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Abstract 

 

A study of β-galactosidases from thermoacidophiles 

Candidate: Jayne Murphy 

 

Microorganisms that grow under multiple stress conditions, such as thermoacidophiles, 

are a rich source of novel glycosyl hydrolases.  β-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 β-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 alicyclobacilli. 

 

A β-galactosidase from P. torridus DSM 9790 was identified using bioinformatic 

analysis, while that from Alicyclobacillus vulcanalis DSM 16176 was selected after 

initial characterisation of crude β-galactosidases produced by a range of alicyclobacilli.   

Despite extensive cloning trials, recombinant production of these enzymes failed to 

yield a biologically active form of either protein.  The β-galactosidases were purified to 

homogeneity from their native sources and LC-MS/MS analysis 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 β-galactosidase 

displayed maximal activity at 70 °C and at acidic pH values of 5.0-5.5.  Optimal 

temperature was identical for the A. vulcanalis DSM 16176 β-galactosidase but this 

enzyme had a higher pH optimum of 6.0.  Both enzymes were found to be thermostable 

at a significant level indicating their potential use in high temperature industrial 

processes. 

 

Some preliminary application studies were carried out using the selected β-

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 chemical alkaline isomerisation 

for production of lactulose.  The β-galactosidase from P. torridus DSM 9790 showed 

some potential in this regard. 
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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].  There is 

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].  β-Galactosidase is an enzyme that catalyses the hydrolysis of β-D-

galactosides such as lactose, in addition to possessing a transglycosylation activity 

for the production of galacto-oligosaccharides [Biswas et al. 2003].  β-

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 industrial interest in β-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 β-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 

β-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 β-galactosidases were used as biocatalysts in the synthesis 

of the synthetic disaccharide lactulose at high temperatures. 

 

1.1 Extremophiles 

1.1.1 Types of extremophiles and species delineation 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, 

Stygiolobus, 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 coal refuse pile and acidic thermal habitats, respectively [Brock et al. 1972, 

Darland et al. 1970].  Thermophilic bacteria capable of growing under acidic 

conditions have also 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 a lower, anaerobic, blackish-blue layer (containing ferrous iron, 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 

translation, 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 II 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: 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 

general, 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 [Meier-Kolthoff et al. 2013].  

Some in silico methods based on the comparison of completely sequenced genomes 

have already 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 finally 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 The Archeon Picrophilus torridus 

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 is less 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 µm 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]. 

 

Fütterer 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 



Chapter 1                                                                                                     Introduction 

 
 

 - 7 - 

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 typical 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 also 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, Fütterer et al. 

2004]. 

 

An especially 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 especially 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 a surprisingly large pool of genes [Fütterer et al. 2004]. 

 

1.1.1.2 The Bacteria 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 analysis 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 (ω-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 major 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 

species 

Source Culture characteristics 

  pH range 

(optimum) 

Temperature 

range (°C) 

(optimum) 

Oxygen 

requirement 

A. acidiphilus Acidic beverage 2.5-5.5 

(3.0) 

20-55 

(50) 

Aerobic 

A. acidocaldarius Thermal acid waters 2.0-6.0 

(3.5-4.0) 

45-71 

(53-65) 

Aerobic 

A. acidoterrestris Soil/apple juice 2.5-5.8 

(4.5-5.0) 

20-70 

(36-53) 

Aerobic 

A. contaminans Soil from crop fields in Fuji city 3.5-5.5 

(4.0-4.5) 

35-60 

(50-55) 

Aerobic 

A. herbarius Herbal tea 3.5-6.0 

(4.5-5.0) 

35-65 

(55-60) 

Aerobic 

A. kakegawensis Soil from crop fields in Kakegawa 3.5-6.0 

(4.0-4.5) 

40-60 

(50-55) 

Aerobic 

A. shizuokensis Soil from crop fields in Shizuoka 

city 

3.5-6.0 

(4.0-4.5) 

35-60 

(45-50) 

Aerobic 

A. vulcanalis Geothermal pool, Coso hot 

springs, California 

2.0-6.0 

(4.0) 

35-65 

(55) 

Aerobic 

(adapted from Smit et al. [2011]) 

 

A. vulcanalis cells are Gram-positive, spore-forming rods measuring 1.5-2.5 x 0.4-

0.7 µm.  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 ω-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 



Chapter 1                                                                                                     Introduction 

 
 

 - 9 - 

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 Extremozymes and 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 at very high temperature, while extracellular enzymes from 

acidophiles are active at low pH.  Acidophilic microorganisms have internal 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 industrial 

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 a rich 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 allow 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 

optimum 

Temperature 

optimum (°C) 

Potential application Reference 

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

Alicyclobacillus  acidocaldarius β-glycosidase
I
 5.0 85 Bioethanol production (degradation of cellulose 

and hemicellulose) 

[Di Lauro et al. 2006] 

Alicyclobacillus  acidocaldarius kumamolisin-like protease
E
 2.0 60 Industrial scale biopeptide production [Catara et al. 2006] 

Alicyclobacillus.  sendaiensis 

NUST 

α-amylase
E
 3.5 85 Food industry (starch processing) [Li et al. 2012] 

Alicyclobacillus.  sp. A4 β-1,4-glucanase
E
 3.4 60 Feed industry (decreases viscosity of barley-

soybean feed) 

[Bai et al. 2010a] 

Ferroplasma acidiphilum α-glucosidase
M

 3.5 nr Food industry (starch hydrolysis and production of 

oligosaccharides) 

[Ferrer et al. 2005] 

Metallosphaera hakonesis trehalose synthase
nr

 5.0 70 Food and cosmetics industry (trehalose 

biosynthesis) 

[Seo et al. 2007] 

Picrophilus  torridus esterases (EstA and EstB)
I
 6.5 (EstA) 

7.0 (EstB) 

70 (EstA) 

55 (EstB) 

Hydrolyse fatty acid esters (organic synthesis) [Hess et al. 2008] 

Picrophilus  torridus glucoamylase
E
 2.0 90 Food industry (production of glucose from starch) [Serour and Antranikian 

2002] 

Picrophilus  torridus c-glutamyl transpeptidase
nr

 7.0 55 Pharmaceutical and food industries (synthesis of γ-
glutamyl peptides) 

[Rajput et al. 2013] 

Picrophilus  torridus trehalose synthase
I
 6.0 45 Food and cosmetics industry (trehalose 

biosynthesis) 

[Chen et al. 2006] 

Sulfolobus  solfataricus β-galactosidase
nr

 6.0 90 Pharmaceutical and food industries (production of 

oligosaccharides) 

[Wu et al. 2013a] 

Sulfolobus  solfataricus Oα xylanase
M

 3.5 95 Bioethanol production (utilisation of agro-

industrial waste) 

[Maurelli et al. 2008] 

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

Sulfolobus  tokodaii strain 7 α-glucosidase
nr

 4.0 95 Food industry (starch hydrolysis and production of 

oligosaccharides) 

[Park et al. 2013] 

Thermoplasma volcanium acid protease
E
 3.0 55 Food industry (rennet substitute in cheese industry, 

or for brewing) 

[Kocabiyik and Ozel 

2007] 

Note: nr - not reported.  Localisation: E, extracellular;  I, intracellular;  M, membrane-associated 
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been a number of reports in 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 Taq 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 biocatalysts; 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 slightly acidic pH, they still hold 

great potential when compared to more traditional mesophilic enzymes.  Running 

biotechnological processes at elevated 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. torridus is a truly unique extremophile; it has 

an unusually 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 [Schiraldi et al. 2002].  There have been a number of these enzymes already 

produced from thermoacidophiles, some noteworthy examples including an α-amylase 

(Topt 75 °C and pHopt 4.2) from Alicyclobacillus sp. A4 [Bai et al. 2012], an α-

glucosidase (Topt 87 °C and pHopt 5.0) from P. torridus [Angelov et al. 2006], 
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glucoamylases (Topt 90 °C and pHopt 2.0) from Picrophilus oshimae, P. torridus and 

Thermoplasma acidiphilum [Serour and Antranikian 2002], a glycogen-debranching 

enzyme (Topt 85 °C and pHopt 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 β-galactosidases [Hess 2008]. 

 

1.2 β-Galactosidase 

β-Galactosidase (EC 3.2.1.23, β-D-galactoside galactohydrolase, lactase) catalyses the 

hydrolysis of β-D-galactosides such as lactose, which is converted to glucose and 

galactose.  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].  β-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 β-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 β-

galactosidases belong to GHF-1, GHF-2, GHF-35, and GHF-42 [Cantarel et al. 2009, 

Rojas et al. 2004].  They are all 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 β-glucosidase, β-mannosidase, β-

glucuronidase, and exo-β-1,4-glucanase.  β-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 β-

galactosidases family 2 is the best studied.  This family currently contains 4,013 

glycosyl hydrolases, the majority of which are found in microorganisms and includes β-
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galactosidases from Aspergillus, Bacillus megatherium, and Escherichia coli, the latter 

of which is one of the most widely studied and commonly used β-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 β-galactosidases; over 25 of 

these enzymes are retaining β-galactosidases (retain galactose moiety after cleavage), 

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

 

β-Galactosidase is the only enzyme assigned to glycosyl hydrolase family 42, with 50 β-

galactosidases placed in this family to date.  Many of these enzymes are extremozymes; 

a number of the β-galactosidases in this family have been isolated from thermophilic, 

psychrophilic, thermoacidophilic, and halophilic organisms [Cantarel et al. 2009, Gul-

Guven et al. 2007].  The β-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 β-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 β-galactosidase 

D-galactose containing oligo- or polysaccharides joined through a β-glycosidic bond 

occur in most organisms, so it is not surprising that their corresponding glycosyl 

hydrolases are widely distributed in nature, with the enzyme β-galactosidase occurring 

universally in microorganisms, plants, and animal organs [Kim et al. 2006, Richmond et 

al. 1981, Wallenfels and Weil 1972].  β-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.   
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Table 1.3: Examples of β-galactosidase-producing microorganisms 
Yeasts 

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., Sporotrichum sp.*, S. thermophile*, Sterigmatomyces 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 β-galactosidase is characterised or sequenced 

but also those that have been shown to produce β-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].  Commercial β-galactosidases are derived from GRAS (generally 

regarded as safe) microorganisms, principally, the yeasts Kluyveromyces fragilis, 

Kluyveromyces lactis, and Candida pseudotropicalis, the fungi Aspergillus niger and 

Aspergillus oryzae, in addition to a Bacillus species closely related to Bacillus 

stearothermophilus [Panesar et al. 2006]. 
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There have been numerous reports in the literature on the isolation of β-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].  There is growing 

interest in thermostable glycosyl hydrolases as many natural polymers are more soluble 

and thus less recalcitrant to enzymatic cleavage at elevated temperatures [Bauer et al. 

1998].  Additionally, 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 β-galactosidase 

The structure and mechanism of β-galactosidases are best characterised using the 

Escherichia coli lacZ β-galactosidase (EC-β-Gal) [Inohara-Ochiai et al. 2002].  It is one 

of the most well studied β-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-β-Gal has been elucidated and reported in detail, making this enzyme 

a paradigm for understanding the structure and function of other β-galactosidases 

[Hidaka et al. 2002, Inohara-Ochiai et al. 2002]. 

 

1.2.2.1 Three dimensional structure and physical properties 

Fowler and Zabin [1977] determined the amino acid sequence of EC-β-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 % β-sheet, 35 % α-helix, 13 % β-turns, and 12 % 

random coil [Arrondo et al. 1989].  The isoelectric point of EC-β-Gal was determined 

as 4.61 by isoelectric focusing [Wallenfels and Weil 1972].  This β-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-β-Gal has been deposited in The Protein Data Bank (PDB; 

http://www.rcsb.org/pdb/) under the accession number P00722 [Berman et al. 2000]. 
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The tetramer has 222-point symmetry with dimensions of roughly 175 x 135 x 90 Ǻ 

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 

essentially 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-β-

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]. 

 

 

Figure 1.2: View of the β-galactosidase tetramer looking 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 β-galactosidases have been reported, including 

those from Arthrobacter sp. C2-2 (Q8KRF6), Thermus thermophilus A4 (O69315), 

Bacteroides thetaiotaomicron (Q8AB22), Penicillum sp. (Q700S9), Trichoderma reesei 

(Q70SY0), Sulfolobus solfataricus (P22498), in addition to Human GM1-Gangliosidosis 

(P16278) [Ohto et al. 2011, Berman et al. 2000]. 

 

1.2.2.2 β-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 β-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 covalent intermediate can be 

released by an acceptor [Maksimainen et al. 2012].  Hydrolysis occurs where the 

acceptor is water, and free galactose 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 galactose 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-Bühring et al. 2010].  During this reaction, lactose itself is 

an alternative nucleophile and can act as an acceptor, rendering galacto-

oligosaccharides [Guerrero et al. 2011, Schuster-Wolff-Bühring et al. 2010].   
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Figure 1.3: Mechanism of action of β-galactosidase (refer to text for further detail) 
 

β-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 β-galactosidases, including Glu461, Glu537, 

Tyr503, Asn460, His357, and His540.  Glu461 is the acid/base catalyst while Glu537 is 

the nucleophile [Juers et al. 2001].  β-Galactosidase requires magnesium ions for full 

catalytic efficiency.  One Mg
2+

 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 Kinetics of β-galactosidase 

β-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 β-galactosidase.  However, the kinetic properties of β-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 β-galactosidases 

from different sources  

Enzyme source pH Temperature 

(°C) 

Km (M) KI (M) 

Aspergillus niger 4.0 50 0.0977 0.000634 

Aspergillus oryzae 4.5 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: Km, Michaelis-Menton; KI , Inhibition constant; M, Molar. 

(adapted from Jurardo et al. [2002]) 

 

The widely accepted kinetic model for lactose hydrolysis by β-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-β-D-galactopyranoside (ONPG) is hydrolysed by 

E. coli β-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 β-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 (α- and β-galactose) 

Michaelis-Menton with competitive inhibition by product (glucose) 

Di-, tri-, and tetra-saccharides formation 

(adapted from Jurardo et al. [2002]) 

 

The kinetics of β-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 β-galactosidase is 

confined to the sugar moiety and to the anomeric character of the linkage but not to a 

particular aglycon [Wallenfels and Weil 1972].  Kinetic studies identified the presence 

of two distinct subsites near the active site of E. coli β-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 β-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 β-galactosidases differ depending on the enzyme 

source.  The β-galactosidase from Sulfolobus solfataricus shows broad substrate 

specificity and can efficiently hydrolyze β-glycosides other than β-galactosides, 

whereas the Saccharopolyspora rectivirgula β-galactosidase is highly specific for β-D-

galactosides [Nakayama and Amachi 1999]. 

 

1.2.3 Characteristics of microbial β-galactosidases 

While β-galactosidase is universally occurring, it is the enzymes produced by 

microorganisms that have received the most attention.  β-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 β-galactosidases differ markedly depending on the 

source (Table 1.6).  The native molecular masses of β-galactosidases have been reported 

to be in the range of 19,000 to 630,000 kDa (the K. lactis enzyme) [Nakayama and 

Amachi 1999].  There is a large variation in the subunit structure of these enzymes.  The 

β-galactosidase from Saccharopolyspora rectivirgula is a simple monomeric protein but 

multimeric β-galactosidases abound in nature, with the active form of the second β-

galactosidase 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: β-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 

β-galactosidases [Nakayama and Amachi 1999]. 

 

The optimum pH range of fungal β-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 β-galactosidases do not require ions as cofactors for activity



 

   

Table 1.6: Characteristics of some microbial β-galactosidases 

Source MW
a 

(subunits) 

Optimum 

pH 

Optimum 

Temp. (°C) 

Km
b 
(mM) pI Comments Reference 

Archaea 

Caldariella acidophila nr 5.0 80 61.5
lactose

 nr Enzyme not inhibited by glucose, 

galactose, organic solvents, urea or 

SDS 

[Buonocore et al. 1980] 

Halorubrum lacusprofundi 100 6.5 50 nr 4.4 Extremely halophilic – optimum 

activity in NaCl / KCl 

[Karan et al. 2013] 

Pyrococcus woesei 60 (dimer) 6.6 90 nr nr Thiol compounds, Mg
2+

, D-galactose 

promote activity 

[Wanarska et al. 2005] 

Bacteria 

Alicyclobacillus acidocaldarius 79 (dimer) 5.5 85 5.5
ONPG

 nr Does not require divalent metal cation 

cofactors for activity 

[Di Lauro et al. 2008] 

Bacillus circulans sp. 

alkalophilus 

76.8 (trimer) 6.5 55 2.2
ONPG

 nr None [Maksimainen et al. 2012] 

Escherichia coli 135 (tetramer) 7.3 37 3.9
lactose

 4.61 β-mercaptoethanol and Mg
2+

  for 

optimum activity 

[Nakayama and Amachi 

1999] 

Pseudoaltermonas haloplanktis 118.1 8.5 15 2.4
lactose

 7.8 β-mercaptoethanol for optimum 

activity 

[Hoyoux et al. 2001] 

Thermus thermophilus HB27 58 6.5 70 3.5
ONPG

 nr Fe
2+

, Mn
2+

, cysteine, β-

mercaptoethanol promote activity 

[Yan et al. 2010] 

Fungi 

Aspergillus niger van Tiegh 129 (monomer) 2.5 65 1.7
ONPG

 4.7 Broad substrate specificity [O'Connell and Walsh 2010] 

Penicillium chrysogenum 66 (tetramer) 4.0 30 1.8
ONPG

 4.6 None [Nagy et al. 2001] 

Rhizomucor sp. 120 (dimer) 4.5 60 1.3
ONPG

 4.2 Inhibited by galactose, IPTG, Hg
2+

, 

Cu
2+

 

[Shaikh et al. 1999] 

Yeast 

Cryptococcus laurentii OKN-4 100 (dimer) 4.3 60 18.2
ONPG

 nr Strongly inhibited by Hg
2+

, Ag
2+

, β-

mercaptoethanol, glucose, maltose, and 

maltotriose 

[Ohtsuka et al. 1990] 

Kluyveromyces lactis 118 (dimer) 7.0 37 1.5
ONPG

 nr Mn
2+

 required for activity; inhibited by 

imidazole 

[Kim et al. 2003] 

K. marxianus DSM5418 123 (dimer) 6.8 37 4.7
ONPG

 5.1 Strongly inhibited by galactose [O'Connell and Walsh 2007] 

Note: 
a
, Molecular mass; 

b
, substrate used to determine Km; nr, not reported 
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unlike the yeast β-galactosidases.  It has been reported that Ca
2+

 and heavy metals 

inhibit the enzyme activity of all β-galactosidases [Jurado et al. 2002, Mlichova and 

Rosenberg 2006].  The β-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 β-galactosidases usually display pH optima in the neutral 

range and require metal ions for activity.  Bacterial β-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 β-galactosidase from E. 

coli serves as a model β-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 β-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 enzyme is a dimer [Gul-Guven et al. 2007]. 

 

While literature is limited on archaeal β-galactosidases, a small number have been 

cloned and/or purified and characterised.  Table 1.6 lists some important properties of β-

galactosidases from the thermoacidophile Caldariella acidophila, the halophile 

Halorubrum lacusprofundi, and the thermophile Pyrococcus woesei.  These three β-

galactosidases are thermophilic with high temperature optimum in the range 50-90 °C.  

An intracellular β-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 β-galactosidase 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 β-mercaptoethanol caused a slight 

activation of the enzyme.  The Michaelis constants for this β-galactosidase were 

experimentally determined on the substrates ONPG, α-Lactose, Methyl β-D-

galactopyranoside, and Phenyl β-D-galactopyranoside as 0.225, 13, 23, and 2.6 mM, 

respectively [Pisani et al. 1990]. 

 

1.2.4 Applications of microbial β-galactosidases 

Enzymatic hydrolysis of lactose is a predominant biotechnological process in the food 

industry.  There is strong industrial interest in β-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]. 

Lactose 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 additional offensive flavours, colours, and odours.  Moreover, 

milk treated enzymatically preserves its original nutritional value, especially since 

glucose and galactose are not removed [Mlichova and Rosenberg 2006].  The hydrolytic 

activity of β-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 a low solubility and low sweetness in comparison to the 

products of its hydrolysis (glucose and galactose) [Pessela et al. 2003, Tanriseven and 

Doĝan 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-
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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 β-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, Guimarães 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 β-galactosidases for industrial purposes.  The 

use of such technology holds several benefits for industrial scale lactose-hydrolysis 

especially 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-β-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]. 

 

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

molecule of galactose linked by a β-1,4-glycosidic bond) 
[Aider and de Halleux 2007] 

 

1.3.1 Applications of 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-Bühring 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 is widely recognised as a prebiotic [Guerrero et al. 2011].   

 

Mammalian digestive enzymes are not capable of hydrolysing the β-glycosidic linkage 

of lactulose [Schuster-Wolff-Bühring et al. 2010].  Ingested lactulose 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-Bühring 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) 

encephalopathy [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.  Is a 

neuropsychiatric syndrome caused by high concentrations of toxic components such as 

ammonia in blood serum [Gluud et al. 2013, Schuster-Wolff-Bühring et al. 2010].  The 

mode of action of lactulose in the treatment of this condition is identical to that 

described for constipation; the lactulose 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 NH3 to the non-absorbable NH4
+
, which is then excreted, thus 

causing a reduction of ammonia in blood serum [Olano and Corzo 2009, Schuster-

Wolff-Bühring et al. 2010].  Another application of lactulose, which exploits the fact 

that it is a non-digestible oligosaccharide, is as a microbial food supplement or prebiotic 

[Gibson and Roberfroid 1995]. 

 

Extensive studies have revealed that lactulose favours the growth of healthy intestinal 

bacteria, mainly Bifidobacterium and Lactobacillus, while bacterial counts of 

galactosidase-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 intestinal 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 

cholesterol levels, synthesis of B-complex vitamins, and enhanced absorption of dietary 

calcium and magnesium.  The improved adsorption of minerals 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-Bühring 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]. 

 

Due to 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 
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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.  This test 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 Synthesis of lactulose 

Industrial formation of lactulose is exclusively carried out by chemical alkaline 

isomerisation of lactose via the Lobry de Bruyn-Albrda Van Ekenstein (LA) 

rearrangement; production of lactulose via this rearrangement has been realised 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-Bühring et al. 2010].  To overcome the problem of low 

yields (yield of lactulose to initial concentration of lactose (Ylactulose) 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-Bühring et al. 
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2010].  With boric acid, a maximum Ylactulose of 87 % was reportedly obtained by 

addition of triethylamine to a lactose solution up to pH 11 and keeping the solution for 4 

h at 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 alkaline isomerisation of lactose 

involves the natural catalyst egg shell [Montilla et al. 2005].  However, all 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, a biocatalyst process with clean production and easy purification would be 

considered an environmentally-friendly alternative strategy [Tang et al. 2011].  

Additionally, lactulose produced enzymatically would have the valuable 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-Bühring 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 β-galactosidases and so extensive research is required to identify 

new and efficient biocatalysts [Schuster-Wolff-Bühring et al. 2010].  The yield will also 

be greatly affected by the concentration of sugars being used.  For lactulose production 

by β-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 synthesis and 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 β-galactosidase have been published so far, 

with achieved Ylactulose in 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 (Ylactulose 87 %) of lactose, but are 

promising as, although not as high, enzymatic production circumvents many of the 

problems with chemical processes.  In the past year, cellobiose 2-epimerase, which 

catalyses 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 chemical 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 health related claims 

‘prebiotic’ and ‘lowers colonic transit time’ [Schuster-Wolff-Bühring et al. 2010].



 

Adapted from [Wang et al. 2013] 

 

Table 1.7: Production of lactulose using enzymatic and chemical catalysts 

Biocatalyst Source Temperature 

(°C), pH 

Initial concentration 

(g/l) 

Free or immobilised Ylactulose 

(%) 

   Lactose Fructose   

β-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 

β-galactosidase Saccharomyces fragilis DSM 70344 37, 7.2 120 200 - 7.5 

 Kluyveromyces lactis ATCC 8585 40, 7.0 400 200 Permeabilised cells 5.0 

 Sulfolobus solfataricus DSM 1617 80, 6.0 400 200 Recombinant enzyme 12.5 

 Aspergillus oryzae 40, 6.5 200 150 Free 32.5 

 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, 7.5 200 200 Immobilised 0.6 

 Kluyveromyces lactis 47, 7.5 200 200 Immobilised 9.6 

 Kluyveromyces lactis 47, 7.5 200 200 Immobilised 3.95 

β-galactosidase + glucose 

isomerise 

β-galactosidase from Kluyveromyces lactis glucose isomerise 

from Streptomyces murinus 

30, 8.0 800 100 Immobilised 19.0 

 β-galactosidase from Kluyveromyces lactis glucose isomerise 

from Streptomyces rubiginosus 

53.5, 7.5 200 - Immobilised 3.84 

 β-galactosidase from Kluyveromyces lactis glucose isomerise 

from Streptomyces rubiginosus 

45, 7.8 400 - Free and immobilised 1.1 

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 
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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 also 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 

2.1.1 Chemicals 

Biochemical 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 Protein 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
TM

 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 microbial 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 µg/ml), 

Chloramphenicol (34 µg/ml), Kanamycin (15 µg/ml), and Tetracycline (12.5 µg/ml).  

The inoculated liquid media was incubated at 37 °C for 16-20 h.  Following incubation, 

50 µl of the liquid culture was spread plated into LB agar and incubated at the 37 °C for 
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15-30 h.  Serial transfer, from old to fresh solid media every two weeks achieved 

maintenance of microbial 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 psi [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 β-Galactosidase assay 

The assay used for estimation of β-galactosidase activity was based upon the method of 

Rasouli and Kulkarni [1994] with some modifications.  The assay system contained 400 

µl of 5 mM ortho-nitrophenyl-β-D-galactopyranoside (ONPG) in 200 mM sodium 

acetate buffer, pH 5.5 and 100 µl of suitably diluted enzyme.  The reaction was allowed 

to proceed for 15 min at 70 °C and was stopped by the addition of 500 µl of 1.0 M 

Na2CO3 (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 β-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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(µmol/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 µmol 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 β-galactosidase activity.  One unit of β-

galactosidase activity was defined as the amount of enzyme capable of releasing 1 µmol 

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 albumin (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. 

 

2.2.4.1 SDS-PAGE 

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

a 10 % gel 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-

HCl (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-HCl (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-HCl (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 already 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 β-galactosidase activity. 
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β-Galactosidase activity staining was carried out according to the method of 

Chakraborti et al. [2000].  After the native gel had been electrophoresed it was 

incubated in 100 ml of X-gal (5-bromo-4-chloro-3-indolyl β-D-galactopyranoside) for 2 

h at 55 °C with gentle agitation.  The X-gal was prepared by dissolving it initially 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 β-galactosidase and allowed its identification on the protein stained gel. 

 

2.2.5 Characterisation of β-galactosidases 

Characterisation studies were carried out on the purified β-galactosidases and included 

the following: 

 

2.2.5.1 Determination of pH versus activity 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 buffers in the pH range 2.5-8.8.  

The buffers used were pH 2.5, 0.2 M glycine-HCl; 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 β-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 β-galactosidase. 

 

2.2.5.2 Determination of temperature versus 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 β-galactosidase 

assay (section 2.2.2) in triplicate at different temperatures for each crude β-

galactosidase enzyme.  Temperatures in the range of 30-95 
o
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 β-galactosidase. 
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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 

potassium phosphate.  Time intervals of 30 and 60 min were used.  Crude β-

galactosidase 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 HCl/NaOH, at the 

defined time intervals.  Each extracted sample was assayed in triplicate for β-

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 β-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. 

 

2.2.5.5 Determination of kinetic parameters Km and Vmax 

The kinetic parameters Km and Vmax were determined for the β-galactosidases with 

respect to the substrates ortho-nitrophenyl-β-D-galactopyranoside (ONPG) and lactose 

using the modified method of Chakraborti et al. [2000].  Determination of the kinetic 

constants for the β-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 β-galactosidase hydrolysis of 

lactose was achieved by detecting the formation of glucose in the assay mixture using a 



Chapter 2                                                                          General Materials and Methods 

 

 - 39 -   

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 Km and Vmax from these 

graphs. 

 

2.2.5.6 Determination of molecular mass 

The molecular mass of the purified protein was determined by SDS-PAGE (section 

2.2.5.6.1) and gel filtration chromatography (section 2.2.5.6.2). 

 

2.2.5.6.1 Determination of molecular mass by SDS-PAGE 

The purified β-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 β-galactosidase was determined from the linear 

region of the graph [Hames 1998]. 

 

2.2.5.6.2 Native molecular mass determination 

The native molecular mass of the β-galactosidases 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 (Vo).  The column eluted from the point of sample loading 

to the centre of the A280 peak was taken as the Vo.  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 (Ve) recorded.  The volume eluted 

from the point of sample loading to the centre of the A280 peak was taken as the Ve 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, Yeast 150 8 

β-Amylase, Sweet potato 200 5 

Apoferritin, Horse spleen 443 4 

Thyroglobulin, Bovine 669 3 

 

Purified β-galactosidases (1.5 ml) were loaded into the column in the same way as 

protein standards and their Ve recorded.  From these results a semi-logarithmic standard 

plot relating log molecular mass to Ve/Vo could be constructed allowing the molecular 

mass of unknown proteins to be determined [Healthcare]. 

 

2.2.5.7 Isoelectric focusing 

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 dH2O, 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) 

glycerol, 0.25 ml Bio-Lyte 3/10, 40 % Ampholyte solution, 7.5 µl 10 % APS, 25 µl 0.1 

% (w/v) riboflavin-5’-phosphate (FMN), and 1.5 µl 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 typically 2 cm from the positive 

electrode.  Typically, 2 µl of IEF standard proteins were applied to the gel and 5-10 µl 

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) CuSO4, and 0.05 % crocein scarlet.  The 

CuSO4 was dissolved in dH2O before the alcohol 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 % CuSO4, which was added prior to 

isoproponal.  The second destaining solution contained 25 % (v/v) ethanol and 7 % 

(v/v) acetic acid. 

 

2.2.5.8 LC-MS/MS analysis 

Gel slices 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 0 at up to 65 °C [Fütterer et al. 2004].  The ability of this organism 

to grow at such extreme acidic pH values, while simultaneously 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. 

 

Picrophilus is 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 ID 

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 α-glucosidase and α-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 β-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 

β-galactosidases were selected for further study as a β-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 lactulose. 
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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
TM

 DNA ladder (1 kb) 

Roche Ireland Ltd., Clarecastle (Roche) dNTP mix and restriction enzymes (BamHI, EcoRI, 

HindIII, and XhoI) 

Invitrogen, Biosciences, Dublin (Invitrogen) T4 ligase 

Sigma DNase 

 

3.2.2 Strains and vectors 

The strains and vectors used in the cloning work are listed in Table 3.2.  E. coli strains 

Dh5α 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 Key feature(s) 

E. coli Dh5α F
-
 endA1 glnV44 thi-1 recA1 relA1 gyrA96 

deoR nupG Φ80dlacZ∆M15 ∆(lacZYA-

argF)U169, hsdR17(rK
-
 mK

+
), λ– 

Propagation of plasmids 

BL21-CodonPlus(DE3) 

 

E. coli B F
-
 ompT hsdS(rB

-
mB

-
) dcm

+
 Tet

r
 gal 

λ(DE3) endA The [argU proL Cam
r
] [argU 

ileY leuW Strep/Spec
r
] 

Expresses six rare rRNAs - 

facilitates expression of genes 

that encode rare E. coli codons; 

DE3 – carries a chromosomal 

copy of the T7 RNA polymerase 

gene 

Rosetta-gami
TM

 B F
-
 ompT hsdSB (rB

-
mB

-
) gal dcm lacY1 ahpC 

gor522::Tn10 trxB pRare (Cam
R
,Kan

R
,Tet

R
) 

Expresses six rare rRNAs - 

facilitates expression of genes 

that encode rare E. coli codons; 

trxB/gor mutant - greatly 

facilitates cytoplasmic 

disulphide bond formation; 

lacY1 – β-galactosidase deletion 

mutant 

Rosetta-gami
TM

 B(DE3) F
-
 ompT hsdSB (rB

-
mB

-
) gal dcm lacY1 ahpC 

(DE3) gor522::Tn10 trxB pRare 

(Cam
R
,Kan

R
,Tet

R
) 

Same as for Rosetta-gami
TM

 B; 

DE3 – carries a chromosomal 

copy of the T7 RNA polymerase 

gene 

Plasmids Marker Relevant properties 

pProEX-HTb Amp
R
 High-copy number E. coli 

plasmid; trc promoter; N-

terminal His-tag 

pET22b(+) Amp
R
 T7 promoter; N-terminal pelB 

sequence for potential 

periplasmic localisation; 

optional C-terminal His-tag 

pET28a Kan
R
 T7 promoter; optional N- or C-

terminal His-tag 

pBad/gIIIA Amp
R
 araBAD promoter for tightly 

regulated expression; leader 

peptide for periplasmic 

expression; optional C-terminal 

His-tag 

 

 

3.2.3 Chromatographic media 

Gel filtration, Ion-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 Picrophilus torridus 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 OD600 of about 

0.4 they were scaled up into 1 l culture flasks, which were grown for 2 days with 

shaking at 150 rpm.  Cells were harvested when they reached an OD600 of ~0.8-0.9. 

 

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

Component Quantity 

(NH4)2SO4 1.30 g 

KH2PO4 0.28 g 

MgSO4 x 7H2O 0.25 g 

CaCl2 x 2H2O 0.07 g 

FeCl3 x 6H2O 0.02 g 

MnCl2 x 4H2O 1.80 mg 

Na2B4O7 x 10H2O 4.50 mg 

ZnSO4 x 7H2O 0.22 mg 

CuCl2 x 2H2O 0.05 mg 

Na2MoO4 x 2H2O 0.03 mg 

VOSO4 x 2H2O 0.03 mg 

CoSO4 0.01 mg 

Yeast extract 2.00 g 

dH2O 1000.00 ml 

The medium was prepared in diluted sulphuric acid (300 ml of 0.5 M H2SO4 + 700 ml dH2O) to reach a 

pH of about 1.0.  Yeast 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 pellets in 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-SIGNAL/). 

 

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.ncbi.nlm.nih.gov/Blast.cgi) and searches were performed for the primers 

designed in this study, to determine if they were unique 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/calc1.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 ExPASy website (www.expasy.org).  The compute pI/MW 

tool for prediction of protein isoelectric point and molecular mass was also accessed 

through this website. 

 

The Basic Logic Alignment Search Tool Protein (BLASTP) program, hosted by NCBI 

(http://blast.ncbi.nlm.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 all 
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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 µg 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 aligned using the ClustalW, as described in section 

3.3.2.1. 

 

3.3.2.3 PCR reactions 

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 β-galactosidase genes PTO1259 

and PTO1453 from P. torridus DSM 9790 (designed as outlined in section 3.3.2.1) 

Primers Restriction enzyme 

recognition site 

Tm 

(°C) 

Primers for cloning P. torridus DSM 9790 β-galactosidase PTO1259   

Primer set for cloning into pProEX HTb and pET28a with an N-terminal His-tag 

For. 5’ CAGCAGGGATCCATGCATATAAGATTTATCAATG 3’ 

Rev. 5’ CAGCAGAAGCTTTTATTTTTCATCTATTCCGTC 3’ 

 

BamHI 

HindIII 

 

54 

54 

Primer set for cloning into pET22b(+) with a C-terminal His-tag 

For. 5’ CAGCAGGGATCCGATGCATATAAGATTTATCAATG 3’ 

Rev. 5’ CAGCAGAAGCTTTTTTTCATCTATTCCGTCATTG 3’ 

 

BamHI 

HindIII 

 

54 

58 

Primer set for cloning into pET22b(+) with no His-tag 

For. 5’ CAGCAGGGATCCGATGCATATAAGATTTATCAATG 3’ 

Rev. 5’ CAGCAGAAGCTTTTATTTTTCATCTATTCCGTC 3’ 

 

BamHI 

HindIII 

 

54 

54 

Primer set for cloning into pBad/gIIIA with a C-terminal His-tag 

For. 5’ CAGCAGCTCGAGATGCATATAAGATTTATCAATG 3’ 

Rev. 5’ CAGCAGAAGCTTTTTTTCATCTATTCCGTCATTG 3’ 

 

XhoI 

HindIII 

 

54 

58 

Primers for cloning P. torridus DSM 9790 β-galactosidase PTO1453   

Primer set for cloning into pProEX HTb and pET28a with an N-terminal His-tag 

For. 5’ CAGCAGGGATCCATGTTACCCAAGAACTTTTTAC 3’ 

Rev. 5’ CAGCAGAAGCTTTCATGAATTCTGATGCTGGTC 3’ 

 

BamHI 

HindIII 

 

58 

60 

Primer set for cloning into pET22b(+) with a C-terminal His-tag 

For. 5’ CAGCAGGGATCCGATGTTACCCAAGAACTTTTTAC 3’ 

Rev. 5’ CAGCAGAAGCTTTGAATTCTGATGCTGGTCTG 3’ 

 

BamHI 

HindIII 

 

58 

58 

Primer set for cloning into pET22b(+) with no His-tag 

For. 5’ CAGCAGGGATCCGATGTTACCCAAGAACTTTTTAC 3’ 

Rev. 5’ CAGCAGAAGCTTTCATGAATTCTGATGCTGGTC 3’ 

 

BamHI 

HindIII 

 

58 

60 

Primer set for cloning into pBad/gIIIA with a C-terminal His-tag 

For. 5’ CAGCAGCTCGAGATGTTACCCAAGAACTTTTTAC 3’ 

Rev. 5’ CAGCAGAAGCTTTGAATTCTGATGCTGGTCTG 3’ 

 

XhoI 

HindIII 

 

58 

58 

 

Table 3.5: PCR conditions for amplifying P. torridus DSM 9790 putative β-

galactosidases PTO1259 and PTO1453 

Temperature (°C) Time Number of cycles 

98 2 min 1 

98 

52/66* 

72 

30 s 

45 s 

2 min 

 

35 

72 5 min 1 

Note: *Annealing temperature of 52 °C and 66 °C used for PCR of PTO1259 and PTO1453, respectively. 

 

3.3.2.4 Restriction enzyme digestion of DNA and ligation 

The restriction enzymes BamHI, HindIII, and XhoI were chosen as there are no 

recognition sites within either of the β-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. 

 

3.3.2.5 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 CM1 solution (10 mM sodium acetate, pH 5.6, 50 mM MnCl2, 

5 mM NaCl) and stored on ice for 5 min.  The cells were centrifuged for 5 min at 7000 

rpm at 4 °C.  Finally, the cells were resuspended in 1/50 culture volume of CM2 

solution (10 mM sodium acetate, pH 5.6, 5 mM MnCl2, 5 % glycerol, 70 mM CaCl2) 

and 50 µl aliquots 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 allowed to thaw on ice.  Plasmid DNA/ligation mixture 

containing 10-100 ng of DNA was added to 30 µl 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 a further 10 min.  The transformation mixture was 

then incubated at 37 °C, 100 rpm for 40 min in 500 µl LB broth and afterwards plated 

on LB agar supplemented with the appropriate antibiotics. 

 

3.3.3 Expression of recombinant proteins in 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-β-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 parallel.  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 µg/ml to degrade the E. coli cell wall and the cultures were grown at 

37 °C with agitation for a final hour.  Cells were harvested by centrifugation for 10 min 

at 4,500 x g at 4 °C and incubated at -80 °C for a minimum of 16 h.  The pellet was 

thawed and 250 µl of 1 x PBS was added and incubated on ice for 20 min with 10 µg/ml 

DNase.  To separate the supernatant from the pellet the cell lysate was centrifuged for 

20 min at 4 °C at 12,000 x g.  Soluble and insoluble protein samples were loaded on a 

10 % SDS-PAGE gel and subjected to electrophoresis to verify if the recombinant 

protein was soluble. 

 

3.3.4 Protein refolding 

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 

proteins into their native biologically active conformation (section 3.3.4.2). 

 

3.3.4.1 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 l 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-HCl, 0.15 M NaCl, 100 mg lysozyme, pH 7.4).  After lysing the cells by sonication 

(section 2.2.1), MgCl2 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 

more time.  The final pellet was dissolved in 8 M urea, 20 mM Tris-HCl, 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 µm 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 β-galactosidases solubilised using denaturants           

The first method used to attempt refolding of denatured solubilised β-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-HCl 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 (MWCO) of 10,000 kDa.  The 

retained solution was assayed for activity, as per section 2.2.2.  Parameters varied in this 

protocol included refolding buffer, time points, and addition of additives (reduced 

glutathione (GSH), oxidised glutathione (GSSG), urea, l-arginine, glycerol, or NaCl) to 

the refolding buffer. 

 

The second method used to attempt refolding of solubilised β-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-HCl, 1.0 mM EDTA, 1.0 

mM GSH, 0.1 mM GSSG) containing sequentially decreased concentrations of urea 

(4.0, 2.0, 1.0, and 0 M).  Dialysis 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 removal 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 at 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 Ion 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 β-mercaptoethanol) 

was loaded onto the IMAC column which was pre-equilibrated with equilibration buffer 

(0.05 M Tris-HCl, 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-

HCl, pH 8.0, 1.0 M urea, 0.5 M NaCl.  The refolded β-galactosidase was eluted using 

renaturation buffer incorporating 1.0 M urea and 1.0 M imidazole, pH 8.0.  Fractions 

were assayed for β-galactosidase 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 β-galactosidase from P. 

torridus DSM 9790 

The purification scheme employed for native purification of intracellular β-

galactosidase from P. torridus DSM 9790 involved five steps, as outlined below. 

 

3.3.5.1 Concentration of crude β-galactosidase by ultrafiltration 

Cell pellets, typically derived from ~5.8 l of culture containing approximately 190 IU 

activity (after lysis), were resuspended in 120 ml of 0.2 M sodium acetate buffer, pH 5.5 

for lysis.  Crude intracellular β-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 typical 

concentration-fold of 210 was achieved by using a Millipore 10 kDa cut off 

ultrafiltration membrane (Sigma) with 70 psi. of N2 being applied to the unit.  

Ultrafiltration runs were carried out at room temperature.  The β-galactosidase 

containing retentate was clarified by centrifugation at 12,000 rpm for 20 min at 4 °C.  

The clarified supernatant containing the β-galactosidase was subsequently stored at 4 °C 

until use.  Millipore membranes were stored in 10 % (v/v) ethanol at 4 °C. 

 

3.3.5.2 Ion exchange chromatography 

Ion-exchange chromatography was carried out as outlined in Amersham-Biosciences 

[2004].  Prior to column chromatography, the optimum pH for binding of concentrated 

β-galactosidase from ultrafiltration to DEAE-Sepharose CL 6B anion exchanger was 

determined, using the test tube method, as per the GE Healthcare Ion 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 β-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 β-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 β-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).  β-Galactosidase containing fractions were 

pooled, assayed for total β-galactosidase activity (section 2.2.2) and total protein 

content by Bradford assay (section 2.2.3). 

 

3.3.5.3 Gel filtration chromatography 

This chromatographic technique was carried out as outlined in Amersham-Biosciences 

[2000].  Concentrated β-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 β-galactosidase activity, as per section 2.2.2 and protein concentration by 

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

Galactosidase containing fractions were pooled, assayed for total β-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 β-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 β-galactosidase 

activity, as per section 2.2.2 and protein concentration by absorbance at 280 nm was 

recorded by Biologic LP Dataview Software.  β-Galactosidase containing fractions were 

pooled, assayed for total β-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 β-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-HCl 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 HCl) 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 β-galactosidase was eluted 

from the column when the descending pH gradient reached the isoelectric point of the 

enzyme.  Fractions were assayed for β-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.  β-Galactosidase containing fractions were pooled, assayed for total β-

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 studies on the purified β-galactosidase 

Characterisation studies were conducted on the purified β-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 β-galactosidase and 

optimisation of reaction conditions 

The production of lactulose using the crude β-galactosidase activity from P. torridus 

DSM 9790 (crude enzyme obtained by lysing pelleted cells recovered from 9 l 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 a 50 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 analytical 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, galactose, and fructose) were 

purchased from Sigma.  
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3.4 Results and Discussion 

3.4.1 Identifying β-galactosidases in P. torridus DSM 9790                                  

Analysis of the P. torridus DSM 9790 genome sequence, as per section 3.3.2.1, 

revealed two putative β-galactosidase genes (NCBI gene ID: 2844921 and 2845087).  

PRED-SIGNAL was used to predict signal 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 β-galactosidases were 

intracellular.  This putative β-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 β-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 β-galactosidase. 
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Figure 3.1: pH versus activity profile for crude β-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 IU/ml.  Error bars indicate the standard deviation of the 

measured data values from the mean, n = 3.  Note: One unit of β-galactosidase activity was defined as the 

amount of enzyme capable of releasing 1 µmol of ONP/min under the defined assay conditions. 

 

 

These results indicate that P. torridus DSM 9790 β-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 β-galactosidase, with maximal activity exhibited at 70 °C.   
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Figure 3.2: Temperature versus activity profile for crude β-galactosidase from P. 

torridus DSM 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 IU/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 β-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 generally 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 β-galactosidase genes 

from P. torridus DSM 9790 

Extensive attempts were made at producing recombinant versions of both the putative 

β-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 β-galactosidases, 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 

pET28a-PTO1259 

pET22b(+)-PTO1259 

pET22b(+)-PTO1259-(no His-tag) 

pProEX HTb-PTO1453 

pET28a-PTO1453 

pET22b(+)-PTO1453 

pET22b(+)-PTO1453-(no His-tag) 

Rosetta-gami
TM

 B(DE3) and BL21-

CodonPlus(DE3) 

pBad/gIIIA-PTO1259 

pBad/gIIIA-PTO1453 

Rosetta-gami
TM

 B 

 

 

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 a screening 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
TM

 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 HindIII and 

BamHI 
Lane 1: DNA ladder 1 kb; Lanes 2-9: Double digested pProEX HTb plasmids purified from colonies 1-8, 

respectively, of a screening 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 β-

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
TM

 B(DE3) and BL21-CodonPlus(DE3)) at 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 trehalose synthase from 

P. torridus DSM 9790.  All of this expression work resulted in insoluble recombinant 

protein (which had no detectable β-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 β-galactosidase 

with an N-terminal His-tag when cloned into pProEX HTb (determined using ExPASy, 

as detailed in section 3.3.2.1). 

 

 

 

 

 



Chapter 3                                               Picrophilus torridus DSM 9790 β-Galactosidase 

 

 - 63 -   

 

 
Figure 3.4: pProEX HTb-PTO1259 construct expressed in Rosetta-gami

TM
 B(DE3) at 

25 °C for 4 h at 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 β-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-terminal His-tag so when insoluble protein was again 

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, as in principle it cannot be excluded that the affinity tag may interfere 

with protein stability [Wu and Filutowicz 1999].   Crystals 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-(no 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 

alternative expression vector (pBad/gIIIA) 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 β-galactosidase from P. torridus DSM 9790 

Construct Expression strain Temp. 

(°C) 

Time 

(h) 

Inducer 

concentration 

Result 

pProEX HTb-PTO1259 Rosetta-gami
TM

 B(DE3) 37 4 0.01, 0.05, 0.1, 

0.5, 1.0, 

2.0, 5.0 mM 

IPTG 

IB formation 

  30 4 1.0 mM IPTG IB formation 

  27 48 No inducer No expression 

  25 16 0.01, 0.05, 0.1, 

0.5, 1.0, 

2.0 mM IPTG 

IB formation 

  25 4, 5 0.05, 0.1, 0.5, 

1.0 mM IPTG 

IB formation 

pProEX HTb-PTO1259, 

pET28a-PTO1259, 

pET22b(+)-PTO1259, 

and pET22b(+)-

PTO1259-(no His-tag) 

BL21-CodonPlus(DE3)) 37 4 0.1 mM IPTG IB formation 

  27 48 No inducer No expression 

  25 16 0.1 and 1.0 mM 

IPTG 

No expression 

pProEX HTb-PTO1259, 

pET28a-PTO1259, 

pET22b(+)-PTO1259, 

and pET22b(+)-

PTO1259-(no His-tag) 

BL21-CodonPlus(DE3)) 37 4 0.1 mM IPTG IB formation 

  27 48 No inducer No expression 

  25 16 0.1 and 1.0 mM 

IPTG 

No expression 

Note: IB formation - recombinant protein was insoluble and aggregated, forming inclusion bodies.  
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Table 3.7: Continued 

Construct Expression strain Temp. 

(°C) 

Time 

(h) 

Inducer 

concentration 

Result 

pProEX HTb-PTO1259 

and pET28a-PTO1259 

BL21-CodonPlus(DE3)) 30 4 1.0 mM IPTG IB formation 

pET22b(+)-PTO1259 

and pET22b(+)-

PTO1259-(no His-tag) 

Rosetta-gami
TM

 B(DE3) 37 4 0.1 mM IPTG IB formation 

  30 4 1.0 mM IPTG IB formation 

  27 48 No inducer No expression 

  25 16 0.1 and 1.0 mM 

IPTG 

IB formation 

pET22b(+)-PTO1259 Rosetta-gami
TM

 B(DE3) 30 4 1.0 mM IPTG IB formation 

pBad/giiiA-PTO1259 Rosetta-gami
TM

 B 37 4,6 0.2 % L-

arabinose 

IB formation 

  37 4 0.02 % L-

arabinose 

IB formation 

  30 4 0.2 % L-

arabinose 

IB formation 

  27 48 No inducer No expression 

  25 16 0.2 % L-

arabinose 

No expression 

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

 

Similar constructs were created for the putative PTO1453 β-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(+)-PTO1453-(no His-tag) 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 β-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 trials for both the recombinant putative β-

galactosidases.   
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Table 3.8: Summary of expression trials and results for production of putative 

PTO1453 β-galactosidase from P. torridus DSM 9790 
Construct Expression strain Temp. 

(°C) 

Time 

(h) 

Inducer 

concentration 

Result 

pProEX HTb-PTO1453, 

pET22b(+)-PTO1453, 

and pET22b(+)-

PTO1453-(no His-tag) 

Rosetta-gami
TM

 B(DE3) 

and BL21-

CodonPlus(DE3)) 

37 4 0.1 mM IPTG IB formation 

pProEX HTb-PTO1453, 

pET22b(+)-PTO1453, 

and pET22b(+)-

PTO1453-(no His-tag) 

Rosetta-gami
TM

 B(DE3) 25 16 0.1 mM IPTG IB formation 

pProEX HTb-PTO1453, 

pET22b(+)-PTO1453, 

and pET22b(+)-

PTO1453-(no His-tag) 

BL21-CodonPlus(DE3)) 25 16 0.1 mM IPTG No expression 

pET28a-PTO1453 BL21-CodonPlus(DE3)) 37 4 0.1 mM IPTG IB formation 

  25 16 0.1 mM IPTG No expression 

pBad/giiiA-PTO1453 Rosetta-gami
TM

 B 37 4 0.2 % L-

arabinose 

IB formation 

  25 16 0.2 % L-

arabinose 

No expression 

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

 

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

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 IBs in vitro is 

necessary to recover their native conformations and biological properties [Zhang et al. 

2009].  The IBs are partially 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(+)-PTO1259 was over-expressed in Rosetta-gami
TM

 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.  There is a distinct band in lane 2 (~55.4 kDa) for the insoluble fraction of 

the crude extract.  This band 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, all samples from 

refolding trials were assayed for activity. 

 

 
Figure 3.5: Fractions from dilution refolding trials on recombinant insoluble PTO1259 

from plasmid pET22b(+), overexpressed in Rosetta-gami
TM

 B(DE3)  
Lane 1: MM marker; Lane 2: crude extract insoluble fraction; Lane 3: crude extract soluble fraction; Lane 

4: IBs from 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 β-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 Yeates 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
TM

 B(DE3) 

Construct Refolding buffer Additivies/redox reagents Time 

(h) 

pET22b(+)-PTO1259 10 mM Tris-HCL, pH 

8.5 

No additives, 1.0 mM GSH + 0.1 mM 

GSSG 

96 

 10 mM sodium acetate, 

pH 5.0, 10 mM Tris-

HCl, pH 7.5/8.5 

0.5 mM GSH + 0.5 mM GSSG 24, 

96 

 10 mM Tris-HCl, pH 

8.5 

0.75 M urea, 0.5 M l-arginine, 0.75 M urea 

+ 0.5 M l-arginine, 1.35 M urea + 0.3 M l-

arginine, 0.75 M urea + 0.3 M l-arginine + 

0.25 M NaCl + 5 mM EDTA, 10 % 

glycerol 

96 

pET22b(+)-PTO1259-

(no His-tag) 

10 mM Tris-HCl, pH 

8.5 

No additives, 0.5 mM GSH + 0.5 mM 

GSSG 

24. 

96 

pProEX HTb-PTO1259 10 mM Tris-HCl, pH 

8.5 

0.5 GSH + 0.5 mM GSSG + 5 mM EDTA 

+ 3 M urea 

96 

pET22b(+)-PTO1453 10 mM Tris-HCl, pH 

8.5 

No additives, 0.5 mM GSH + 0.5 mM 

GSSG, 1.0 mM GSH + 0.1 mM GSSG 

96 

 

Additional dilution refolding attempts were made on solubilised IBs from constructs 

pET22b(+)-PTO1259-(no His-tag), pProEX HTb-PTO1259, and pET22b(+)-PTO1453 

over-expressed in Rosetta-gami
TM

 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 

β-galactosidase.  Only IBs purified and denatured from the overexpressed construct 

pET22b(+)-PTO1259 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 [Vallejo and Rinas 2004].  Under the conditions tested, however, dialysis 

resulted in precipitation of the protein and the final sample tested negative for β-

galactosidase activity.  A final method for refolding IBs 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  [Vallejo 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 β-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 β-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 has implications for  the energetics of folding at high temperatures [Vetriani 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 Rosetta-gami
TM

 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 β-

galactosidases 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, Sulfolobus solfataricus, and Saccharomyces cerevisiae), in addition to refolding 

trials including dilution and dialysis refolding, on-column refolding using size exclusion 

and refolding using the Vectrase kit.  None of these conditions produced a biologically 

active form of β-galactosidase and the Ph.D. student discontinued work on this enzyme.  

It was thus concluded that direct purification of a native intracellular β-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 β-galactosidase from P. torridus DSM 9790 

For the purification of intracellular β-galactosidase from P. torridus DSM 9790, the 

archaea was grown in ~5.8 l basal medium supplemented with yeast extract (2 g/l) for 

48 h, as per section 3.3.5.  Native expression levels were low: typically, the total 

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 β-

galactosidase production, but no increase in enzyme activity was observed.  Cells were 

harvested by centrifugation and intracellular proteins were isolated by lysing the cells in 

buffer (section 3.3.1).  No β-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 β-galactosidase activity and 48 mg (19.4 %) of total protein was incurred during this 
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step, with no notable change in the specific activity (see Table 3.10, page 76).  

Subsequent purification of the concentrated crude β-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 β-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 β-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 β-

galactosidase 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 β-galactosidase activity was recovered 

at low salt concentrations.  Thus, 0-0.25 M NaCl was used to elute bound proteins over 

a volume 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 β-
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galactosidase eluted over a volume of 21.0 ml.  A high salt wash was used as a final 

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 IU/mg and 2.71, respectively. 

 

The next step in the purification involved gel filtration chromatography and it was 

carried out as described in section 3.3.5.3.  Figure 3.7 represents a typical 

chromatogram for a run for P. torridus DSM 9790 β-galactosidase 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 β-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 β-galactosidase from P. 

torridus DSM 9790 on a gel 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 β-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 β-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 β-galactosidase is a multimeric protein, as centre of the β-

galactosidase activity peak occurs in 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 (NH4)2SO4), 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)2SO4 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 β-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 β-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 β-

galactosidase on the hydroxylapatite column used in this study.  For this particular run, 

fractions 33-36 were pooled and subsequently subjected to chromatofocusing.   

 



Chapter 3                                               Picrophilus torridus DSM 9790 β-Galactosidase 

 

 - 74 -   

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0 5 10 15 20 25 30 35 40 45 50 55 60

Fraction number

A
2

8
0

0

2

4

6

8

10

12

E
n

zy
m

e 
a

ct
iv

it
y

 (
IU

/m
l)

 &
 

[P
h

o
sp

h
a

te
, 
M

]

A280 Enzyme activity (IU/ml) [Phosphate, M]
 

Figure 3.8: Chromatogram for the further purification of β-galactosidase from P. 

torridus DSM 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.  Initially 10 

mM potassium phosphate buffer, pH 6.8, was used for equilibration but the β-

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 β-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 β-

galactosidase peak for the purification.  The resolution of the β-galactosidase protein 

peak is low, so only four peak fractions were pooled, which could explain the low yield 

(14 %) for this step.  There was almost a 3-fold increase in the specific activity of the 

protein to 35.85 IU/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 β-galactosidase on this chromatofocusing column is 

represented in Figure 3.9. 
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Figure 3.9: Chromatogram for the further purification of β-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 β-galactosidases were 

used to estimate the isoelectric point of the enzyme being purified.  The programme 

ExPASY (compute pI/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 6.5-4.5 was used for the initial chromatofocusing 

experiments.  The protein eluted at pH 5.1 and a pH interval of 5.5-4.5 was 

subsequently used for this purification step.  When starting chromatofocusing at pH 5.5, 

it is recommended by Sigma to 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 β-galactosidase 

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 β-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 β-galactosidases purified from other sources 

[Li et al. 2009, Saishin et al. 2010].  The purified β-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 β-galactosidase from P. torridus DSM 9790 

Purification step Volume 

(ml) 

Total 

protein 

(mg) 

Total 

Activity 

(IU) 

Specific 

Activity 

(IU/mg) 

Yield 

(%) 

Purifi- 

cation 

factor 

Crude extract 154.0 246.98 188.91 0.77 100 1 

Ultrafiltration 

/diafiltration 

27.5 199.02 159.37 0.80 84.36 1.047 

Ion exchange 120.0 50.04 103.72 2.07 54.91 2.71 

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- 

focusing/ 

ultrafiltration 

3.5 0.094 9.40 100.56 4.98 131.45 

 

 

3.4.5 Characterisation of a β-galactosidase purified from P. torridus DSM 9790 

3.4.5.1 SDS-PAGE of purified β-galactosidase 

Crude and purified samples of β-galactosidase from P. torridus DSM 9790 were 

analysed by SDS-PAGE as outlined in section 2.2.4.1.  The purified β-galactosidase 

migrated as a single band (Figure 3.10 – Lane 3), confirming the enzyme had been 

purified to homogeneity. 

 

 

 

Figure 3.10: SDS-PAGE of β-galactosidase from P. torridus DSM 9790 
Lane 1: MM marker (mass indicated alongside); Lane 2: Crude enzyme; Lane 3: Purified β-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 β-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 β-galactosidase purified in this study was later identified by LC-

MS/MS analysis (section 3.4.5.8) as the enzyme corresponding to the putative protein 

PTO1453 from P. torridus DSM 9790.  It is likely that, while the genome sequence for 

this thermoacidophile encodes for two putative β-galactosidases, both might not be 

expressed.  Furthermore, it is possible that the PTO1259 putative β-galactosidase is 

expressed, but at such a low level it is not detectable by the standard assay procedure 

used in this work. 

 

The putative protein sequences for the two enzymes share a very low identity (21 %).  

Moreover, the β-galactosidase PTO1453 shares high identity (47-53 % - Appendix C) 

with a number of β-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 β-galactosidases that differ markedly in their substrate 

specificity.  Recent investigations have suggested alternative substrates for β-

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 is thought that these 

novel β-galactosidases act on short chain oligosaccharides released from pectin 

galactans [Karan et al. 2013].  GHF-42 β-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 β-

galactosidase 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 β-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 β-galactosidase 

Crude and purified samples of β-galactosidase from P. torridus DSM 9790 were 

analysed 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 β-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 β-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 β-galactosidase (Figure 3.11 – 

Gel B, Lane 2) after β-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 β-

galactosidase activity.  The single activity band for the crude extract (Figure 3.11 – Gel 

B, Lane 1) further indicates that, if a second β-galactosidase 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. 

 

 

           

                                                      A                          B 
 

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

DSM 9790 
Gel A: Native PAGE of β-galactosidase - Lane 1: Crude extract; Lane 2: Purified β-galactosidase from P. 

torridus DSM 9790.  Gel B: Activity stained native PAGE of β-galactosidase - Lane 1: Crude extract; 

Lane 2: Purified β-galactosidase from P. torridus DSM 9790. 
 

    1     2                      1     2 
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3.4.5.3 Molecular mass determination of purified β-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 β-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 β-galactosidase migrated as a single band during SDS-PAGE, it can 

be concluded that this enzyme is a homologous trimer, composed of similar or identical 

subunits.  Multimeric β-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 β-galactosidase 

is similar to those reported for β-galactosidases isolated from other microorganisms 

including, Paracoccus sp. 32d (160 kDa) [Wierzbicka-Wos et al. 2011], Bacillus 

licheniformis DSM 13 (160 kDa) [Juajun 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 β-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 β-galactosidase, overlaid with the pH 

profile for the crude intracellular β-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 β-galactosidase showed 9 % relative 

activity at pH 8.8.   
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This β-galactosidase is unusually acid active for an intracellular enzyme.  The pH 

optimum was found to be similar to that reported for a thermostable β-galactosidase 

isolated from Thermotoga maritima (pH optimum 5.5) [Katrolia et al. 2011].  However, 

at more acidic pH values, 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 β-galactosidases 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 β-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 β-

galactosidase, respectively.  Error bars indicate the standard deviation of the measured data values from 

the mean, n = 3. 

 

The purified β-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 β-galactosidase 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 β-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 β-

galactosidase, overlaid with the temperature profile for the crude enzyme.  From Figure 

3.13, it is evident the temperature optimum of the purified enzyme is 70 °C.  The profile 

is very similar to that obtained for the crude β-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 β-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 β-

galactosidase from P. torridus DSM 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 IU/ml for purified and crude intracellular β-

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 γ-glutamyl transpeptidase 

(55 °C) [Rajput et al. 2013].  A number of thermophilic β-galactosidases have been 

isolated and characterised to date.  The β-galactosidase from Thermus thermophilus 

HB27 displayed maximal activity at 70 °C, while that from Rhizomucor sp. was 

optimally active at 60 °C [Shaikh et al. 1999].  The β-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 β-

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 β-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 β-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. 

 

3.4.5.5 pH and temperature stability profiles of purified β-galactosidase 

pH and temperature stability profiles for the purified β-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 β-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 β-galactosidase from P. torridus DSM 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 IU/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 slightly 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 β-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 β-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 is clear from these results that the β-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 β-galactosidase from P. torridus DSM 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 corresponds to 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 (Km and Vmax) of purified β-

galactosidase 

The kinetic properties Km and Vmax were determined for the purified β-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 β-galactosidase with ONPG as substrate 
The plot was graphed in GraphPad Prism and fit using non-linear regression, n = 3. 

 

 

 
Figure 3.17: Plot of substrate concentration versus enzyme velocity of crude P. torridus 

DSM 9790 β-galactosidase with lactose as substrate 
The plot was graphed in GraphPad Prism and fit using non-linear regression, n = 3.  One unit of β-

galactosidase activity on lactose as a substrate was defined as the amount of enzyme capable of releasing 

1 µmol of glucose under the defined assay conditions. 
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Table 3.11: Estimated kinetic constants of P. torridus DSM 9790 β-galactosidase with 

ONPG and lactose as substrates 

Substrate Km  

(mM) 

Vmax  

(µmol/min/ml) 

kcat  

(s
-1

) 

kcat/Km  

(s
-1

.mM
-1

) 

ONPG
a
 1.82 0.061 49.89 27.41 

Lactose
b
 225.6 0.59 ND ND 

a 
activity on ONPG determined using β-galactosidase assay, described in section 2.2.2. 

b
 activity on lactose determined as described in section 2.2.5.5. 

ND – not determined 

 

The β-galactosidase from P. torridus DSM 9790 has a lower Michaelis constant on the 

synthetic substrate ONPG (1.82 mM), indicating that the enzyme has a higher affinity 

for this substrate over lactose.  The Km on ONPG for this enzyme is similar to those 

reported for β-galactosidases from other sources, including Aspergillus niger van Teigh 

(1.7 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 Km obtained using 

lactose as a substrate (225.6 mM) is much higher than those reported for β-

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 β-galactosidases characterised from Aspergillus alliaceus (170 

mM) [Sen et al. 2012] and Bacillus licheniformis DSM 13 (169 mM) [Juajun et 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 Vmax values for ONPG and lactose were, respectively, 0.061 and 0.59 

µmol/min/ml, indicating that this β-galactosidase can hydrolyse lactose faster than 

ONPG when completely saturated.  Estimated turnover number kcat (49.89 s
-1

) on 

ONPG is lower than that reported for E. coli β-galactosidase (kcat 800 s
-1

).  Additionally, 

the catalytic efficiency (kcat/Km) on ONPG is much lower (27.41 s
-1

.mM
-1

) than that 

reported for the E. coli enzyme (7,272 s
-1

.mM
-1

) [Tenu et al. 1971].  The kcat was, 

however, much closer to that determined for a psychrophilic β-galactosidase from 

Paracoccus sp. 32d (71.81 s
-1

), but which had a lower Km of 1.17 mM and thus a higher 

kcat/Km of 61.38 s
-1

.mM
-1

 [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 the isoelectric point 

The isoelectric point of the purified enzyme was determined by isoelectric focusing as 

outlined in section 2.2.5.7.  The focusing gel is presented in Figure 3.18.  Using this 

technique, the pI 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 pI of 5.1 (determined using chromatofocusing).  

However, chromatofocusing is a less reliable method as it is basically a charge 

exchange technique and not truly IEF and, thus, it is debatable whether the pI 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 values 

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 pI is higher than that obtained for other microbial β-

galactosidases, as outlined in Table 1.6 (page 21), but lower than the basic pI of 7.8 for 

Pseudoalteromonas haloplanktis β-galactosidase [Hoyoux et al. 2001]. 

 

 
Figure 3.18: The isoelectric focusing gel for purified β-galactosidase from P. torridus 

DSM 9790 
Lane 1: standard proteins with known isoelectric points; Lane 2: P. torridus DSM 9790 purified β-

galactosidase. 

 

       1           2 pI 
 

9.6 

8.2 
 

8.0 

7.8 

7.5 
 

7.1 
 

7.0 
 

6.8 

6.5 
 

 
6.0 
 

5.1 
 

4.65 



Chapter 3                                               Picrophilus torridus DSM 9790 β-Galactosidase 

 

 - 88 -   

3.4.5.8 LC-MS/MS analysis 

The purified β-galactosidase from P. torridus DSM 9790 was sent to the Department of 

Biochemistry at the University of Cambridge for protein identification by LC-MS/MS 

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 β-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 β-galactosidase from the 

archaea P. torridus DSM 9790.  Figure 3.19 shows the protein sequence for the putative 

PTO1453 β-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 β-galactosidase from P. torridus 

DSM 9790 through LC-MS/MS analysis. 

 

 
Figure 3.19: The protein sequence for P. torridus DSM 9790 β-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 intracellular β-

galactosidase from P. torridus DSM 9790 

All application studies relating to the production of lactulose from P. torridus DSM 

9790 β-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 β-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} 45.72 ± 4.58 

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. 

 

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 (galacto-oligosaccharides) 

are formed.  Using this ratio 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 β-galactosidase with a ratio lactose:fructose of 1:5 (w/w) 
Total sugars % (w/v) Relative lactulose 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 bars indicate 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 a reduction 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 the time intervals 3 and 6 h. 

 

Table 3.14: Effect of different temperatures on lactulose production using P. torridus 

DSM 9790 β-galactosidase 
Temperature (°C) Relative lactulose production (%) 

 3 h 6 h 

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 bars indicate 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 at 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 β-

galactosidase 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 at 65 °C.  The temperature profile for this β-

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 DSM 

9790 β-galactosidase 

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 β-galactosidases 

isolated from S. solfataricus and A. oryzae, respectively.  At 16.0 IU/ml enzyme there is 

a slight decrease in lactulose production; this could be due the enzyme using lactulose 

as a donor 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). 

Enzyme activity (IU/ml) Relative lactulose production (%) 

1 13.41 ± 0.62 

2 35.39 ± 1.54 

4 49.42 ± 3.71 

6 65.56 ± 5.73 

8 68.98 ± 2.74 

12 100 ± 2.13 

16 98.36 ± 2.67 
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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 β-galactosidase with total 40 % (w/v) sugars 

using 12.0 IU/ml enzyme 
Lactose % (w/v):Fructose % 

(w/v) {w/w} 

Relative lactulose production (%) 

 3 h 6 h 

6.67:33.33 {1:5} 61.87 ± 4.98 61.94 ± 4.86 

13.33:26.67 {1:2} 75.09 ± 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 bars indicate 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 (% w/w)) is 

optimal.  It is probable that a low 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.  It would be 

desirable to re-optimise total sugar concentration, ratio of lactose to fructose, and 

enzyme to lactose ratio if a higher level of enzyme activity was available. 

 

The optimum conditions for lactulose production using the crude intracellular β-

galactosidase from P. torridus DSM 9790 were pH 5.5, 70 °C, 20 % (w/v) lactose and 

20 % (w/v) fructose, and 12.0 IU/ml enzyme for 6 h.  Chromatograms for production of 

lactulose under optimised conditions using this thermostable β-galactosidase 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 allow 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 (± 1.87) g/l (n = 3) lactulose was produced in 6 h with a 

productivity of 5.85 g/l/h.  The β-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, a lactulose yield (Ylactulose) of 17.56 % was calculated for 

the β-galactosidase in this study, which is significantly higher than that for the S. 

solfataricus enzyme (12.5 %).  These results indicate that the β-galactosidase from P.  
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Figure 3.20: Chromatographic results for the production of lactulose from P. torridus 

DSM 9790 β-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 β-galactosidase (peaks 1 and 6: buffer; peak 2: fructose; peak 9: lactose); D: 

Chromatogram for reaction of lactulose production from P. torridus DSM 9790 β-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 β-

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 Ylactulose 

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  

(Ylactulose 88 %).  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 β-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 β-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 β-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 β-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 β-galactosidase activity from P. 

torridus DSM 9790 is potentially more useful than several enzymes already 

characterised for such an application.  The challenge remains to find an expression 

system capable of producing high levels of active enzyme. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 Chapter 4: Alicyclobacillus vulcanalis DSM 16176 β-

Galactosidase 
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4.1 Introduction 

Alicyclobacillus species are a group of spore-forming, thermoacidophilic bacteria which 

are the major cause of spoilage of many fruit juice and fruit-based products [Zhang et 

al. 2013].  Several strains 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, California [Simbahan et al. 2004].  These aerobic microorganisms can 

use several di- and polysaccharides as a carbon source and, therefore, should be 

recognised as a rich 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 β-galactosidase [Di Lauro et al. 2008] already isolated from this 

thermoacidophile.  The latter enzyme has also been characterised from A. 

acidocaldarius subsp. rittmannii [Gul-Guven et al. 2007]. 

 

β-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 β-galactosidase activity and carrying 

out some preliminary application studies.  A β-galactosidase from A. vulcanalis DSM 

16176 was selected for purification and further study. 
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4.2 Methods 

4.2.1 Microbial strains 

Microbial 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 β-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 + MnSO4 

Alicyclobacillus contaminas 17975 Medium 13 + MnSO4 

Alicyclobacillus herbius 13609 Medium 13 + MnSO4 

Alicyclobacillus kakegawensis 17979 Medium 13 + MnSO4 

Alicyclobacillus shizuokensis 17981 Medium 13 + MnSO4 

 

4.2.2 Microbial culturing techniques and cell lysis 

Regeneration of the purchased microbial 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 µl of 

the liquid cultures were spread plated onto designated solid media and incubated at the 

strain’s optimum growth temperature for 24 h.  Serial 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 cells, as 

described in section 2.2.1. 
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Table 4.2: Medium 402 for selected Alicyclobacilli strains as outlined at www.dsmz.de 

Component  Quantity 

Solution A:  

CaCl2 x 2H2O 0.25 g 

MgSO4 x 7H2O 0.50 g 

(NH4)2SO4 0.20 g 

Yeast extract 2.00 g 

Glucose 5.00 g 

KH2PO4 3.00 g 

dH2O (for liquid medium) 1000.00 ml 

dH2O (for solid medium) 500.00 ml 

Adjust pH to 4.0 (with 2.0 M H2SO4)  

Solution B:  

ZnSO4 x 7H2O 0.10 g 

MnCl2 x 4H2O 0.03 g 

H3BO4 0.30 g 

CoCl2 x 6H2O 0.20 g 

CuCl2 x 2H2O 0.01 g 

NiCl2 x 6H2O 0.02 g 

Na2MoO4 2H2O 0.03 g 

dH2O 1000.00 ml 

Solution C:  

Agar 15.00 g 

dH2O 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 

MnSO4 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:  

CaCl2 x 2H2O 0.25 g 

MgSO4 x 7H2O 0.50 g 

(NH4)2SO4 0.20 g 

Yeast extract 1.00 g 

Glucose 1.00 g 

KH2PO4 3.00 g 

dH2O (for liquid medium) 1000.00 ml 

dH2O (for solid medium) 500.00 ml 

Adjust pH to 4.0/4.2 (with 2.0 M H2SO4)  

Solution B:  

Agar 15.00 g 

dH2O 500.00 ml 

Sterilise solutions separately.  For liquid medium use solution A as is.  For solid medium combine 500 ml 

solution A and 500 ml solution B.  For strains requiring MnSO4 for growth, include at a concentration (in 

both liquid and solid media) of 10 mg/l. 

 

4.2.3 β-Galactosidase assay 

The assay used for estimation of β-galactosidase 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. 
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4.2.4 Molecular biology protocols 

Molecular biology manipulations were carried out as per section 3.3.2.  Bioinformatic 

analysis, 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. 

 

4.2.4.1 PCR reactions 

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 β-galactosidase gene from A. vulcanalis 

DSM 16176 

Primers Restriction enzyme 

recognition site 

Tm 

(°C) 

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

For. 5’ CAGCAGGGATCCATGCGCAAATTTCCAGAGGG 3’ 

Rev. 5’ CAGCAGAAGCTTTTATCGCGCCGTTTCCGCG 3’ 

 

BamHI 

HindIII 

 

60 

62 

Primer set 2  for cloning into pProEX HTb with an N-terminal His-tag  

For. 5’ CAGCAGGAATTCGGATGGCCAAGACGCACCCT 3’ 

Rev. 5’ CAGCAGAAGCTTGAAATGAGTGAGCCATCCC 3’ 

 

EcoRI 

HindIII 

 

58 

58 

 

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

Temperature (°C) Time Number of cycles 

PCR conditions for amplifying A. vulcanalis DSM 16176 β-galactosidase using primer set 1 

98 2 min 1 

98 

67 

72 

30 s 

45 s 

2 min 

 

5 

98 

70 

72 

30 s 

45 s 

2 min 

 

30 

72 5 min 1 

PCR conditions for amplifying A. vulcanalis DSM 16176 β-galactosidase using primers set 2 

98 2 min 1 

98 

58 

72 

30 s 

45 s 

2 min 

 

35 

72 5 min 1 
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4.2.5 Protocol for purification of an intracellular β-galactosidase from A. 

vulcanalis DSM 16176 

The purification scheme employed for a native intracellular β-galactosidase from A. 

vulcanalis DSM 16176 involved five steps, as outlined below. 

 

4.2.5.1 Concentration of crude β-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 β-galactosidase 

was clarified by centrifugation at 12,000 rpm at 4 °C for 20 min, before being 

concentrated (typically 105-fold) using a 50 ml Amicon Stirred Ultrafiltration Cell as 

described in section 3.2.5.1. 

 

4.2.5.2 Ion exchange chromatography 

Ion-exchange chromatography was carried out as outlined in Amersham-Biosciences 

[2004].  Prior to column chromatography, the optimum pH for binding of concentrated 

β-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 β-

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

(section 2.2.3). 

 

4.2.5.3 Gel filtration chromatography 

This chromatographic technique was carried out as outlined in Amersham-Biosciences 

[2000].  Concentrated β-galactosidase 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 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 β-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.  β-Galactosidase containing fractions were pooled, assayed for 

total β-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 β-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 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 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 β-galactosidase 

activity, as per section 4.2.3 and protein concentration by absorbance at 280 nm was 

recorded by Biologic LP Dataview Software.  β-Galactosidase containing fractions were 

pooled, assayed for total β-galactosidase activity (section 4.2.3) and total protein 

content by Bradford assay (section 2.2.3). 
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4.2.5.5 Chromatofocusing chromatography 

Chromatofocusing was carried out according to Amersham-Biosciences [2004].  The 

pooled β-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 HCl) 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 β-galactosidase was eluted from the column when the descending 

pH gradient reached the isoelectric point of the enzyme.  Fractions were assayed for β-

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.  β-Galactosidase containing 

fractions were pooled, assayed for total β-galactosidase activity (section 4.2.3) and total 

protein content by Bradford assay (section 2.2.3). 

 

 

4.2.6 Characterisation studies on the purified β-galactosidase 

Characterisation studies were conducted on the purified β-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 

additional 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 agents on 

purified β-galactosidase 

The effect of metal ions on the activity of purified β-galactosidase was determined 

according to the modified method of Chakraborti et al. [2000].  The activity of the 

purified β-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
2+

, Mg
2+

, Mn
2+

, 

Ca
2+

, Zn
2+

, Hg
2+

, Co
2+

, Ni
2+

, Cd
2+

, Fe
2+

, and Fe
3+

 at concentrations of 1 mM (in ONPG 

substrate solution), and EDTA, DTT, and β-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 β-galactosidases was studied according to the modified method of 

Shaikh et al. [1999].  The activity of the purified β-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-NO2-phenyl substitutes of the following sugars: α-L-

arabinopyranoside, β-L-fucopyranoside, α-D-galactopyranoside, α-D-glucopyranoside, 

α-D-mannopyranoside, and β-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 Screening for 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 IU/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 Results and Discussion 

4.3.1 Identifying novel β-galactosidases from selected strains of Alicyclobacillus  

Microbial strains (Table 4.1) obtained from DSMZ were cultured as outlined in section 

4.2.2 and screened for both intra- and extracellular β-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 β-

galactosidase activity only.  Some initial characterisation of the crude enzymes was 

carried out in order to determine their physiological 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 crude intracellular β-galactosidases 

pH versus activity profiles were obtained for all crude intracellular β-galactosidases as 

described in sections 2.2.5.1.  Figures 4.1-4.3 show the pH profiles for crude 

Alicyclobacillus β-galactosidases.  It is evident from these pH profiles that all the β-

galactosidases show similar activity over the range of pH values used in this study.  

From Figure 4.1, it is clear that the β-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 profiles in Figure 4.2 for strains DSM 3922-3924 

are identical and very similar to that for DSM 14448, with all enzymes maximally 

active at pH 6.0.  These β-galactosidases have a narrower pH range, displaying little to 

no activity outside of the pH interval 5.5 to 7.0.  The pH profiles in 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, all 14 β-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 β-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 β-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 IU/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 β-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 IU/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 β-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 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. 

 

Temperature versus activity profiles were obtained for all crude intracellular β-

galactosidases as described in section 2.2.5.2.  It is evident from the temperature 

profiles (Figures 4.4-4.6) that these β-galactosidases show a relatively 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 almost 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 previously 

mentioned strains. 

 

DSM 3922-3924 and 14558 have very similar activity profiles with a lower 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 β-

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 β-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 β-galactosidases are similar 

those for β-galactosidases 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 β-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 IU/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. 

 

 



Chapter 4                                  Alicyclobacillus vulcanalis DSM 16176 β-Galactosidase 

 

 - 109 -   

0

20

40

60

80

100

120

25 30 35 40 45 50 55 60 65 70

Temperature (
o
C)

R
el

a
ti

v
e 

a
ct

iv
it

y
 (

%
) M

DSM 3922 DSM 3923 DSM 3924 DSM 14558
 

Figure 4.5: Temperature versus activity profile crude intracellular β-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 IU/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 4.6: Temperature versus activity profile crude intracellular β-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 β-galactosidase from A. vulcanalis DSM 

16176 

Although DSM 451 and DSM 452 had the highest temperature optima of 75 °C, they 

were not considered any further as β-galactosidases had already been characterised from 

closely related strains [Di Lauro et al. 2008, Gul-Guven et al. 2007].  DSM 16176, 

17981, and 17975 were all 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 β-galactosidase 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 β-galactosidase using homology 

cloning.  Furthermore, if high level expression of active DSM 16176 β-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 β-galactosidase from A. vulcanalis DSM 

16176, to allow overexpression of the target protein.  No sequence information was 

available for this organism so primers were designed based on the β-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 β-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 ali_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 β-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 major 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 Dh5α (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 β-galactosidase 

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 Dh5α at 37 °C for 4 h at 250 rpm, with 0.1 

mM IPTG 
Lane 1: protein MM marker; Lane 2: ali_16176a uninduced control; Lane 3: ali_16176a soluble cellular 

protein; Lane 4: ali_16176a insoluble cellular protein, Lane 5: ali_16176b uninduced control; Lane 6: 

ali_16176b soluble cellular protein; Lane 7: ali_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 β-galactosidase 

from A. vulcanalis DSM 16176, as under the circumstances this provided the most 

resource efficient means of obtaining a β-galactosidase from the alicyclobacilli in this 

work for characterisation studies. 

 

4.3.3 Purification of an intracellular β-galactosidase from A. vulcanalis DSM 

16176                            

For the purification of the intracellular β-galactosidase from A. vulcanalis DSM 16176, 

the bacteria was grown in 2.0 l of medium 402 supplemented with MnSO4 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 β-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 a volume of 19.0 ml.  There was a slight 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 β-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 β-galactosidase eluted over a volume 

of 24.0 ml.  A final wash step using 2.0 M NaCl eluted more strongly adsorbed 

contaminating proteins.  There was a large loss in total protein of 121.2 mg for this step, 

while the enzyme activity dropped by 148.8 IU 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. 
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Ion exchange chromatography was followed by gel 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 β-galactosidase 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 β-galactosidase from A. 

vulcanalis DSM 16176 on a gel filtration column containing Superdex 200 (section 

4.2.5.3) 

 

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 majority 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 a yield of 41.3 %.  The purification almost doubled to 5.0, indicating that 

a substantial 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 β-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 

β-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 typical chromatogram for a 

run for A. vulcanalis DSM 16176 β-galactosidase on this chromatofocusing column is 

represented in Figure 4.12. 
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Figure 4.12: Chromatogram for the further purification of β-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 β-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 major 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 β-

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 β-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 β-galactosidase from A. vulcanalis DSM 16176 

Purification step Volume 

(ml) 

Total 

protein 

(mg) 

Total 

Activity 

(IU) 

Specific 

Activity 

(IU/mg) 

Yield 

(%) 

Purifi- 

cation 

factor 

Crude extract 43.5 269.64 587.52 2.18 100 1 

Ultrafiltration 

/diafiltration 

19.0 174.12 479.84 2.76 81.67 1.27 

Ion exchange 72.5 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- 

focusing/ 

ultrafiltration 

1.08 0.144 34.60 240.28 5.89 110.22 

 

 

4.3.4 Characterisation of purified β-galactosidase from A. vulcanalis DSM 16176                                   

4.3.4.1 SDS-PAGE of purified β-galactosidase 

Crude and purified samples of β-galactosidase from A. vulcanalis DSM 16176 were 

analysed by SDS-PAGE as outlined in section 2.2.4.1.  The purified β-galactosidase 

migrated as a single band (Figure 4.13 – Lane 3), confirming the enzyme had been 

purified to homogeneity. 

 

 

 

Figure 4.13: SDS-PAGE of β-galactosidase from A. vulcanalis DSM 16176 
Lane 1: MM marker (mass indicated alongside); Lane 2: Crude enzyme; Lane 3: Purified β-galactosidase 

from A. vulcanalis DSM 16176 
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4.3.4.2 Native PAGE and activity staining of purified β-galactosidase 

Crude and purified samples of β-galactosidase from A. vulcanalis DSM 16176 were 

analysed 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 β-

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 β-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 β-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 β-

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 β-

galactosidase or a β-glucosidase.  It may be worth sending a sample for MS/MS analysis 

for identification. 

 

 

      

                                                      A                          B 
 

Figure 4.14: Native PAGE and activity staining of β-galactosidase from A. vulcanalis 

DSM 16176 
Gel A: Native PAGE of β-galactosidase - Lane 1: Crude extract; L2: Purified β-galactosidase from A. 

vulcanalis DSM 16176.  Gel B: Activity stained native PAGE of β-galactosidase - Lane 1: Crude extract; 

L2: Purified β-galactosidase from A. vulcanalis DSM 16176. 
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4.3.4.3 Molecular mass determination of purified β-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 β-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 β-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 β-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 β-

galactosidase 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 β-galactosidase is close to that of the P. torridus DSM 9790 β-

galactosidase (157 kDa), although the latter enzyme was found to be a trimer.  Another 

noteworthy example is the β-galactosidase from the extremely halophilic archaea 

Haloferax alicantei 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 β-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 β-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 β-galactosidase at more acidic 

pH values, and seems adapted to function under more neutral 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 β-galactosidase from 

A. vulcanalis DSM 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 β-galactosidase, 

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

 

The pH profile is similar to that reported for a β-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 all 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 

β-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 β-glycosidase (pH 5.5) [Di Lauro et al. 2006] 

 

The temperature profile for the purified A. vulcanalis DSM 16176 β-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 enzyme is 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 β-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 β-

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 β-galactosidase, 

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

 

The temperature optimum for this thermophilic β-galactosidase is within range of that 

reported for β-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, several intra- and extracellular 

enzymes from A. acidocaldarius have been shown to be optimally active between 60-85 

°C, including an α-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-β-1,4-glucanase (65 

°C) [Bai et al. 2010b], and a kumamolisin-like protease (60 °C) [Catara et al. 2006].  

Interestingly, the purified β-galactosidase had an identical temperature optimum to the 

β-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 β-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 β-galactosidase suited for use as a 

biocatalyst in high temperature industrial processes. 

 

4.3.4.5 pH and temperature stability profiles of purified β-galactosidase 

pH and temperature stability profiles for the purified β-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 almost full activity at pH 4.0 after 60 min, a 

physicochemical property which can likely be attributed to the low cytoplasmic pH of 

Picrophilus cells. 
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Figure 4.17: The stability of purified β-galactosidase from A. vulcanalis DSM 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 IU/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 β-galactosidase is rapidly inactivated but retains small 

relative activity levels (14 %) after 30 min. 

 

Although not as thermostable as the P. torridus DSM 9790 β-galactosidase (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 β-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 commercially used β-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 β-galactosidase from Kluyveromyces lactis has an 

even lower temperature optimum of 34 °C and loses half its maximal activity after less 

than a minute at 60 °C [Adalberto et al. 2010]. 
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Figure 4.18: The stability of purified β-galactosidase from A. vulcanalis DSM 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 corresponds to 0.64 IU/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 (Km and Vmax) of purified β-

galactosidase 

Kinetic characterisation of the purified enzyme was carried out as described in section 

2.2.5.5.  The kinetic properties Km and Vmax were determined for the purified β-

galactosidase 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 DSM 16176 β-galactosidase with ONPG as substrate 
The plot was graphed in GraphPad Prism and fit using non-linear regression, n = 3. 

 

 
Figure 4.20: Plot of substrate concentration versus enzyme velocity of crude A. 

vulcanalis DSM 16176 β-galactosidase with lactose as substrate 
The plot was graphed in GraphPad Prism and fit using non-linear regression, n = 3.  One unit of β-

galactosidase activity on lactose as a substrate was defined as the amount of enzyme capable of releasing 

1 µmol of glucose under the defined assay conditions. 
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Table 4.7: Estimated kinetic constants of A. vulcanalis DSM 16176 β-galactosidase 

with ONPG and lactose as substrates 

Substrate Km  

(mM) 

Vmax  

(µmol/min/ml) 

kcat  

(s
-1

) 

kcat/Km  

(s
-1

.mM
-1

) 

ONPG
a
 3.81 0.061 186.54 48.96 

Lactose
b
 425.3 1.31 ND ND 

a 
activity on ONPG determined using β-galactosidase assay, described in section 4.2.3. 

b
 activity on lactose determined as described in section 2.2.5.5. 

ND – not determined 

 

The Michaelis constants for the β-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 Km on ONPG is lower than those reported by 

Brady et al. [1995] and Cowan et al. [1984] for β-galactosidases from Kluyveromyces 

marxianus IMB3 (5 mM) and Thermus strain 4-1A (5 mM) but is similar to that 

determined for a β-galactosidase from Thermus thermophilus HB27 (3.5 mM) [Yan et 

al. 2010].  The Km for a β-galactosidase from A. acidocaldarius DSM 446 on ONPG 

(5.5 mM) is higher than that for the enzyme purified in this study but the Km is lower for 

lactose (60.8 mM).  The catalytic efficiency and turnover number for the A. 

acidocaldarius DSM 446 β-galactosidase is higher for ONPG (2,657 s
-1

 and 484 s
-

1
.mM

-1
, respectively) than the enzyme purified in this study (Table 4.7) [Di Lauro et al. 

2008].   

 

A β-galactosidase from A. acidocaldarius subsp. rittmannii has (on ONPG) a higher Km 

of 8.9 mM and a lower turnover number of 17.9 s
-1

 [Gul-Guven et al. 2007].  The Km on 

ONPG for the A. vulcanalis DSM 16176 enzyme is higher than that determined for the 

β-galactosidase from P. torridus DSM 9790, which had a Km 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 β-

galactosidase were higher than those determined for the P. torridus DSM 9790 enzyme.  

The estimated Vmax on ONPG for this enzyme (0.061 µmol/min/ml) is lower than that 

determined lactose (1.31 µmol/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 β-galactosidase 

The effect of various metal ions (cations) and other agents on the purified β-

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
2+

, 

which completely inactivated the enzyme. 

 

Table 4.8: The effect of various metal ions on the enzymatic activity of the β-

galactosidase from A. vulcanalis DSM 16176 

Metal ion Relative activity (%) 

Ca
2+

 100.6 ± 3.7 

Cd
2+

 98.8 ± 6.2 

Co
2+

 101.3 ± 3.2 

Cu
2+

 0 ± 0.1 

Fe
2+

 82.0 ± 5.8 

Fe
3+

 91.3 ± 3.9 

Hg
2+

 87.3 ± 2.6 

Mg
2+

 95.1 ± 1.7 

Mn
2+

 103.4 ± 1.3 

Ni
2+

 84.3 ± 5.4 

Zn
2+

 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 IU/ml for the 

purified β-galactosidase.  All metal ions were tested at 1 mM concentration. 

 

With the addition of Ca
2+

, Cd
2+

, and Co
2+

 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
2+

.  The addition of Fe
2+

 and Zn
2+

 reduced the activity of the enzyme by 

around 20%.  In the presence of Fe
3+

, Hg
2+

, Mg
2+

, and Ni
2+

, this β-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 β-

galactosidase.  A study by Chakraborti et al. [2000] found the activity of a β-

galactosidase from Bacillus sp. was not significantly affected by Ca
2+

 and Co
2+

, while 

the enzyme lost 91 % and 12 % relative activity when assayed in the presence of 1 mM 

Cu
2+

 and Fe
2+

, respectively. 
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The strong inhibitory effect of the divalent cation Cu
2+ 

has also been reported for β-

galactosidases 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 β-galactosidase from A. 

acidocaldarius subsp. rittmannii was similarly inhibited by Cu
2+

 at a concentration of 1 

mM, while Ca
2+

 and Mg
2+

 did not affect the enzyme [Guven et al. 2011].   Kim et al. 

[2006] examined the effects of various divalent cations on a β-galactosidase from S. 

solfataricus.  The metal ions Ca
2+

, Mg
2+

, and Mn
2+

 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
2+

. 

 

In addition to the fact that no significant activation was seen for the A. vulcanalis DSM 

16176 β-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, especially 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 β-galactosidase purified in this study are summarised in Table 4.9.  It would appear 

that the reducing agents β-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 β-

galactosidase from A. vulcanalis DSM 16176 
Agent Concentration (mM) 

 1 5 25 

β-Mercaptoethanol 95.8 ± 2.3 96.7 ± 1.1 98.0 ± 1.4 

DTT 100.8 ± 1.1 101.9 ± 2.5 106.3 ± 2.4 

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 IU/ml for the β-

galactosidase control. 

 

As seen in Table 4.9, β-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 %.  This is a relative modest increase, 

however, and it is likely that the active site of this β-galactosidase does not contain 

sulfhydryl groups.  Thiol proteins contain a highly reactive cysteine in the active centre 

which can be activated by reducing compounds.  This is in contrast to results published 

by Guven et al. [2011] who reported a 22 and 25 % increase in the activity of a β-

galactosidase from A. acidocaldarius subsp. rittmannii in the presence of 8 mM β-

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, specifically, it is not a metalloenzyme.  Another recent example of a metal-

independent β-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 β-galactosidase [Guven et al. 

2011].  Similarly, the β-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 (commercial 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 studies on purified β-galactosidase 

Inhibition studies were carried out on the purified A. vulcanalis DSM 16176 β-

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 β-

galactosidase from A. vulcanalis DSM 16176 

Inhibitor Concentration (mM) 

 5 25 50 

Fructose 74.7 ± 1.7 51.6 ± 1.7 33.4 ± 4.9 

Galactose 78.1 ± 0.9 42.6 ± 0.8 28.5 ± 0.8 

Glucose 98.4 ± 1.9 97.2 ± 1.7 96.1 ± 1.8 

IPTG 76.8 ± 1.1 60.8 ± 2.3 51.2 ± 0.3 

Lactose 88.3 ± 1.2 82.1 ± 1.5 77.1 ± 0.7 

Lactulose 86.9 ± 2.8 74.4 ± 2.4 60.1 ± 0.4 

Maltose 87.5 ± 2.8 85.0 ± 2.9 80.9 ± 0.4 

Sucrose 83.3 ± 3.5 87.2 ± 2.2 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 IU/ml for the β-

galactosidase control. 

 

The potential inhibitors used in this study included; fructose, glucose, galactose, 

isopropyl-β-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 β-

galactosidase in the presence of fructose, lactose, and lactulose, the former two being 

the sugars used in transglycosylation reactions and lactulose being a potential product of 

this reaction.  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 structurally 

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 β-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 β-
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galactosidase 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 β-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 β-

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 alternative substrate for β-

galactosidase [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 β-galactosidase from A. vulcanalis DSM 16176 was also inhibited by IPTG 

at each of the molar concentrations tested, with only half the activity of the enzyme 

remaining at 50 mM.  IPTG has been shown to inhibit a β-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 Michaelis constants for this enzyme on ONPG and lactose are considerably 

different.  This β-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-NO2-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 o-NO2-

phenyl-β-D-galactopyranoside (ONPG) but also of p-NO2-phenyl-β-D-

galactopyranoside (PNPG) (46 %) and p-NO2-phenyl-α-L-arabinopyranoside (21 %).  

No hydrolytic activity was observed against p-NO2-phenyl-β-L-fucopyranoside, p-NO2-

phenyl-α-D-galactopyranoside, p-NO2-phenyl-α-D-glucopyranoside, and p-NO2-

phenyl-α-D-mannopyranoside (Table 4.11). 

 

Table 4.11: Substrate specificity of a β-galactosidase from A. vulcanalis DSM 16176 

Substrate Relative activity (%) 

o-NO2-phenyl-β-D-galactopyranoside (ONPG) 100 ± 0.7 

p-NO2-phenyl-β-D-galactopyranoside (PNPG) 46.2 ± 0.8 

p-NO2-phenyl-α-L-arabinopyranoside 21.4 ± 0.3 

p-NO2-phenyl-β-L-fucopyranoside 0 ± 0.1 

p-NO2-phenyl-α-D-galactopyranoside 0 ± 0.0 

p-NO2-phenyl-α-D-glucopyranoside 0 ± 0.0 

p-NO2-phenyl-α-D-mannopyranoside 0 ± 0.0 

The relative activity with various p-NO2-phenyl glycosides were compared by measuring ONPG 

hydrolysis. 

 

It is evident from these results that the β-galactosidase from A. vulcanalis DSM 16176 

shows marked preference for β-D-anomeric linkages.  The enzyme showed greatest 

specificity for the ortho-substituted NO2-phenyl-β-D-galactopyranoside (ONPG).  On 

the para-substituted NO2-phenyl-β-D-galactopyranoside (PNPG), the enzyme exhibited 

less than half the maximal activity observed on ONPG.  Similar results have been 

reported for both β-galactosidases from Bacillus sp. MTCC 3088 [Chakraborti et al. 

2000] and Planococcus sp. [Sheridan and Brenchley 2000].  This β-galactosidase is not 

specific for β-D linkages, as activity was also observed on p-NO2-phenyl-α-L-

arabinopyranoside.  Activity on this substrate has previously been reported for β-

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 β-L and α-D linkages, 

which has also been observed by Chakraborti et al. [2000] for the β-galactosidase from 

Bacillus sp. MTCC 3088. 
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4.3.4.10 Determination of the isoelectric 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 pI was found to be 4.8, which is 

higher than the previously estimated pI of 4.2 (determined using chromatofocusing).  

However, chromatofocusing is generally regarded as a less reliable method in 

establishing a proteins pI, as discussed in section 3.4.5.7.  The isoelectric point of 4.8 

for the A. vulcanalis DSM 16176 β-galactosidase purified in this study is within range 

of β-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 β-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 β-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 β-galactosidase from A. acidocaldarius 

subsp. acidocaldarius DSM 446.  Figure 4.21 shows the protein sequence for the β-

galactosidase from A. acidocaldarius DSM 446 with the peptides identified from the 

protein purified from A. vulcanalis 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 β-galactosidase purified in this study.  Thus, the purified protein 

was found to share homology to a β-galactosidase from another strain of 

Alicyclobacillus, indicating that the enzyme purified to homogeneity in this work was a 

β-galactosidase from A. vulcanalis DSM 16176. 
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Figure 4.21: The protein sequence for A. acidocaldarius DSM 446 β-galactosidase with 

peptide matches from the protein purified A. vulcanalis DSM 16176 highlighted in red 

 

4.3.5 Investigation into the production of lactulose using an intracellular β-

galactosidase from A. vulcanalis DSM 16176 

The use of the β-galactosidase from A. vulcanalis DSM 16176 in the production of 

lactulose was investigated using highly concentrated crude enzyme (typically 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 β-galactosidase with a final enzyme 

concentration of 35.0 IU/ml.  A typical 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 (± 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 β-

galactosidase 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 β-galactosidase from Kluyveromyces 

lactis.  This yield is lower than that obtained using enzymes from other sources (Table 

1.7, page 30).  Specifically, the yield for the A. vulcanalis DSM 16176 enzyme is much 

lower than that reported using β-galactosidases from Sulfolobus solfataricus (12.5 %) 

[Kim et al. 2006], Aspergillus oryzae (32.5 %) [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 a typical reaction using the A. vulcanalis DSM  
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Figure 4.22: Chromatographic results for the production of lactulose from A. 

vulcanalis DSM 16176 β-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 β-galactosidase (peak 1: buffer; 2
nd

 peak at 10 min: fructose; peak 3: lactose); D: Chromatogram 

for reaction of lactulose production from A. vulcanalis DSM 16176 β-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 β-galactosidase, not all 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, 

this initial evaluation of the application of the β-galactosidase from A. vulcanalis DSM 

16176 for the production of this synthetic disaccharide appears promising. 
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4.4 Conclusion 

Herein, selected alicyclobacilli were identified as producers of intracellular β-

galactosidases displaying optimal activity at high temperatures.  The β-galactosidase 

from A. vulcanalis 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 β-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 

β-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 additional 

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, β-galactosidases from the thermoacidophiles P. torridus DSM 

9790 and A. vulcanalis DSM 16176 were selected for further investigation.  Extensive 

cloning strategies failed to yield biologically active recombinant enzyme and the 

proteins were purified from their native source.  The characterisation of these β-

galactosidases has not been previously reported in the literature.  The enzymes were 

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

Table 5.1. 

 

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

Physicochemical property P. torridus DSM 9790 A. vulcanalis DSM 16176 

Specific activity (IU/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 

Temperatureopt (°C) 70 70 

pH stability 96 % residual activity after 60 

min at pH 4.0 

64 % residual activity after 60 

min at pH 4.0 

Temperature stability 98 % residual activity after 60 

min at 70 °C 

50 % residual activity after 60 

min at 70 °C 

Km (mM) 1.82 (ONPG) 

225.6 (Lactose) 

3.81 (ONPG) 

425.3 (Lactose) 

Vmax (µmol/min/ml) 0.061 (ONPG) 

0.59 (Lactose) 

0.061 (ONPG) 

1.31 (Lactose) 

Isoelectric point 5.7 4.8 

Notes N/A 1 mM Cu
2+

 inactivates enzyme; 

not a metalloenzyme; marked 

preference for β-D-anomeric 

linkages 

 

Both enzymes were found to display novel properties that would be of both academic 

and industrial interest.  The enzymes were very thermophilic, sharing a high 

temperature optimum of 70 °C.  Activity at such high temperature indicates the 

importance of these extremozymes, especially when compared to more traditional 

enzymes sourced from mesophiles.  The P. torridus DSM 9790 β-galactosidase 

displayed maximal activity as low as pH 5.0, an unusual 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 novel 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 β-galactosidases are.  Owing to this property, these 

enzymes may be of interest for application in industrial processes requiring 

thermostable β-galactosidases.  The crude β-galactosidase activity from both P. torridus 

DSM 9790 and A. vulcanalis DSM 16176 was investigated for its potential in the 

production of lactulose at elevated temperature. 

 

Both strains produced β-galactosidase 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 Ylactulose 17.6 %.  The enzyme thus 

appeared to be more efficient in catalysing the transglycosylation of lactose into 

lactulose than several enzymes already 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 β-galactosidase 

from this archaea is produced.  Synthesis was not optimised for the crude enzyme from 

A. vulcanalis DSM 16176 but a production level of 8.38 g/l lactulose was observed, 

with Ylactulose 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 β-

galactosidases 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 chemical alkaline 

isomerisation of lactose in the presence of complexing agents. 

 

The thermophilic β-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 global market for these products due to 

the global lactose intolerance problem.  The β-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 β-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 potential 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 

β-galactosidases would facilitate further characterisation and application studies.  

Expression hosts worth further investigation, for recombinant production of the P. 

torridus DSM 9790 β-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 

β-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
TM

 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. vulcanalis DSM 16176 β-

galactosidase 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 β-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 β-

galactosidase (which could be elucidated by de novo sequencing) may be used to design 

a mixed oligonucleotide 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 structural 

work and would allow re-design of more traditional mesophilic enzymes.  So far the 

structure of select microbial β-galactosidases is available in the Protein Data Bank but 

these are predombinantly from mesophiles.  The structures of thermophilic β-

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

galactosidase PTO1259 

 

Protein sequence (Protein ID: YP_024037.1) 

MHIRFINGFMSGFHLGYLQNNKNLPENSDWYQWTHDKNVRMMNYIRDGYPEDNKIEYLNDNVIRDLHDNN

FNLIKIDMDWPSLFPDGTGDINCDVKFNDKGDVIDISMNDRLFNDLRRAADDGIVEKYYNFIENARSHGI

KTMVTLYDGVLPLWLHDPLDTNKNIFKSERSGWLNKNIVAEFAKYAYYISRRINNADFYITINNGNDIIN

HGYLYGNLDGYPPGISGYDASIISMRNMAYSHNIAYKILSGINKTGISVSYNNYIPYDEASIEIADYTGY

LMNKLILFNSLYGLFDNDLSNRFDERRINEFHGSDFIEIDYSGNICTKYTGQDVLPLPLRFTFMPVCPDN

NVEPMMERAIYDLYSSFKFDLFTGEKFPGNDDKRLEFIKRSLIDVHKSMNFVKIIGNIYSTLYDGYEFSK

GFAERCGMIDIKNNKKDSFYLYSKIINDGIDEK 

 

Gene sequence (Gene ID: 2844921) 

1 atgcatataa gatttatcaa tggttttatg tccggctttc atttgggcta tttacagaat 

61 aataaaaatt taccagaaaa cagcgactgg taccagtgga cacatgacaa aaatgtgaga 

121 atgatgaact atatcaggga cggatacccg gaggataata aaattgaata tctcaatgat 

181 aatgttataa gggatctgca tgataataat tttaatttaa taaaaataga catggactgg 

241 ccatccctat ttccggacgg aaccggcgat ataaactgcg atgtgaaatt taatgacaag 

301 ggtgacgtca tagatatatc aatgaacgac aggcttttta atgatctaag gagggccgcc 

361 gatgatggta ttgttgaaaa gtattataat ttcatagaaa atgcaaggtc acatggcatt 

421 aaaacaatgg ttacacttta cgatggcgtt cttccattgt ggcttcacga tccccttgat 

481 acaaataaaa atatctttaa atcagaaaga tcgggctggc taaataagaa cattgttgct 

541 gaatttgcaa agtatgcata ttatatatca agaagaataa acaatgcaga tttttatata 

601 acaataaaca atggcaatga tattataaat catggatatt tatacggaaa tcttgatggc 

661 tatccaccag ggatatcggg ctacgatgca tcgataattt ccatgaggaa tatggcatat 

721 tcgcataata ttgcatataa gattctatca gggataaata aaacaggcat atcggtatca 

781 tataacaatt acataccata cgatgaggct tccattgaaa ttgcagatta caccggttat 

841 ttaatgaata aattgatttt atttaattct ctctacggtc tatttgataa tgatctatca 

901 aacagatttg atgagaggag aataaatgaa ttccatggtt cagattttat tgagattgat 

961 tactcaggaa acatttgtac aaaatacaca ggccaggatg tattgccctt gcctttaaga 

1021 tttacattca tgcctgtctg ccctgataat aatgttgagc ccatgatgga aagggccatt 

1081 tacgatttat attcatcatt taaattcgat ctatttacag gtgaaaagtt tcctggaaat 

1141 gatgataaaa gattggaatt tattaaaaga tcactaattg atgttcataa atcaatgaat 

1201 ttcgttaaaa tcattgggaa tatctactca acgctgtatg atggctatga gttttcaaag 

1261 ggctttgccg aacgctgcgg tatgattgac ataaaaaata ataaaaagga ttcattttat 

1321 ctttattcga aaataatcaa tgacggaata gatgaaaaat aa 
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5.2 Appendix B: Protein and gene sequence for P. torridus DSM 9790 putative β-

galactosidase PTO1453 

 

Protein sequence (Protein ID: YP_024231.1) 

MLPKNFLLGFSLAGFQSEMGISDPDSNSDWWLWVHDPVNIRTGLVSGDLPENGIGYWDLYKKYNGLAVQT

GMNAARLGVEWSRIFPKSTEEVKVMEDYKDDDLISVDVNEGSLEKLDRLANQKAINRYMEIFNNIKENNM

TLIVNVYHWPIPIYLHDPIEARNSGLSNKRNGWLNHKTVVEFVKYAKYLAWKFSDVADMFSIMNEPNVVF

GNGYFNVKSGFPPAFPSVHGGLLAKKHEIEAIARSYDAMKEITKKPVGLIMANSDVQPLTDEDKEAAEMA

TYNDRYSFIDPLRVGEMKWADEVTAGNPIGEKSNIDRSDLKNKLDWIGVNYYTRAVVKKSGNGYTTLKGY

GHSATAGMPSRAGRDVSDFGWEFYPEGLVNVLSSYWKRYHIPMIVTENGVADSIDRLRPRYLVSHIKSVE

KALSMGMDIRGYLHWSLIDNYEWASGFSMKFGLYGIDLNNKKIQHRPSALVFKEIANANGVPEEFEWMAD

QHQNS 

 

Nucleotide sequence (Gene ID: 2845087) 

1 atgttaccca agaacttttt acttggcttt tctctggctg gctttcagtc tgaaatgggc 

61 atatcagatc ctgatagcaa ttcagattgg tggttatggg tacatgaccc ggtgaatata 

121 aggactggac ttgtatctgg tgacttacct gaaaatggaa taggatactg ggatctttac 

181 aaaaaatata atggtctggc tgttcaaaca ggaatgaatg ctgcaaggct tggagttgaa 

241 tggagcagga tatttccaaa aagtactgaa gaagtaaagg tgatggaaga ttacaaagat 

301 gatgatttaa tttccgtgga tgttaatgag ggaagtcttg aaaaacttga cagactggca 

361 aatcaaaagg caattaatag atatatggaa atcttcaata atatcaagga aaataatatg 

421 acgctaatag tgaatgttta ccattggcca ataccaatat atcttcacga tccaatagaa 

481 gctaggaata gtggactttc aaataaaaga aatggctggc ttaatcataa aaccgttgtg 

541 gaatttgtaa aatatgcaaa atatctggca tggaaattta gcgatgtggc agatatgttt 

601 tctataatga atgagccaaa cgttgtattt ggtaatggat attttaatgt taaatcaggg 

661 ttcccaccag catttccaag tgtgcatggc ggtttgcttg caaaaaaaca tgaaattgag 

721 gctatagcaa gatcatacga cgccatgaag gagattacaa aaaaaccagt tggtctaatt 

781 atggcaaatt cagatgtaca accactaaca gatgaggata aagaagcagc agaaatggct 

841 acttacaatg atcgctattc attcatagat ccgctaagag ttggtgagat gaaatgggct 

901 gatgaggtta ctgcaggtaa tccaattggt gaaaagagca acatcgatag atctgatcta 

961 aaaaataagc tagactggat aggtgttaac tattatacaa gggccgttgt aaaaaaatct 

1021 ggaaacggat atacaacatt aaaaggatat ggacactctg caaccgctgg catgccaagt 

1081 agggccggaa gggatgtaag tgactttggc tgggaattct atccagaagg tcttgtaaac 

1141 gtcttatcat catactggaa aagatatcac attccaatga ttgtgactga aaatggtgtt 

1201 gctgactcta ttgatagact tagaccaagg taccttgtgt cacatataaa gtctgttgaa 

1261 aaggctttat ctatgggtat ggatattagg ggatatcttc actggtctct gattgataac 

1321 tatgaatggg catcaggttt ttcaatgaaa tttgggcttt atggtattga tttgaacaat 

1381 aaaaagattc aacacagacc aagtgcactg gtatttaaag aaattgcaaa tgccaacgga 

1441 gtcccggagg aatttgaatg gatggcagac cagcatcaga attcatga 

 

 



   

5.3 Appendix C:  BLASTP results for sequences producing significant alignment with putative β-galactosidase PTO1453 from 

P. torridus DSM 9790 



   

5.4 Appendix D:  BLASTP results for sequences producing significant alignment with putative β-galactosidase PTO1259 from 

P. torridus DSM 9790 
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5.5 Appendix E: Peptide summary report for LC-MS/MS analysis on a protein 

purified from P. torridus DSM 9790 

 



 

 - 165 -   

 

 



 

 - 166 -   

 



 

 - 167 -   

 



 

 - 168 -   

 

 



 

 - 169 -   

 



 

 - 170 -   

 

 

5.6 Appendix F: Peptide summary report for LC-MS/MS analysis on a protein 

purified from A. vulcanalis DSM 16176 
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