralase [Sulfolobus islandicus L D8 5] =ref 494 494  97% 9e-168 51% YP 0028331111

lycoside hydrolase family 1 [Vulcanisaeta moutnovskia 765-28] =reflP 013603422.1| heta-galactosidase [Vulcanisaeta moutnovskial =gbl40Y00258 1] glyeoside hydrolase family 1 [Mulcanisaeta moutnovsk 494 494 97%  9e-168 51%  YP 0042437R01

E

Beta-glycosidase (LACS) [Sulfolobus solfataricus P2] =reflWP 008992676.1] beta-galactosidase [Sulfolobus solfataricus] =splP23498.2|BGAL SULS0 Rechame: Full=Beta-galactosidase; Shod=Lactase =pd 494 494 97% 1e-167 52% [P 3443311

glycnside hydrolase [Sulfolobus islandicus Y6 A7 14] =reffi®P 012716637 1] beta-galactasidase [Sulfolobus islandicus] =oblACP4RT18 1] glycaside hydralase family 1 [Sulfolobus islandicus Y& 57 14] 494 494 97% 1e-167 A1% YP 0028386401
beta-D-nalactosidase (acS) (EC 3.2.1.23) [Sulfolobus solfataricus] =pr]|19053944 beta galactosidase 493 493 7% Ze-167 52%  AAATZR4G1
heta-nalactosidase [Thermoprotens vzoniensis TE8-20] =refWWP 013680114 1] beta-galactosidase [Thermoproteus uzoniensis] =ob|AEA1 2778 1] beta-nalactnsidase [Thermoproteus uzoniensis 768-20] 491 491 97%  Ze-166 S0% YP 0043380401

beta-galactosidase [Thermoplasima acidophilurn DSM 1728] =reflsP 010901730.1] beta-galactosidase [Thermoplastna acidophilum] =emb|CAC12444 1] probable beta-galactosidase [Thermoplasma acidop 490 490 98% 3e-166 50% [P 3947791
Chain A, Crystal Structure Of Mutated Beta-Glyeosidase From Sulfolobus Solfataricus, Working At Moderate Termperature =pdbl1 UMIIB Chain B, Crystal Structure Of Mutated Beta-Glveosidase From Sulfolobus € 430 430 %%  Se-166 52% 1WA

Chain A 1.70a Resolution Structure Of Ano Beta-Glycosidase &433g) From Sulfolobus Solfataricus =pdbl4EAMIB Chain B, 1.70a Resolution Structure Of Apo Beta-Glyeosidase GA33c) From Sulfolobus Solfatar 490 490  97% bBe-166 52% 4EAM A

Chain #, Beta-Glycosidase From Sulfolobus Solfataricus =pdh|1 GOWWIE Chain B, Beta-Glycosidase Fram Sulfolobus Solfataricus 488 488 S7% 2e-165 2% 1GOW A
beta-galactosidase [Sulfolobus acidocaldatius DSM 634] =refvP 0074349141 beta-galactosidase [Sulfolobus acidocaldarius ME] =teflYP 0074371871 beta-galactosidase [Sulfolobus acidocaldarius Ron1: 480 480 &87% 5e-162 49% ¥P 2564428.1
beta-galactosidase (EC 3.2.1.23) - Sulfolobus solfataricus =emb|CAA34074.1] unnarmed protein product [Suffolobus solfataricus 478 478 97%  1e-161 49% 208762
Beta-galactosidase [Thermoplasma valeanium GS51] =refP 010816843.1] beta-galactosidase [Thermoplasma volcanium] =dbj|BABSE827 1] beta-glivecosidase [Thermoplasma volcanium G551 469 469 9%  Ae-158  49% NP 11120441

=

rypothetical protein FACI IFERCO0001G0136 [Ferroplasma acidarmanus fert] =refwP 0188413201 hypothetical protein [Ferroplasma acidarmanus] =qhlAG0GE0116.1] hypothetical protein FAC| IFERCO0001 466 466 95% 1e-156 46% YP 0081410171
Chain 4, _Crystal Structure Of Hyperthermaonhilic Beta-Glucosidage Fram Pyrocaoccus Furiosus =pdb|34APGIB Chain B, Crystal Structure Of Hypertherrmophilic Beta-Glucosidase Fram Pyrococcus Futiosus =pdbl; 460 480  98% Z2e-154 48% 3APG A

ela-glucosidase [Pyrococcus furiosus DSM 3638] =refP 011011185.1] beta-galaclosidase [Pyrococcus furiosus] =gblAAC25555.1] beta-glucosidase [Pyrococcus furiosus DSM 3638] =gqblAALE0197 1] beta- 460 460  95% 2e-154 48% NP 5778021
othetical protein [Thermoplasmatales archaeon Gpll =b|EQBES005.1] hypothetical protein AMDUS GPLCO0018G0041 Thermonlzsmatales archason Gpll 458 458 99%  de-154  47% VWP 02174804461

=

OoDooDoooo0o0ooDooDoDoooDoooooOoO0oOaQoan

=



54 Appendix D: BLASTP results for sequences producing significant alignment with putative g-galactosidase PT 01259 from
P. torridus DSM 9790

Sequences producing significant alignments:
Select; Al Mone Selected:D
3 Alignments &

hax | Total Query E
score score | cover | walue

Description Ident Accession

beta-galactosidase [Picrophilus torridus DM 9790] =refywF 011178060.1] heta-galactosidase [Picrophilus toridus] =oblAAT43844.1] beta-galactosidase [Picrophilus torridus DSM 9790 97 917 100% 00 100% YP 0240371

beta-glucosidase [Ferroplasina acidarrmanus fer] =refWP 019641644.1] beta-glucosidase [Ferroplasma acidarmanus] =gh|AG0E1 2801 beta-glucosidase [Ferroplasima acidarmanus ferl 245 245 B7% 2e73 33%  YP 0081421911
glycoside hydrolase [Caldivirga maguilingensis 16-167] =refflP 012185712 1] heta-galactosidase [Caldivirga maguilingensis] =qblAEWD1492 1] glycoside hydrolase family 1 [Caldivirga maquilingensis IC-167 149 143 98% 2e-36 26% YP 0015404821
hetz-galactosidasze [Acidilobus saccharovorans 345-158] =refwP 013267307.1| beta-galactosidase [Acidilobus saccharovorans] =gqh|ADL19795.1| Beta-galactosidase [Acidilobus saccharovorans 345-14) 146 146 98% 2e-35 26% YP 0038168361
dlyeoside hydrolase family 1 lgnisphasra agdregans DS 17230] =refWP_0133023406.1] beta-galactosidase lgnisphasta aggregans] =qb[ADM2TTE6.1] diveoside hydrolase family 1 [lgnisphasra sgaredans DY 145 1456 93% He-35 24% YP _003859636.1

Chain &, Structure Of Beta-alyeosidase From Acidilobus Saccharovorans In Cornplexvith Tris =pdbl4HA4IA Chain A, Structure Of Beta-glveosidase From Acidilobus Saccharovorans |n Cormgles 'With Glyceral 144 144 97% Be-35 6% 4HAS A

family 1 glyeaside hydrolase [Thermosphaera agaregans DS 11486] =reflWP 013129972 1] beta-galactosidase [Thermosphaera aggregans] =qblA0GA1379.1] glyeoside hydralase family 1 [Thermosphaeraa 140 140 95% 2e-33 25% YP 0036503311

140 96% 2e-33 28% YP 0050867531

Chain A Crystal Structure Of The Beta-Glycosidase From The Hyperthermophile Thermosphaera Aggregans =pdb|1@vB|B Chain B, Crstal Structure Of The Beta-Glyeosidase From The Hyperthermophile Therre 140 140 95%  2e-33 25% 10WE A

heta-nalactosidase (EC 3.2.1.33) - Sulfolobus solfataricus =emb|CAA34074 1| unnamed protein product [Sulfolobus solfataricus] 134 134 29%  2e-31 Z3% S06762
bets-galactosidase [Sulfolobus acidocaldarius DSW 639] =reflyP 007434914.1] bets-galactosidase [Sulfolobus acidocaldarius MO =reflyP 007437167.1] beta-galactosidase [Sulfolobus acidocaldanus Ronl2 134 134 99% 2031 23% YP 2564481
alvcoside hyvdrolase [Caldivirna maauilingensis 1G-167] =reffP 012185473 1| beta-nalactosidase [Caldivirga maauilingensis] =ablABW01 2531 alvcaside hydrolase family 1 [Caldivirga maguilingensis IC-167 134 134 598% 2e-31 24% YP 0015402431

Beta-mannosidase [Pyrococcus abyssi GES] =refWP 010868057 1] heta-galactosidase [Pyrococcus abyssi] =emb|CAR498468.1] byal -1 beta-galactosidase (FC 32 1.23) dactase) [Pyrococeus abyssi GES] =tne 131 131 84% 3e-30 2B% ME 1266171
glycoside hydrolase family 1 Wulcanisaeta moutnovskia T68-38] =refyWP 013603422 1] beta-galactosidase Mulcanisaeta routnovskial =gblADY00258 1] giveoside hydrolase farmily 1 [Wulcanisaeta moutnovski: 130 130 98% 4e-30 23% YP 0042437601

hets-nalactosidase [Thermococcus sp. Ad] =refiP 014123334 1| heta-galactosidase [Thermococcus sp. At4] =gb|EEB7 4857 1| Beta-nalaciosidase [Thermococcus sp. Ahld 129 129 97% 1e29 25% YP 0025830261
beta-galactosidase [Thermoproteus uzoniensis 768-20] =reflwP 013650114.1] beta-galactosidase [Thermoproteus uzoniensis] =gb|AEA12778.1| beta-galactosidase [Thermoproteus uzoniensis TEE-20] 129 129 98% 1e29 24% YP 0043330901
dlyeoside hydrolase [Thermotoga leftingae TMO] =refP 012003368.1] beta-galactosidase [Thernotos letingae] =dbABY33882.1] diycoside hydrolase family 1 Thermotoga leftingae Thio] 126 126 95% Te-20 24% YP 0014708561

heta-mannogidage [Pyrococcus horikoghii OT3] sreflWP 010834606.1| heta-galactosidase [Pyrococcus horikoshiil =db{|BAAZS589.1] 48384 long hypothetical beta-mannosidage [Pyrococcus haotikoshii OT3 124 124 24%  4e-28 24% NP 1424731

dlyeoside hydrolase family 1 [Thermotoga thermarum DSM S069] =reffWP 013932314.1] beta-galactosidase [Thermotoga thermarum) =ghlAEHS1094.1] glveoside hydrolase family 1 [Thermotogs thermarum D 124 124 98%  Be-28 23% YP _004660190.1

dlyeoside hydrolase family 1 Wulcanisaeta distributa DSM 14420) =refP 013336691.1] beta-galactosidase Mulcanisasta distributal =gblADN50966.1] glveoside hvdrolase family 1 Mulcanisaets distributs DS 123 123 98%  8e-28 23%  YP 0038020171

Beta-galactosidase [Thermococcus sibiricus M 7397 =refyyP 015848610.1] beta-galactosidase [Therrnococcus sibiricus) =ob|ACG89390.1] Beta-galactosidase Mhermococcus sibiricus b 736 122 122 55%  2e-ZV Z23%  YP 0020837341
122122 2% 2e27 Z3%  YP 00298937491

A o Ay o

beta-nalactosidase [Pyrococeus furiosus COMA] =refwP 014835127 1] beta-nalactnsidase [Pyrococcus furiosus] =gblAFNO317001) beta-galactosidase [Pyrococcus furinsus COm1 120 121 94%  4e-27 24% YP 0064914671
heta-galactosidase [Pyrococcus furiosus DS 3636] =reflVyF 011011470.1| beta-galactosidase [Pyrococcus furinsus] =ghlAALE0480.1] beta-galactosidase [Pyrococcus furiosus DS 3638 121 121 94% 5e-27 24% NP STE08A.1

dlyeoside hydrolase family 1 lgnisphasra agdregans DSM 17230] =refWP_013303375.1] beta-galactosidase (lgnisphasta aggregans] =qb[ADM2TT25.1] diveoside hydrolase family 1 [lgnisphasra sgaredans DY 120 120 983% 7e-2V¥ 24% YP 0038596051
beta-galactosidase [Pyrococcus sp. STO4] =refWF 0147 33678.1] beta-galactosidase [Pyrococcus sp. ST04] =qblAFK22152.1] nutative beta-galactosidase [Pyrococcus sp. STOA 19 M9 24% 2e26 24% YP 0063543371



5,5 Appendix E: Peptide summary report for LC-MS/MS analysis on a protein
purified from P. torridus DSM 9790

Peptide Summary Report

|_Format A= | |PE.'D‘HE|E‘-' Summary v| Hel

Signifizance threshold p< Mz number of hits

Standard scoring @ MudPIT scoring ©  Tons score or expect -:ut-off Show sub-zafs E
Show pop-ups 0 Suppress pop-ups

| Select Al | [ SelectMone | [ Search Selected | O Error tolerant

1. gi| 48478525 Mass: SEZ03 Scove: 2838 Matches: 405(303) Sequerces: 46(4Z) emPAl: 372.53

beta-galactosidaze [Picrophilus torridus DE3M E7E0]

Sort unassi[mgd| Diecreasing Score % Require bold r=d

[0 Check to include thi= hit in error tolerant =earch or archive reporc

Query Obsered Mriswprt) Mr{calc) rpm lMiss Score Expect Bark Unigoe Peptide

10e  411.1413 B20. 468D B20.4E85 -1.73 o (22} 0.72 1 u H.TWERE.T
104 411.2415 B2D.4685 B20. 4605 -1.18 o (40} 0.0l 1 u K. TWERNE.T
108 411.2418 B2D.466E B20. 4605 -1.05 o (36) D.026 1 u K. TWERNE.T
10e  411.2417 B20 . 4688 620 4685 -0.75 ] (31} 0.D67 1 u . TWERELT
107 411.2417 .9669 L4885 -0 .68 o (21) 1 u BLTWWERELT
108 411.2418 .4880 L4885 -8l o 48 0. 1 u BLTWWERELT
i0e  411.2418 -1 485 -0.54 o [ 3} 0.12 1 u ELOTWEDRVELT
110 411.2418 B20.4680 L4683 -0.54 o (42) 0.ooe 1 u HLOTWEDRVE.T
111 411.2418 B20.4680 G20, 4683 -0.54 o (40) ©0.DDE7 1 u HLOTWEDRVE.T
11z 411.2418 B20.4651 G20, 4683 -0.46 o (43) ©0.0043 1 u H.TWERE.T
113 411.2418 B20.4651 G20, 4683 -0.46 o [ 0.o17 1 u H.TWERE.T
114 411.2418 B20.4651 G20, 4683 -0.38 o (313) 0.o27 1 u H.TWERE.T
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5.6 Appendix F: Peptide summary report for LC-MS/MS analysis on a protein
purified from A. vulcanalis DSM 16176

Peptide Summary Report

[ Format 25 ] | Feptide Summary v Hel

Significance thrashold p< Mezx. mumber of hits
Standard scoring @ MudPIT scoring O Ions score or expect -:ut-cff Show sub-zets D
Show pop-ups O Suppress pop-ups @ Sort un,ass.i_mgdl Decreasing Score ™ Require bold red

[Select}-‘c.ll ] [ Select None ] [ Search Selected | Error tolerant
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