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1. INTRODUCTION AND AIM

Enzymes, also known as biological catalysts or biocatalysts, accelerate biochemical reactions
in living organisms. They can be extracted from cells and used to catalyse a wide range of
commercially significant reactions. Enzymes play important roles in a variety of industrial
applications, such as sweetener production, antibiotic modification, and the manufacture of
washing powders and cleaning products. They are also necessary components of analytical

devices and assays used in clinical, forensic, and environmental settings (Robinson, 2015).

Enzyme purification is a critical step in enzyme biotechnology, it is the process of removing
impurities such as other proteins, nucleic acids, lipids, and small molecules from crude enzyme
preparations obtained through microbial fermentation or tissue extraction. Purification
increases the enzyme's specific activity, making it more efficient and cost-effective for
industrial applications. Furthermore, purification improves enzyme stability, extends shelf life,
and ensures consistent performance across batches. Purified enzymes are easier to characterise,
which leads to a better understanding of their properties such as enzyme kinetics, substrate
specificity, pH, and temperature optimums. This knowledge is critical for optimising process
conditions and increasing enzyme performance. Furthermore, purified enzymes are required
for biomedical applications such as diagnostic assays, drug development, and gene cloning,

where contaminants in crude enzyme preparations can produce incorrect results.

B-Galactosidase, an enzyme with widespread industrial applications, plays a crucial role in the
hydrolysis of lactose into its constituent monosaccharides, glucose, and galactose. This
enzymatic activity has significant implications across various industries, including food, dairy,
pharmaceuticals, and biotechnology. In the food industry, B-galactosidase hydrolyzes lactose
in milk and dairy products, making them suitable for lactose intolerant individuals. It is also
used in the production of low-lactose or lactose-free dairy products like cheese, yoghurt, and
ice cream, which improves digestibility and expands market reach. Furthermore, [-
galactosidase has potential applications in biotechnology, particularly in glycobiology. It is
used to enzymatically synthesise galactooligosaccharides (GOS), which have prebiotic

properties and are used as functional food ingredients and dietary supplements.



Probiotic microorganisms have garnered significant attention as potential sources for industrial
enzyme production, including B-galactosidase. These microorganisms have several advantages,
including their GRAS (Generally Recognised as Safe) status, robustness, and ability to produce
high levels of B-Galactosidase under appropriate fermentation conditions. Limosilactobacillus
fermentum, formerly known as Lactobacillus fermentum, is a probiotic bacterium that can be
found in fermented foods and the gastrointestinal tracts of both humans and animals. It produces

[-galactosidase during metabolism, making it a promising candidate for industrial production.

In this context, the optimization of fermentation and purification processes for f-galactosidase
produced by Limosilactobacillus fermentum is of paramount importance. This thesis explores
the potential of Limosilactobacillus fermentum LFO08 as a source for industrial f-galactosidase
production and help in developing an efficient fermentation and purification protocol for highly
pure and active enzyme preparations. However, depending on the enzyme's properties, unique
challenges may arise during the purification process. These challenges may include enzyme
insolubility and loss of enzyme activity. While several traditional and modern methods exist to
address these issues, enzyme purification remains a significant challenge (Dako et al. 2012).
Classic methods include salting out, chromatography, and dialysis, whereas more recent
approaches use affinity chromatography, ultrafiltration, and protein engineering techniques.
Despite the availability of these methods, determining the best purification strategy and
optimising purification conditions for a specific enzyme can be difficult and time-consuming.
Furthermore, the purification process must be closely monitored to ensure the preservation of

enzyme activity and stability while achieving the desired level of purity.

The objective of this thesis is to assess the purification protocol for B-galactosidase obtained
from the probiotic strain Limosilactobacillus fermentum LFO08. The purification process
consists of several steps, including enzyme fermentation, cell disruption, ammonium sulphate
saturation, dialysis, and FPLC chromatography. The study aims to evaluate the efficacy of each
purification step and its impact on enzyme purity and activity by calculating purification
factors. Furthermore, the study seeks to determine the best conditions for key purification steps
like ammonium sulphate saturation and enzymatic cell lysis. Finally, the study aims to identify
potential modifications to the purification protocol that will improve enzyme stability and
overall purification efficiency, aiming to enable more effective enzyme isolation in future

applications.



2. LITERATURE REVIEW

2.1 B-galactosidase overview

2.1.1 Definition and specificity

“A p-galactosidase (EC 3.2.1.23, p-D-galactoside galactohydrolase), commonly known as
lactase is known to catalyze, not only hydrolyze -D-galactoside linkage of lactose or other f3-
galactosides into monosaccharides, glucose and galactose but also has transgalactosylation
activity to synthesize galactooligosaccharides”(Lee, 2008). It is well-known for its uses in the
dairy and food industries, where it can be used to produce a variety of goods, including
galactooligosaccharides , allolactose, and hydrolyzed lactose milk (Ruiz-Ramirez & Jiménez-
Flores, 2023).

Such an example of B-galactosidase application is found in carbohydrates that contain galactose
in which the glycosidic bond is positioned above the galactose molecule itself. Studies
conducted by Huber and Gaunt in 1983 also have shown that f-galactosidases exhibit substrate
specificity, acting on diverse molecules such as ganglioside GM1, lactosylceramides, lactose,
and various glycoproteins. Although the enzyme is very specific for D-galactose (Huber’ &
Gaunt, 1983). The 2,3 and 4 positions of hydroxyl groups on the galactose molecule are crucial
to its function, B-galactosidase also catalyses reactions with 3-D-galactopyranosides with an
oxygen glycosidic (Lederberg, 1950).

Moreover, for the enzyme to catalyse the reaction the hydroxyls need to be present in the correct
orientations in the mentioned position. Under certain circumstances, such as very high sugar
concentrations or the absence of particular hydroxyl groups at different positions,
B-galactosidase catalyses the conversion of D-glucose into other sugars like
D-galactopyranose, L-arabinopyranose, D-fucopyranose, and D-galactal in the reverse reaction
(Huber’ & Hurlburt, 1986). In addition, p-nitrophenyl-a-L-arabinopyranoside and
p-nitrophenyl-B-D-fucopyranoside are also substrates for [-galactosidase; however, their
binding efficiency is low, and their pace of reaction is slower than that of other substrates
(Loeffler et al., 1979).



Consequently, sugars that have undergone modifications at the D-galactose's C6 hydroxyl
position are still substrates, although poor ones, while sugars that have changed anywhere else
(aside from D-galactal) are inert. The reason D-galactal interacts is because it produces a
relatively stable covalent intermediate when Glu537 combines with the C1 with a concomitant
proton addition at the C2 location (Otieno, 2010). As a result, 2-deoxy-galactose is formed and
covalently bonded, which is released after hydrolysis. The covalent entity combines with
glucose in the reversion reaction at high D-galactal and glucose concentrations (Juers et al.,
2000).

2.1.2 Hydrolytic and transgalactosylation activities of f-galactosidase

In the hydrolysis reactions it catalyses, B-galactosidase first binds to the substrate lactose and
changes its conformation to fit the substrate into its active site (Figure 1a). Particular amino
acid residues in this active site help to break the glycosidic bond in lactose between glucose
and galactose. Concurrently, glucose is released from the active site and the galactose moiety
Is moved to a nucleophilic acceptor molecule to form an enzyme—galactosyl complex.

Lactose is effectively broken down into its component monosaccharides by this process,
allowing the cell to use them. The enzyme's adaptability in catalysing trans-galactosylation
reactions as well as hydrolysis is demonstrated by the transfer of the galactosyl group to an

acceptor molecule, which aids in lactose metabolism and cellular homeostasis (Otieno, 2010).

Conventional application for LFM

(a)

Non-conventional application for LFM

Figure 1. B-galactosidase enzyme's catalytic mechanism using lactose as substrate: The
formation of the enzyme—galactosyl complex (a); the hydrolytic reaction (b); and the
transgalactosylation mechanism (c). Lactose-free milk (LFM), glucose and galactose are
denoted by the letters Glu and Gal respectively (Liburdi & Esti, 2022).
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If water serves as the acceptor molecule, galactose is obtained as one of the products along with
glucose. The enzyme catalyzes the transfer of the galactosyl group from lactose to a water
molecule, which results in the formation of galactose and the release of glucose (Figure 1b)
(Otieno, 2010).

Apart from water, the medium's lactose can also act as an acceptor molecule in the
[-galactosidase-catalyzed transgalactosylation process. In these conditions, the enzyme
promotes the synthesis of galactooligosaccharides rather than hydrolyzing lactose into glucose
and galactose (Figure 1c). This happens when the enzyme creates GOS products by moving a
galactosyl group from one lactose molecule to another. The source of the enzyme and the
particulars of the reaction determine which of the two processes is preferred:
transgalactosylation or hydrolysis. At the same lactose concentration, different enzymes
produce different amounts of GOS due to their varied affinities for water and saccharides
(Zarate & Lopez-Leiva, 1990) .

2.1.3 Structure of B-galactosidase

A variety of factors, including variations in quaternary structure, gene regulation, organism-
specific modifications, and evolutionary differences, can cause variations in p-galactosidase
structures across different sources. The three-dimensional structures and amino acid sequences
of these enzymes vary because they have independently evolved throughout the evolutionary
history of various animals.

One of the recently studied B-galactosidase enzyme is from Lacticaseibacillus casei which is
one of the most often used probiotic Lactobacillus species. It is anticipated that the GH35
protein (GnbG) derived from L. casei BL23 is 6-phosphobeta-galactosidase (EC 3.2.1.85).
According to crystal structure study, subsite -1 of LBCZ_0230 is not suited for binding to
6-phospho-B-D-galactopyranoside since its structure is highly similar to that of Streptococcus
pneumoniae B-galactosidase BgaC (Figure 2). Based on these structural and biochemical tests
it can be concluded that LBCZ 0230 is a 3-galactosidase (Saburi et al., 2023).
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Figure 2. Structural analysis of LBCZ_0230, Similar monomers, four of which make up
LBCZ_0230, found in an asymmetric unit. In solution, chains A and C, as well as B and D,
form stable dimers. Three domains make up the monomer of LBCZ 0230: two f-domains
that come after the catalytic domain and the (B/o)8-barrel catalytic domain. (Saburi et al.,

2023).

Matthews (2005) conducted studies on E.coli B-galactosidase, which is a tetramer of four
identical 1023-amino acid chains. Each chain has five domains, the third of which makes up
the majority of the active site and is an eight-stranded a/p barrel. Nonetheless, parts of this site
come from different subunits and domains. One of the subunit interfaces is formed in part by
the polypeptide chains' N-terminal regions.

When combined, these characteristics offer a structural foundation for the widely recognised
characteristic of a-complementation. The creation of a covalent galactosyl intermediate with
Glu537 is the first step in the catalytic process, which involves both "deep" and "shallow™ types
of substrate binding. The four monomers of the tetramer, arranged around three two-fold axes
of symmetry that are mutually perpendicular. One could think of these axes as forming three
unique interactions involving various monomer pairs. Monomer A contributes its Domain 2
loop to complete Monomer D's active site, as shown in Figure 3. Similarly, a loop from
Monomer A's active site is completed by Monomer D. Monomer B and C also reciprocally
donate and receive each other, resulting in a total of four functioning active sites. Based on their
clear separation, these active sites most likely function separately (Matthews, 2005).

Mg?* and Na* are both necessary for p-galactosidase to function at its highest level (Wallenfels
& Weil, 1972).
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Figure 3. View of the B-galactosidase tetramer (Juers et al., 2000).

In the active site of both crystal forms of the native enzyme, a magnesium ion was found. The
higher-resolution structure also revealed a number of additional potential Mg?* binding sites,
although no functional importance was assigned to them. Five potential locations for binding
potassium were found through studies of crystals soaked in potassium and rubidium. The

remaining ones are on the protein's surface, with one being in the active site (Juers et al., 2000).
2.1.4 Microbial sources of p-galactosidase

B-Galactosidase is present in fungi, yeasts, and bacteria. However, Aspergillus and
Kluyveromyces are usually the most widely used sources of -galactosidase for commercial and
industrial purposes. These microorganisms have a number of benefits for large-scale
production, such as strong growth traits, simplicity in cultivation, and high enzyme yields.
Thus, lactose hydrolysis, transgalactosylation, and galactooligosaccharide synthesis are just a
few of the processes that use P-galactosidase, which is derived from Aspergillus and
Kluyveromyces, extensively in food processing and other industries (Zhou & Chen, 2001).
Lactic acid-producing bacteria are widely utilized as probiotics due to their numerous beneficial
effects.



These microbes are essential for defending the host against dangerous germs, bolstering the
immune system, increasing feed digestibility, and easing metabolic disorders (Naghmouchi et
al., 2020). Probiotics such as Lactobacillus and Bifidobacterium species are well known and
often used because of their ability to support gut health and general well-being. Additionally,
these bacteria are excellent providers of -galactosidase. From a variety of bacterial strains
Bifidobacterium infantis CCRC14633, Bifidobacterium longum CCRC 15708, and
Bifidobacterium longum CCRC15708 have shown exceptionally high -galactosidase enzyme
activity (Hsu et al., 2007).

Significantly for their involvement in the production of different fermented milk products are
lactobacilli that were isolated from the gastrointestinal tract of piglets. Furthermore,
[-galactosidase obtained from swine strains of lactobacilli exhibits the ability to break down
lactose in cow's milk. The ability of the colon's microbiota to ferment intestinal lactose is
indicated by the activity of [-galactosidase. Because of the vital role this enzyme plays in
lactose digestion and general gut health (He et al., 2008).

Additionally, different yeast species have different potentials when it comes to providing
[-galactosidase for different industrial uses. Namely, p-galactosidase has been identified from
microbial sources such as Saccharomyces lactis (Yashphe & Halvorson, 1976). Tolulopsis
versatilis M6, Tolulopsis sphaerica J28, Candida pseudotropicalis B57, and A60 (Itoh et al.,
1982) , and fungal strains like Rhizomucor pusillus (Panesar et al., 2018).

Furthermore, the capacity to produce B-galactosidase has been characterised in yeast strains
linked to domestic alcohol production in Northeast India (Das et al., 2017). The properties of
bacterial, yeast and fungal B galactosidase are presented in Table 1.

The superior efficiency and robustness of B-galactosidases derived from fungal and yeast
sources make them the preferred option for industrial applications. Due to their high catalytic
activity, lactose can be hydrolyzed or transgalactosylated quickly and effectively. They also
exhibit exceptional resistance to pH and temperature variations, which makes them ideal for
use in a variety of industrial processes that might be harsh. In industrial applications like dairy
processing, food production, and bioremediation, their stability under a range of environmental
conditions guarantees consistent performance and prolonged enzyme activity, all of which

contribute to increased productivity and cost-effectiveness (Movahedpour et al., 2022).
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Table 1. Properties of bacterial, yeast and fungal p-galactosidases (Saqib et al., 2017).

Microorganism Location Temperature pH
Bacteria

Escherichia coli Intracellular 40 7.2
Lactobacillits thermophilus Intracellular 55 6.2
Bacillus circulans Intracellular 56 6.5
Leuconostoc citrovorum Intracellular 65 6.0
Yeast

Kluyveromyces lactis Intracellular 30-35 6.5-7.0
Klhuyveromyces fragilis Intracellular 30-35 6.0
Fungi

Aspergillus niger Unknown 55 3.5-45
Kluyveromyces fragilis Cell bound  35-45 6.3-6.5
Aspergillus foetidu Extracelluar 66-67 3.5-4.0
Aspergillus orvzae Extracellular 55-60 4.5-5

2.2 Limosilactobacillus fermentum as a producer of 3-galactosidase

Species belonging to the Lactobacillus genus rank among the most significant in terms of
human nutrition and food microbiology. Certain species are employed as probiotics, vaccine
carriers, and food preservatives in addition to being capable of producing fermented foods
(Salvetti et al., 2012). Gram-positive bacteria of the species Limosilactobacillus fermentum are
present in a variety of environment, such as dairy products, fermenting plant materials, and
fermented cereals. Usually, it takes the form of rod- or coccoid-shaped cells. Since this
bacterium produces a range of metabolites, it is regarded as heterofermentative. It can live in
both aerobic and anaerobic conditions because of its tolerance to some amount of oxygen.
Furthermore, L. fermentum has been found in environments like sewage, manure, and faeces
(Dowarah et al., 2018).

Strains of Limosilactobacillus fermentum have been demonstrated to benefit the host's
antioxidant and anti-inflammatory systems in both experimental and clinical trials. In diabetic
conditions, these effects help to improve glucose homeostasis (Lacerda et al., 2022).

Two neighbouring genes, lacL (encoding the large subunit) and lacM (encoding the small
subunit), which share 17 overlapping nucleotides, encode the LacLM B-galactosidase present
in Lactobacillus fermentum K4. This enzyme is closely related to other B-galactosidases found

in Lactobacillus species, according to phylogenetic analysis (Liu et al., 2011).
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The probiotic strain Lactobacillus fermentum CM33, which was isolated from healthy infants,
was selected because of its capacity to generate 3-galactosidase.

This bacterium produces -galactosidase with transgalactosylation activity, which enables the
synthesis of galactooligosaccharides , and it displays other traits that are characteristic of
probiotics. It is expected that these GOS will work in concert with the living cells of L.

fermentum CM33 to create a symbiotic nutraceutical formulation (Sriphannam et al., 2012).

2.3 Lactose operon

Genes in prokaryotic organisms frequently form operons, which contain multiple coding
regions controlled by a single promoter. Operons typically contain genes required in the same
metabolic pathway. This collective regulation enables the cell to efficiently control entire
pathways, activating and deactivating them as needed. This streamlined regulation improves
cell efficiency and adaptability by optimizing metabolic processes and coordinating gene
expression.

The lac operon is made up of three adjacent coding regions: lacZ, lacY, and lacA (Figure 4).
Each gene plays a specific role in lactose metabolism. LacZ encodes B-galactosidase, which
breaks down lactose into simpler sugars. LacY encodes lactose permease, which helps lactose
molecules move into the bacterial cell. The lac operon tightly regulates the expression of these
genes, resulting in efficient lactose utilization. LacA, which encodes lactose acetylase, serves
a less obvious function and is generally less important for lactose metabolism (Clark &
Pazdernik, 2013). LacZ gene-encoded p-galactosidase, found in bacteria like E. coli, carries out
three essential enzymatic functions that are vital for lactose metabolism. First, it catalyses the
hydrolysis of lactose, converting it into glucose and galactose, which the body can use for
glycolysis to produce energy. Second, allolactose, a crucial inducer molecule, is formed when
lactose is trans-galactosylated with the help of B-galactosidase. Thirdly, it converts galactose
and glucose back into allolactose. The significance of allolactose lies in its ability to bind to the
lac repressor protein, releasing it from the lac operator region of the lac operon. The
transcription of the lacZY A genes, including lacZ, is made possible by this release. As a result,
the production of [-galactosidase is induced by the accumulation of allolactose, thereby
facilitating efficient lactose metabolism and creating a positive feedback loop. Thus, through
the feedback loop mediated by allolactose, [B-galactosidase not only facilitates lactose
utilisation but also regulates its own expression (Huber et al., 1976).

12
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Figure 4. Diagram describing p-galactosidase's roles within the cell (Huber’ & Hurlburt,
1986).

2.4 Application of B-galactosidase in the Food Industry

B-galactosidase is widely used in food processing, dairy processing, and pharmaceutical
applications as a biocatalyst for lactose hydrolysis. For example, whey, a byproduct of making
cheese, has a high (4-4.5%) lactose content that makes it difficult to digest and is frequently
thrown away, which pollutes the environment. [3-galactosidase helps to hydrolyze lactose in
whey so that, once the rate reaches 80%, it can be converted into feed or other useful products
(Du et al., 2022).

Essential applications of B-galactosidase are transglycosylation activity to synthesise prebiotic
galactooligosaccharides, also the production of milk with low concentration of lactose and
lactose free milk or dairy products for lactose intolerance affecting 75% of the global
population caused by B-galactosidase enzyme deficiency that is crucial for lactose breakdown
(Liburdi & Esti, 2022).

2.4.1 Galactooligosaccharides production

Blends of linear and branched oligosaccharides with degrees of polymerization (DP) ranging
from 2 to 8 are known as galactooligosaccharides . Lactose is the substrate used by microbial
[-galactosidases to synthesise these compounds (Lu & Xiao, 2017).
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The transfer of galactosyl groups from lactose to lactose molecules or to hydrolysates like
glucose or galactose is catalysed by B-galactosidases. The product of this sequential transfer
process is a mixture of galactooligosaccharides (Lu et al., 2020). GOS can be synthesised in
free or immobilised forms using [B-galactosidases. Enzyme immobilisation is especially
appealing for large-scale synthesis due to its ability to be reused, enhance stability, and facilitate
product separation (Panesar et al., 2018).

GOS generated by B-galactosidases consist of a blend of transgalactosylated oligosaccharides,
along with residual unreacted lactose, glucose, and galactose. Yeast cells have the capacity to
ferment these mixtures because they can utilize lactose and monosaccharides separately. High-
purity oligosaccharides are produced as a consequence of this fermentation process, which can
be used to treat intestinal disorders or by people with diabetes.

An important source of low-glycemic-index carbohydrates for dietary management and
medicinal applications is the enrichment of oligosaccharides in the fermentation product, which
is made possible by the yeast cells' selective consumption of lactose and monosaccharides
(Aburto et al., 2018).

Recently, an advanced system has been created that allows a single organism to be used for the
synthesis and purification of high-purity galactooligosaccharides. Kluyveromyces lactis cells
are treated with ethanol in this system to improve substrate entry and product release (Figure
5). These treated cells are then cultured with lactose to produce GOS. After ethanol treatment,
the resultant product mixture is fermented with active K. lactis cells to eliminate unwanted
lactose, galactose, and glucose. During fermentation, ethanol is simultaneously produced and
can be recycled for the first cell treatment. This novel strategy provides an effective and

recyclable way to produce GOS with purity levels higher than 95% (Sun et al., 2016).
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Figure 5. High-purity GOS is synthesised by sequentially using K. lactis cells that are
permeated and active (Lu et al., 2020).

2.4.2 Whey utilisation

Whey is a byproduct of cheese making that includes minerals, proteins, and lactose. Some of it
is disposed of, contaminating water, in many developing countries, even though some is used
for permeates and protein concentrates. Whey, on the other hand, can be processed to yield
useful products like ethanol and B-galactosidase, which is increasingly employed in the
production of lactose-free products and has advantages for the environment and the economy
(Kokkiligadda et al., 2016). The hydrolysis of lactose in whey permeate into glucose and
galactose is one possible application for whey utilisation and this can be accomplished through
using immobilized B-galactosidase (Ryan & Walsh, 2016). When compared to lactose alone,
hydrolyzed lactose solutions have a greater sweetening power. This is because the relative
sweetness of sucrose is roughly 80% for glucose and 60% for galactose and because of their
increased sweetness, hydrolyzed lactose solutions are used in a variety of industries, including
the manufacturing of soft drinks, ice cream, and confections. They could take the place of corn

syrup or sucrose in these goods (Génzle et al., 2008).

Two important byproducts of milk processing are milk whey (MW) and milk whey permeate
(MWP). Making use of B-galactosidases' transgalactosylation activity is a great way to increase
the value of these co-products. Using immobilised -galactosidase, this enzymatic method
allows for the synthesis of galactooligosaccharides , providing a viable method to enhance MW
and MWP (Hackenhaar et al., 2021).
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2.5. Enzyme fermentation

Enzymes for industrial use are produced through the process of fermentation. It makes use of
microorganisms like yeast and bacteria. Submerged fermentation and solid-state fermentation
are the two primary fermentation techniques used to produce enzymes (Renge et al., 2012).
Enzyme production is affected by a number of fermentation parameters, including
B-galactosidase. The ideal temperature for B-galactosidase activity, as well as other factors like
incubation time, temperature, inoculum level, moisture content, starting pH, agitation speed,
and fermentation medium size, are some of them (Akcan, 2018).

In an investigation to look into the production of galactooligosaccharides from lactose by
Lactobacillus bulgaricus strain 43's -galactosidase. At a pH of 6.5 and a temperature of 55°C,
the enzyme showed maximum activity. Furthermore, its activity was boosted by the presence
of Mg?*, Mn?*, and Ca?" ions (Arsov et al., 2022). Fermentation parameters for
B-galactosidase production in Lactobacillus leichmannii 313 (ATCC 7830™) were also
investigated. The initial pH ranged from 5.5 to 7.5, and the incubation temperature ranged from
30 to 55 °C. Tested carbon sources included lactose, galactose, fructose, sucrose, and glucose.
Initial pH of 7.0 and 15.29 g/L of lactose were found to be the optimal conditions for maximum

[-galactosidase production (Deng et al., 2020).

2.6. Enzyme purification

Enzyme purification is essential for understanding the structural and functional properties of
an enzyme and predicting its potential applications. The intended use of the enzyme determines
the necessary level of purity. Achieving the highest yield of the desired enzyme with the best
catalytic activity and purity is the aim of purification techniques. Numerous purification
techniques that are frequently employed in lab research can be expanded for use in industrial
scale.

These techniques include precipitation and different chromatographical steps as gel filtration
chromatography and ion-exchange chromatography, as well as centrifugation, ultrafiltration,
diafiltration. Every technique has its own advantages and can be customised to meet the needs
of the purification process as well as the unique properties of the enzyme (Bajpai, 2014).
During the first stages, it is advised to use simple and affordable purification techniques,
particularly when working with large volumes. More advanced and expensive methods can be

used as the volume drops.
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Three essential requirements should be satisfied by an effective purification plan: 1) reaching
a high level of purity at the end; 2) preserving a high level of overall enzyme activity recovery;
and 3) guaranteeing that the purification procedure is repeatable. These requirements are crucial
for getting pure enzymes that are appropriate for a range of uses, all the while maximising yield

and preserving consistency between batches (Salem, 2001).

2.6.1. Cell Disruption of Gram-positive bacteria

Gram-positive bacteria have thick mucopeptide layers in their cell walls, which are also referred
to as peptidoglycan networks. These strains of lactic acid bacteria include Lactobacillus,
Streptococcus, Lactococcus, Leuconostoc, and others. This polymeric substance greatly
increases the cell wall's rigidity. It is composed of N-acetyl-D-glucosamine and N-acetyl-
muramic acid units that alternate and are linked together in polysaccharide (glycan) chains via
B-(1-4) linkage (Wicken, 1985). Intracellular products from microbial cells can be released
using a variety of techniques (Figure 6), such as mechanical, physical, chemical, enzymatic,

and combination approaches.

Cell Disruption
Mechanical methods Non-mechanical methods
| | |
in suspension as solid physical chcmfical biological
pressure mechanical -hcat| -alkali -lysozyme
I agitation -freezing -acid -Cytophaga
HPH -osmotic -detergents lysing enzymes
colloid mill shock -solvents -mutanolysin
impingement -dessication  -EDTA -autolysis
-gas de- -antibiotics -phage
] 1 compression -chaotropic -wall inhibitors
grind pressure -ulrasonic agents
| cavitation
-bead mill Hughes press -hydrodynamic
-mortar + X-press cavitation
pestle

Figure 6. The classification of techniques reported in the literature (Harrison, 1991).
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The type of intracellular products and the microbial species used determine how effective these
techniques are. The selection of a technique is contingent upon various factors, including the
microorganism's type, the target product's characteristics, and the desired level of purity
(Geciova et al., 2002).

Lysozyme is one example of an enzymatic lysis agent; it works by hydrolyzing the cell walls
of certain Gram-positive bacteria, such as lactic acid bacteria (LAB). By cleaving B 1, 2, 3, and
4 linkages between N-acetylglucosamine and N-acetylmuramic acid components of the
bacterial cell wall's peptidoglycan structure, lysozyme accomplishes this (Carrillo et al., 2014).
On the other hand, it has been shown that treating a suspension of Gram-positive bacteria with
two volumes of acetone at 4°C for five minutes, and then treating the suspension with 0.1
volumes of 1% SDS, can release proteins in a manner similar to that which is obtained by
sonication or agitation with glass beads (Harrison, 1991).Another study suggests that by using
varying concentrations of Tris buffer, EDTA, and lysozyme, researchers can optimize the lysis
process to achieve optimal release of intracellular components from different microbial species
(Brown et al., 1962).

One technique that is frequently used for protein purification is the French press cell disruptor.
This method of mechanical cell disruption can effectively lyse cells and extract proteins with a
low levels of oxidation or proteolysis. The French press cell disruptor causes the cells to break
and discharge their contents by quickly applying strong pressure to them. The quality and purity
of the extracted proteins are increased as a consequence of this method's shown ability to lower
extract viscosity brought on by genomic DNA contamination and cell debris (Grabski, 2009).
Furthermore, the French press cell disruptor has been employed in conjunction with additional
methods, such lysozyme pretreatment and sonication, to enhance the subsequent purification

processes of certain proteins, like mecasermin (Haddad et al., 2015).
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2.6.2. Precipitation with ammonium sulphate

The process of "salting-in" occurs when globular proteins become more soluble when salt is
added at concentrations lower than 0.15 M. However, protein solubility usually decreases at
higher salt concentrations, leading to precipitation. Salting-out is the term used to describe this
opposite effect (Green & Hughes, 1955).

Ammonium sulphate precipitation is thought to be one of the mildest protein precipitation
methods available, with very few exceptions. On a large scale, it usually does not result in
significant denaturation or loss of protein activity (Rahman et al., 2014). This method helps to
purify the enzyme by enabling its selective precipitation and separation from other substances
(Jakoby, 1971).

Ammonium sulphate precipitation is a widely used method for purifying p-galactosidase
enzyme. This technique involves adding different concentrations of ammonium sulphate to the
enzyme solution, resulting in the precipitation of the protein. For instance, purified the enzyme
from Leuconostoc mesenteroides using ammonium sulphate concentrations of 40%, 50%, and
60% (Priadi et al., 2018). Also utilized ammonium sulphate precipitation to purify
[-galactosidase from Lactobacillus brevis PLA28 (Bhalla et al., 2018). Gnanakani isolated and
partially purified B-galactosidase from Streptococcus thermophilus using ammonium sulphate

precipitation at a concentration of 70% (Gnanakani et al., 2013).

2.6.3. Dialysis

Dialysis is an essential procedure for the concentration and purification of enzymes. This
technique uses a semipermeable membrane to separate molecules according to size (Figure 7).
By allowing only the small molecules to diffuse through selectively permeable membranes,
conventional dialysis isolates small molecules from large molecules. Dialysis is typically used
to alter a solution containing macromolecules by adding salt (small molecules) (Andrew et al.,
2002). After the first concentration step, precipitation with ammonium sulphate, in the
purification of [3-galactosidase, dialysis is mainly used to remove salt. It is usually carried out
in diafiltration mode, makes it easier to remove salts using ion-exchange chromatography

elution and precipitation.
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Figure 7. Scheme of the UF system used for B-galactosidase concentration: (1) nitrogen
cylinder with valve; (2) pressure control; (3) ultrafiltration cell; (4) stirrer; (5) collector; (6)
refrigeration (Lemes et al., 2023).

2.6.4 Fast protein liquid chromatography (FPLC)

A chromatographic method called fast protein liquid chromatography (FPLC) was created to
purify proteins with excellent repeatability and resolution. It uses glass or plastic columns filled
with small-diameter beads to provide a high loading capacity. Aqueous buffers are used as the
mobile phase in FPLC to enable a range of chromatography modes, such as gel filtration and
ion exchange, etc. The system uses a pump to regulate high flow rates, usually between 1 and
5 mL/min, at low buffer pressure. Through charge interaction in one buffer and elution in
another, proteins can bind to the resin. FPLC is adaptable for both analytical and preparative
applications, handling samples of purified proteins ranging in size from milligrams to
kilogrammes (Pontis, 2017). Using multiple chromatographic steps is often necessary to
achieve a high level of purity in protein purification. Numerous methods are available, such as
hydrophobic interaction chromatography, gel filtration, affinity chromatography, and anion and
cation exchange chromatography, which can be performed at various pH levels. With careful
application, each of these methods can improve the purification process and help the target
protein reach the appropriate degree of purity (Asenjo & Andrews, 2009).

B-galactosidase has been purified through the use of gel filtration and chromatography in
numerous investigations. In the purification procedure of 3-galactosidase (Hussien & Doosh,
2022) precipitated the protein by ammonium sulphate, which was then followed by gel filtration

chromatography using a Sephadex G-100 column and ion-exchange chromatography.
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Using Streamline DEAE resin in conjunction with pH and ionic strength parameter
optimisation, ion-exchange chromatography was effective in obtaining stable B-galactosidase
from Kluyveromyces lactis. With NaCl concentrations ranging from 0.1 to 0.4 M, the f-
galactosidase fraction was effectively eluted, yielding 51.65 + 0.17%. (Carvalho et al., 2022).
Percival and co-workers (2019) partially purified p-galactosidase from a novel probiotic
Bacillus subtilis SK09 using ion exchange chromatography with DEAE cellulose column. The
partially purified enzyme's specific activity was 137.02 U/ml, demonstrating how well ion
exchange chromatography worked to purify the enzyme.

2.6.5 B-Galactosidase stabilisation

In applied and basic enzymology, "enzyme stabilisation™ is an important field. Understanding
the fundamentals of enzyme stabilisation in basic enzymology requires examining the reasons
and mechanisms behind enzymes' loss of biological activity. Understanding the relationships
between structure and stability in enzymatic molecules is necessary for this. The main goal of
applied enzymology is to effectively use biocatalysis to produce valuable compounds
(Gianfreda & Scarfi, 1991).

Common methods include enzyme immobilisation, which involves attaching enzymes to solid
supports, chemical modification with cross-linking agents, pH and temperature optimisation,
the addition of stabilising agents such as sugars and salts, water removal via lyophilization, and
encapsulation within microspheres or nanoparticles. Immobilisation on supports such as
Immobead modified with acid or glutaraldehyde (Eberhardt et al, 2020). When immaobilised on
glyoxyl-agarose, novel B-galactosidases from Lactobacillus plantarum demonstrated great
activity and stability (Rosado et al, 2022). When B-galactosidase is immobilised on Amberlite
MB-150 beads, the enzyme preparation is significantly stabilised and nearly loses none of its

activity over a 12-month period at room temperature (Dwevedi & Kayastha, 2009).
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3. MATERIALS AND METHODS

3.1 Materials

3.1.1. Microorganism

The applied probiotic Limosilactobacillus fermentum LFO8 strain was purchased from
Probiotical S.p.A.

3.1.2 MRS for bacteria growth and fermentation
For the purpose of growing the bacteria, the probiotic strain was added to a flask containing a
modified MRS medium with the composition shown in Table 2. After the preparation, the flask

was autoclaved for 15 minutes at 121°C.

Table 2. Composition of lactose containing MRS medium.

Component Amount
Lactose 209
Protease- peptone 10g
Beef extract 89
Yeast extract 49
Sodium- acetate 5¢
Triammonium-citrate 29
Dipotassium-hydrogen-phosphate 29
Tween 80 Iml
Magnesium sulphate 0.29
Manganese sulphate 0.05g
Distilled water 1000 ml
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3.1.3 Buffers and solutions

e 4-Nitrophenyl-p-D-galactopyranoside substrate
50 ml of distilled water was used to dissolve 0.0225 g of 4-nitrophenyl B-D-
galactopyranoside to prepare the substrate. The substrate was stored in a refrigerator at

4°C for further use.

e Sorensen buffer (pH 6.5)
The following ingredients were used to make the Sorensen buffer at pH 6.5: KH2PO4
at a concentration of 9.0178g/L and Na,HPO4*12 H»O at a concentration of 23.876g/L.

e Cetyl-trimethyl-ammonium bromide solution
The preparation of the solution for cell lysis the concentration of 0.45 mg/ml cetyl-
trimethyl-ammonium bromide (CTAB) was used.

e 0.1 N Na2COzsolution
0.1 N Na2COz was used for stopping the enzyme reaction. 5.13g Na,COs was dissolved
in 1000 mL distilled water.

3.2 Methods

3.2.1 Enzyme fermentation

The fermentations are initiated by inoculating Erlenmeyer flasks containing 100-500 mL
modified MRS medium - based on the experimental design - with 1 v/v% cell suspensions of
one-day inoculum. For enzyme fermentation, we modified the carbohydrate content of MRS
medium (Table 2) by supplementing it with a 1:3 glucose: galactose ratio with a final sugar
concentration of 0.5%. After that, these flasks were incubated for 16 hours at 37°C. After

fermentation, the samples were refrigerated at 4°C until further use.

3.2.2 Enzyme activity assay

Because the B-galactosidase is an intracellular enzyme, the activity was determined after cell
disruption. The enzyme activity is determined using the artificial substrate p-nitrophenyl-p-D-
galactopyranoside (pNPG).
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When the enzyme hydrolyzes the substrate, p-nitrophenol is released, and because of this, the
solution takes on a yellow colour. The absorbance of released p-nitrophenol is measured by a
spectrophotometer. A pH 6.5 Sorensen buffer was used during the activity assay. The reaction
mixtures for determination of the enzyme activity were prepared according to the instructions
given in Table 3. The enzyme activity test starts by pre-incubating the tubes at 50 degrees for
5 minutes. The reaction was started by the addition of 0.2 ml of suitable diluted sample. After
5 minutes of reaction time, 5.0 ml of 0.1 N Na2COs was added to the tubes to stop the reaction.
A spectrophotometer was used to measure absorbance at 405 nm.

Table 3. Composition of the reaction mixture for enzyme activity assay.

Distilled water [ Substrate Buffer Enzyme solution
(ml) (mli) (ml) (mli)
Zero blank 0.7 - 0.3 -
Substrate blank 0.2 0.5 0.3 -
Enzyme blank 0.5 - 0.3 0.2
Sample - 0.5 0.3 0.2

The following equation was used to measure the enzymatic activity:

U= (A sample — A enzyme blank — A substrate) * dilution * reaction volume
- enzyme volume x* reaction time * 2.995

A unit of enzyme activity (U) is defined as the amount of enzyme that, at the specified reaction

conditions (50°C, pH 6.5), is capable of releasing one umol of p-nitrophenol per minute.

3.2.3 Bradford method for protein content determination

The Bradford method is a commonly used assay for determining protein content in samples. It
is predicated on the equilibrium between several Coomassie Blue G dye forms (Tantray et al.,
2023). This assay involves binding protein molecules to Coomassie dye under acidic
conditions, causing a colour change from brown to blue. This method detects the presence of
basic amino acid residues (arginine, lysine, and histidine) that contribute to the formation of

protein-dye complexes. This method used Bio-Rad's protein dye reagent.
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10 pl of the sample was added to 200 pl of the dye. The sample was left with the dye for 2

minutes and after that, the absorbance was measured at 595 nm.

The following equation was used or determine the protein content:

(A sample — A blank) * dilution factor
0.6246

Protein content (mg/mlL) =

3.2.4 Cell lysis by chemical disruption

To determine the optimal ammonium sulphate saturation, the cells were resuspended in 20 ml
Sorensen buffer, and lysis buffer (CTAB - cetyl-trimetyl-ammonium-bromide) was added in
ratio 2:1.

3.2.5 Cell lysis by enzymatic digestion

Lysozyme was added to washed and homogenised cells to release the enzyme from the cell
wall. A 40 mg/ml lysozyme solution was prepared and 300 ul of this solution was pipetted into
2 ml samples. The applied temperatures and reaction time were set based on the experimental

design.
3.2.6 Purification of B-galactosidase

Several steps and techniques were used to purify the enzyme including cell lysis by enzymatic
digestion and mechanical cell disruption, ammonium sulphate precipitation, dialysis and

chromatography.

3.2.6.1 Cell lysis by mechanical disruption

Following the primary fermentation of 500mL, cells were harvested by centrifugation at 10.000
rpm for 10 minutes at 4°C, then they were washed three times with 10mL of Sorensen buffer
(pH 6.5). The washed cells were dissolved in 20 ml of buffer and then subjected to mechanical
disruption using the French press, the enzymatic activity was measured and the sample was

refrigerated at 4°C until further purification steps.
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3.2.6.2 Protein precipitation with ammonium sulphate

Following cell disruption, the refrigerated sample was supplemented with the appropriate
amount of ammonium sulphate (Table 4) under continuous stirring until the desired saturation
percentage was reached. The mixture was then refrigerated overnight, allowing the precipitate
to develop. The precipitate was then collected and dissolved in a 2 ml Sorensen buffer (pH 6.5),

and then kept refrigerated for further purification steps.

Table 4. Ammonium sulphate saturation and respective concentrations.

Ammonium sulphate Ammonium sulphate
saturation (%o) concentration (g/L)
1 65% 430g/L
2 70% 472 g/L
3 75% 516 g/L
4 80% 561 g/L
5 90% 662 g/L
6 100% 767 g/L

3.2.6.3 Dialysis

Dialysis with Sorensen buffer (pH 6.5) was used to remove salts after precipitation. An Amicon
Ultrafilter with a 10 kDa cutoff value was used. Throughout the procedure, pressure was

applied from above, and the entire process was carried out on ice to ensure cooled conditions.

3.2.6.4 Chromatography

To purify the substance, first ion exchange chromatography was performed. A column of
Amersham Biosciences Q Sepharose was connected to the Pharmacia Biotech FPLC system,
which included a high-precision pump P-500, a Pharmacia Biotech UV-MII detector, and an
LCC-501 Plus controller. During ion-exchange chromatography, the mobile phase consisted of
Sorensen buffer (pH 6.5) and Sorensen buffer (pH 6.5) with 1 M NaCl. The flow rate was kept

at 4 ml/min and the fraction size was 4 ml.
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3.2.7 Evaluation of protein purification

Protein purification outcomes are assessed across various parameters, encompassing enzyme
activity (U/ml), protein content (mg/ml), specific activity (U/mg), and yield (%). The
determination of total enzyme activity and total protein content involves utilising the sample

volume and available data for enzyme activity and protein content, respectively.

Specific activity serves as a crucial metric for evaluating enzyme purity. This metric is derived
by dividing the total activity of the protein by the total protein content obtained throughout all
purification steps. A higher specific activity indicates a more refined enzyme preparation,
whereas a lower value may suggest partial enzyme inactivation or the presence of impurities.

Essentially, specific activity serves as an indicator of purification success.

In contrast, yield reflects the overall quantity of product obtained. It is anticipated to diminish
after each purification step due to inherent losses within the process.
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4. RESULTS AND DISCUSSION

4.1 Enzyme fermentation

This phase aims to maximise the synthesis of -galactosidase by considering the effect of
multiple parameters such as the pH, the optimum inoculum size, and fermentation time. A study
by Zhang and colleagues (2021) on the production of high-purity galactooligosaccharides
suggested that the optimal fermentation parameters for Lactobacillus-derived B-galactosidase
are 35°C, pH 7.0, and 400 g/L lactose concentration. Furthermore, a study on different
Lactobacillus strains by Wang and Sakakibara (1996) suggested the inoculation with 1% of
starter cultures for each strain and incubated at 37°C for 16 hours to obtain the highest activity
of B-galactosidase crude. Vasudha and Gayathri (2023) found that the B-galactosidase from
Lactiplantibacillus plantarum activity was high at pH 7.0 and a temperature of 37 C. According
to Mahadevaiah et al. (2020) on the optimal production of -galactosidase from Lactobacillus
fermentum, among the different carbon sources used, L. fermentum was found to produce the
highest B-galactosidase on galactose compared to lactose, glucose, sucrose, fructose and
maltose. Additionally, Arukha et al. (2014) determined that when glucose is used in
combination with galactose it increases enzyme production.

However, Hristovski et al., (2024) determined that the highest B-galactosidase activity from L.
fermentum LFO8 is achieved using glucose and galactose as carbon at a ratio of 1:3 after 1%
(v/v) inoculation and fermentation for 16 hours at 37°C . These parameters were applied during
my experiment and 7.229 U/mL cells B-galactosidase activity was achieved after 16 hours

fermentation.

4.2. Determination of the optimal saturation of ammonium sulphate

This approach makes protein extraction easier and is regarded as the gold standard in
purification operations. Optimal ammonium sulphate saturation can considerably boost enzyme
purification, resulting in higher specific enzyme activity and protein content after precipitation
(Karaboga & Logoglu, 2019). After fermentation at optimum conditions, the cells were
chemically disrupted with CTAB solution. After cell lysis the samples were centrifuged and
the supernatant was supplied with different saturations of ammonium sulphate to determine
which saturation will result on the highest B-galactosidase activity. Figure 8 presents the effect

of the concentration gradient from 65% to 100% of ammonium sulphate on the enzyme activity.
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Figure 8. B-Galactosidase activity after precipitation with different saturations of ammonium
sulphate

The results reflect that the highest B-galactosidase activity was obtained at 75% saturation with
ammonium sulphate. This result correlates to other findings, according to Al-easawi and
colleagues (2015) the highest specific activity of B-galactosidase was achieved at 70%
saturation, Gnanakani et al. (2013) also used the same 70% saturation to purify f-galactosidase
from streptococcus thermophilus while 80% saturation was used to purify the enzyme from
Lactobacillus strains Mozumdel et al. (2011) and Lactobacillus leichmannii 313 (Xu et al.,
2020). Higher concentrations of ammonium sulphate can cause excessive precipitation of the
enzyme and contaminants, resulting in decreased yield. Conversely, lower concentrations may
not effectively remove all contaminants or precipitating the entire enzyme, resulting in impure
enzyme preparations (Green & Hughes, 1955). Accordingly, 75% ammonium sulphate

saturation is used for further purification steps in larger scale.
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4.3 Optimization of cell disruption

As chemical disruption by CTAB was used to determine the optimal ammonium sulphate
saturation. However, one concern with CTAB lysis buffer is that it is poor at releasing the
intracellular enzyme. The enzyme is attached to the cell wall, which causes inefficiency.

CTAB lysis buffer is inefficient at breaking down the cell wall, resulting in low enzyme release.
For successful extraction, alternate lysis procedures that efficiently destroy the cell wall, such
as lysozyme treatment or sonication, may need to be investigated. We tested the efficiency of
lysozyme and the mechanical disruption using the French press for cell disruption. In this part

of the results, we will discuss our findings regarding this.

4.3.1 Enzymatic digestion by lysozyme

Lysozymes are hydrolytic enzymes that cleave B-(1,4)-glycosidic bonds in peptidoglycan, a
key structural component of bacterial cell walls. This hydrolysis process weakens the cell wall's
integrity, resulting in bacterial lysis. Lysozyme works by targeting, hydrolyzing, and breaking
down the muco polysaccharide portion of the bacterial cell wall. Similarly, this enzyme can
degrade glycosidic linkages in chitin (Nawaz et al., 2022). Lysozyme treatment has been
extensively used to release bacterial biomass and [-galactosidase purification by Chanalia et
al, (2017) and Sangwan et al, (2014). This test aimed to determine the most effective incubation
temperature for lysozyme to achieve the highest enzyme activity, Figure 9 shows the effect of

incubation temperature on the enzymatic activity.
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Figure 9. Enzyme activity against the lysozyme incubation temperature
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The figure illustrates that the highest 3-galactosidase activity was achieved when lysozyme was
incubated with the sample at 45°C for 4 hours. The effect of lysozyme on cell lysis is influenced
by many factors and parameters, the choice of the used concentration parameter of lysozyme
was based on a study of Hristovski, (2020) where he found that 40 mg/ml resulted in the highest
enzymatic activity. A study on lysis techniques for Gram-positive bacteria also found a
correlation between reaction time and lysozyme concentration with lysis efficacy (Chassy &
Giuffrida, 1980). The lysis effect of lysozyme is usually assessed with the supplementation of
EDTA which has an accelerated influence on the process (Brown et al., 1961). Dias and co-
workers (2015) studied the effectiveness of lysozyme on Lactobacillus strains. They used LiCl
pre-treatment on the cells to remove the protein from the cells' surface and found it to be
effective similar to the addition of 20% (v/v) ethanol. Lysozyme may not always be the most
successful approach for protein purification because it is selective to bacterial cell walls, lacks
specificity for other organisms, may not fully lyse cells, can contaminate the sample, and may
not offer sufficient purity. Other purification methods provide more selectivity and purity for

certain proteins.

4.3.2 Mechanical disruption by the French press

Mechanical cell disruption techniques, such as the French press, offer a high potential for
extracting intracellular materials from a wide range of microorganisms. These methods allow
for the optimization of parameters to increase extraction yield, and they are relatively quick and
do not involve the use of toxic chemicals, making them safer and more efficient options for
enzyme extraction. During the investigation of the optimum ammonium sulfate saturation, the
CTAB method of cell lysis resulted in enzyme activity before precipitation of 1.663 U/mL,
whereas the enzyme activity before precipitation was 7.229 U/mL using the French press
method.

Factors such as microorganism form, cell wall structure, size, and thermolability all contribute
to the efficacy of these approaches (Nemer et al., 2021). Given these advantages and the higher
resulting enzyme activity, the French press method was preferred over chemical and enzymatic

alternatives.
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4.4 B-galactosidase purification by Limosilactobacillus fermentum LFO08

We used multiple procedures to purify B-galactosidase, including ammonium sulphate
precipitation, dialysis, and FPLC chromatography. Each approach had a distinct purpose in the
purifying process. Ammonium sulphate precipitation enabled the initial isolation of the enzyme
by selectively precipitating proteins depending on their solubility.

Dialysis helped remove contaminants and undesirable chemicals from the enzyme containing
ammonium sulphate after the precipitation. Finally, FPLC chromatography allowed for high-
resolution separation of the enzyme from remaining impurities, confirming the purity and
quality of the finished product. This multi-step process ensured that p-galactosidase was
thoroughly purified, satisfying the needs of a variety of research and industrial applications.

Figure 10 summarises the purification steps and techniques used.

Enzyme Fermentation
(16 hours, 37°C)

Cell Disruption ( French Press)

Ammonium sulphate precipitation  (75% saturation)

BIEWAS (Sorensen buffer pH 6.5)

Chromatographical step (lon exchange)

Figure 10. Steps of the purification process of B-galactosidase from L. fermentum LF08

4.4.1 Dialysis

Following ammonium sulphate precipitation, dialysis is used to remove salts and small
molecules from the sample before concentrating and exchanging it into a buffer suitable for
further protein purification and characterization. Following this process, the sample undergoes
a 10-fold dilution, and an activity assay reveals enzyme activity of 1.49 (U/ml).
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4.4.2 Evaluation of chromatography stage

FPLC is a type of high-performance chromatography that uses small-diameter stationary phases
to attain high resolution. Originally intended for proteins, it includes high loading capacity,
biocompatible buffers, quick flow rates, and a variety of chromatography modes. Automation,
such as autosamplers and gradient control, ensures consistent separations. FPLC has a wide
range of applications, including proteins, oligonucleotides, and plasmids. Anion exchange in
proteins is a typical FPLC experiment (Madadlou et al., 2016).

Following dialysis, the sample underwent ion exchange chromatography. The resulting
fractions were tested for absorption at 280 nm as -galactosidase contains tryptophan residues,
absorption at 280 nm is employed to measure its quantity and purity. Microplates were also
employed to test f-galactosidase activity at 405 nm.

Furthermore, evaluating FPLC results entails analysing peak patterns of the mentioned
absorption values and grading purity based on peak shape and size, ensuring separation
efficiency and calculating yield.

The sample was loaded for the run in two parts from the equal volume under the same exact
running conditions and the two resulting chromatograms were analysed. Figure 11 graphically
displays the findings of measuring enzyme activity at 405 nm and protein concentration in the
samples at 280 nm.
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Figure 11. lon-exchange FPLC chromatogram for B-galactosidase purification (first run)
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In the initial fractions of the first run, the chromatogram indicates increased absorption at 405
nm of 0.1581, coinciding with the highest recorded activity. Conversely, absorption at 280 nm
indicates lower protein concentrations during this phase, with larger quantities detected in later
fractions. This could suggest that the earlier fractions show better purity of f-galactosidase.
Additionally, the overlapping peaks in absorption readings (A280 and A405) could indicate
that other proteins in the sample could potentially contribute to the observed enzymatic activity
peaks. These observations differ slightly during the second chromatography run of the sample
illustrated in Figure 12.
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Figure 12. lon-exchange FPLC chromatogram for [3-galactosidase purification (second run).

In the second run, which was under the same conditions, a distinct peak at 405 nm is observed
in the initial fractions, similar to the first run, but with a higher absorption value of 0.3482. This
could indicate an increased concentration of f-galactosidase. In addition, these early fractions
have a larger protein content compared to the first run while showing lower content later in the
same run. The well-defined peaks noted in the initial fractions of both runs could suggest that
the purification process is reproducible, with B-galactosidase being eluted in the early fractions.
The carly elution of B-galactosidase may be attributed to its specific characteristics and the
conditions of the ion exchange chromatography using Q Sepharose at pH 6.5. This includes
factors such as its close proximity to the pH 6.5 isoelectric point, potentially weaker binding
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affinity to the Q Sepharose resin at this pH, and the reproducibility of the purification process.
These collective factors indicate that the conditions used for ion exchange chromatography
effectively isolate f-galactosidase from the sample matrix, leading to its early elution in the
initial fractions of both runs.

A number of methodological changes could be taken into consideration in order to enhance the
B-galactosidase purification process and further optimise the ion exchange chromatography
procedure. The efficiency of protein separation and the target protein's purity can be greatly
enhanced by optimising the chromatographic conditions, including pH and salt concentration.
By adjusting the pH within a specific range, purification efficiency can be increased by
increasing [-galactosidase's binding affinity to the ion exchange elution. Better resolution and
purity of B-galactosidase can be achieved by varying the salt concentration in the elution buffer,
which can affect the ion exchange interactions between the protein and the resin. Moreover,
altering the flow rate during chromatography can change the protein's residence time on the
column, enabling more effective elution and separation.

De Medeiros and co-workers (2012) conducted an experimental design and response surface
methodology to optimize the elution pH and gradient volume for B-galactosidase purification
by ion exchange chromatography using the anion exchange Q Sepharose Fast Flow resin from
Amersham Biosciences. A gradient volume of 62.8 mL and an elution pH of 5.5 were found to
be the ideal parameters. Under these conditions, B-galactosidase was recovered in a single
chromatographic step with an 85.5% purification factor, which is a significant improvement
over previous studies that used the same technique for enzyme purification. lon-exchange
chromatography was performed after gel chromatography on Sephadex G-150 in an attempt to
purify B-galactosidases from Bacillus circulans. Even though B-galactosidase activity was
eluted as a single peak in both chromatography steps, specific activity only slightly increased,
most likely as a result of ultrafiltration-mediated partial purification. On the other hand, B-
galactosidase activity was mostly eluted as a single peak at 0.2 M NaCl in ion exchange
chromatography (Mozaffar et al.,, 2014). Using a gradient buffer in ion exchange
chromatography enables selective elution of [-galactosidase based on its net charge,
optimisation of separation conditions, and enhanced resolution of closely related proteins.
Benavente and co-workers (2015) used different elution buffers for the chromatographic
separation: 100 mM NaOH (Eluent A), 100 mM NaOH and 50 mM NaOAc (Eluent B), and
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100 mM NaOH and 1 M NaOAc (Eluent C) to determine the pH dependency of enzyme activity
and the effect of temperature on enzyme activity.

Chromatographical methods are easily manipulated and adjusted, these methodological
refinements can collectively contribute to the optimization of ion exchange chromatography,
resulting in higher purity and yield of B-galactosidase. Therefore, by fine-tuning the
chromatographic conditions, we aim to enhance the reproducibility and efficiency of the

purification process, ultimately improving the quality of the f-galactosidase sample obtained.

4.4.3 Quantitative evaluation of B-galactosidase purification protocol.

The efficiency of the B-galactosidase purification protocol was assessed quantitatively at
various stages of the process. Throughout the entire process, several properties were measured
and calulated after each purification step to evaluate purification efficiency. These properties
included enzyme activity (U/ml), protein content (mg/ml), specific activity (U/mg), and yield
(%). Enzymatic activity was measured using absorbance at 405 nm to assess the functional
activity of B-galactosidase, and the specific activity of the enzyme was calculated. The Bradford
method was utilized to determine the protein concentration, which enabled the monitoring of

B-galactosidase yield during the purification procedure.

Furthermore, by comparing the amount of enzyme recovered at each purification stage to the
initial amount in the crude extract, the yield of B-galactosidase could be determined. The
purification protocol's recovery efficiency is assessed by contrasting the ultimate yield of B-
galactosidase with the initial quantity found in the crude sample. While a lower value might
suggest partial enzyme inactivation or the presence of contaminants, a higher specific activity
indicates a more refined enzyme preparation. Consequently, a particular activity can be utilised
to assess the progress of the purification process. Conversely, yield indicates the total amount
of the product that was obtained. Table 5 shows the obtained results during different

purification steps.
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Table 5.Quantification results of the purification protocol

Purification | Activity Protein [Volume| Total Total Specific Yield
step (U/ml) content (mL) | activity | protein activity (%)
(mg/ml) (V) (mg) (U/mg)
After cell 7.229 0.625 8 57.835 4.998 11.572 100
disruption
After 11.963 0.518 2 23.925 1.037 23.075 | 41,368
precipitation
After dialysis 1.490 0.449 16 23.843 7.196 3.315 41,225

The enzyme demonstrated a specific activity of 11,572 U/mg after cell disruption, with an
activity of 7.229 U/ml and a protein content of 0.625 mg/ml. The increasing relatively specific
activity indicates purification of the enzyme preparation. The enzyme activity increased to
11.963 U/ml upon precipitation, while the protein content decreased to 0.518 mg/ml. In
comparison to the preceding step, this led to a notable increase in specific activity to 23,075

U/mg, indicating a more refined enzyme preparation.

Nevertheless, the yield dropped to 41.368%, indicating that some enzyme was lost during the
precipitation process. Despite a drop in protein content, the decrease in specific activity seen
following dialysis to 3.315 U/mg may result from the removal of the enzyme's essential
cofactors or coenzymes. Furthermore, the exchange of the buffer surrounding the enzyme
during dialysis might have had a dilution effect, which decreased the enzyme activity per unit
volume. Despite the decrease in specific activity, the yield remained relatively stable at
41.225%.

Because [-galactosidase is intracellular and contains other biological components, the
purification process for it might be complicated. To produce an extremely pure enzyme, a
variety of purification methods including dialysis, chromatography, and precipitation are
frequently needed. Evaluating aspects like purification yield, specific activity, and fold
purification achieved is part of comparing the purification procedure with other research. This
comparison aids in assessing the purification protocol's efficacy and efficiency as well as its

suitability for use in biotechnological and industrial settings.
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Various chromatographic methods were used to purify the intracellular B-galactosidase from
thermophilic Alicyclobacillus acidocaldarius, the purification procedure included ammonium
sulphate precipitation, gel permeation chromatography, ion-exchange chromatography, and
affinity chromatography, followed by preparative electrophoresis. After purification, the
enzyme had a specific activity of 113 U/mg protein, a purity factor of 163, and an 8% yield.
(Gul-Guven et al., 2007). Lactobacillus acidophilus produces B-galactosidase, which was
extracted and purified using a series of procedures such as ammonium sulphate precipitation,
dialysis, and gel filtration using Sephadex G-200 chromatography.

When the ammonium sulphate concentration was optimised at 80%, the precipitate displayed
a 73% yield, a purification fold of 4.7, and a specific activity of 0.00000108 U/mg. The specific
activity rose to 0.00000154 U/mg after dialysis, yielding a 55.7% yield and a purification fold
of 6.7 (Ahmad & et al, 2014). Sephadex G-100 and Q-Sepharose columns were used in gel
filtration and anion exchange chromatography, respectively, to purify the enzyme derived from
the probiotic Pediococcus acidilactici. The specific activity rose during the purification
process, going from 0.288 U/ml in the crude extract to 0.883 U/ml in the anion exchange
chromatography final phase. The yield attained in the end was 28.26% (Chanalia et al, 2018). A
novel intracellular B-galactosidase produced by Lactobacillus plantarum HF571129 was
isolated from traditional fermented milk product curd was purified and characterised. With an
overall recovery of 30.41%, the enzyme was refined 7.23 times via ultrasonication,
ultrafiltration, and gel filtration chromatography.
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7. CONCLUSION AND SUGGESTION

Enzyme purification involves several techniques such as precipitation, chromatography,
centrifugation, ultrafiltration, and diafiltration. These techniques aim to achieve the highest
yield of the desired enzyme with optimal catalytic activity and purity. This thesis investigates
the purification technique for [-galactosidase extracted from the probiotic strain
Limosilactobacillus fermentum LFO08. The study calculates purification factors to determine the
efficacy of each purification process. Furthermore, the study attempts to find the best conditions
for essential purification procedures such ammonium sulphate saturation and enzymatic cell

lysis.

The choice of purification method depends on the properties of the enzyme and the intended
application. Three essential requirements for an effective purification plan are achieving high
purity, maintaining overall enzyme activity recovery, and ensuring repeatability. Gram-positive
bacteria have thick mucopeptide layers in their cell walls, making it crucial to employ effective
cell disruption techniques. Mechanical, physical, chemical, enzymatic, and combination
approaches can be used to release intracellular products. Lysozyme is an example of an
enzymatic lysis agent that hydrolyzes the cell walls of certain Gram-positive bacteria. Other
methods include treating bacterial suspensions with acetone or optimizing lysis using Tris
buffer, EDTA, and lysozyme.

Using the mechanical cell disruption method has proven to result in a higher enzymatic activity
than using the chemical method utilizing CTAB buffer alone. Furthermore, the French press is
a more efficient and gentle way of cell destruction. It enables complete cell lysis, preserves

enzyme function, lowers contamination hazards, and is easily scaled for industrial use.

Lysozyme has shown the highest activity when incubated at 45°C, at this temperature, the
enzyme's structure is stable enough to efficiently hydrolyze the B-(1,4)-glycosidic linkages in
the peptidoglycan layer of bacterial cell walls, resulting in effective bacterial lysis. However,

at higher temperatures, lysozyme may denature and lose its action.
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Ammonium sulfate precipitation is a widely used method for enzyme purification. It enables
selective precipitation and separation of the enzyme from other substances without significant
denaturation or loss of protein activity. 75% saturation of ammonium sulfate was found to have

optimal effect on the enzymatic activity.

Dialysis is used mainly to remove salt after the initial concentration step. However, Further
optimization of the this step is recommended to maintain both purity and activity of f-

Galactosidase.

Fast protein liquid chromatography (FPLC) is another effective method for protein purification,
providing high repeatability and resolution. It utilizes glass or plastic columns filled with small-
diameter beads and is adaptable for both analytical and preparative applications.

This thesis suggests future investigation and optimization of the B-galactosidase purification

process using the probiotic Limosilactobacillus fermentum LFO8:

e [-Galactosidase enzyme fermentation
Applying glucose and galactose as carbon source at a ratio of 1:3 after 1% (v/v)
inoculation and fermentation for 16 hours at 37°C B-galactosidase by L. fermentum
LF08 can be produced.

e Optimizing the Dialysis Stage:
Fine-tune dialysis parameters such as buffer composition, pH, and duration to maintain
the purity and activity of B-Galactosidase while reducing enzyme loss and increasing

purification efficiency.

Future research could also focus on comparing the effectiveness of different purification
techniques to further improve enzyme purity and activity. Investigating the potential impact of
different chromatographic conditions on the efficiency of the purification process and exploring
alternative enzyme stabilization methods to enhance enzyme stability during the purification

process are also recommended.
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6. SUMMARY

The purification protocol for B-galactosidase from Limosilactobacillus fermentum LFO8
involved several crucial steps including enzyme fermentation, determination of optimal
ammonium sulphate saturation, and cell lysis. The fermentation process was optimized using a
glucose and galactose ratio of 1:3, with 1% (v/v) inoculation, and fermentation for 16 hours at

37°C, achieving the highest enzyme activity.

Optimal saturation of ammonium sulphate was determined to be 75%, resulting in the highest

B-galactosidase activity, which correlated with previous findings.

The highest p-galactosidase activity was achieved when lysozyme was incubated with the
sample at 45°C for 4 hours, showing the highest activity compared to other incubation

temperatures.

The purification process involved precipitation, dialysis, and FPLC chromatography. The
enzyme demonstrated specific activity of 11,572 U/mg after cell disruption and 23,075 U/mg
after precipitation. However, the specific activity decreased after dialysis to 3,315 U/mg,
indicating potential loss of essential cofactors or coenzymes. The overall yield remained stable
at around 41%, suggesting the purification protocol's efficiency.

Comparisons with other studies on 3-galactosidase purification from different probiotic strains
further validated the effectiveness of the purification protocol for Limosilactobacillus
fermentum LFO08. These results provide valuable insights for industrial applications and future

research.

41



LIST OF REFERENCES

Aburto, C., Guerrero, C., Vera, C., Wilson, L., & lllanes, A. (2018). Co-immobilized -
galactosidase and Saccharomyces cerevisiae cells for the simultaneous synthesis and
purification of galacto-oligosaccharides. Enzyme And Microbial Technology, 118, 102—
108. https://doi.org/10.1016/j.enzmictec.2018.08.003

Ahmad, R., Jebor, M.A., Abdulla, A. And Mahdi, R.K., 2014. Extraction and purification of -
galactosidase from a local isolate of Lactobacillus acidophilus. Intl J Med Pharmaceut
Sci, 4(4), pp.47-54.

Akcan, N. (2018). Cultural conditions optimization for production of (-galactosidase from

Bacillus licheniformis ATCC 12759 under solid-state fermentation. Turkish Journal of
Biochemistry, 43(3), 240-247. doi:10.1515/tjb-2017-0153

Al-Easawi, M., Naji, E., & Mohammed, S. (2020). Extraction and Purification of p-
Galactosidase from Local Almond and its use for Lactose Intolerance Treatment. Iraqi
Journal of Agricultural Sciences, 51(3), 767-776.
https://D0i.0Org/10.36103/ljas.VV51i3.1032

Andrew, S. M., Titus, J. A., & Zumstein, L. (2002). Dialysis and concentration of protein

solutions. Current Protocols in Toxicology, Appendix 3, A.3H.1-A3H.5.
https://doi.org/10.1002/0471140856.txa03hs10

Arsov, A., Ivanov, |, Tsigoriyna, L., Petrov, K., & Petrova, P. (2022). In vitro production of
galactooligosaccharides by a novel p-galactosidase of Lactobacillus bulgaricus.
International Journal of Molecular Sciences, 23(22), 14308. doi:10.3390/ijms232214308

Arukha, A. P., Mukhopadhyay, B. C., Mitra, S., & Biswas, S. R. (2014). A constitutive
unregulated expression of B-galactosidase in Lactobacillus fermentum M1. Current
Microbiology, 70(2), 253-259. d0i:10.1007/s00284-014-0711-8

Asenjo, J. A., & Andrews, B. A. (2009). Protein purification using chromatography: selection
of type, modelling and optimization of operating conditions. Journal of Molecular
Recognition : IMR, 22(2), 65-76. https://doi.org/10.1002/jmr.898

Bajpai, P. (2014). Purification of xylanases. Xylanolytic Enzymes, 53-61. doi:10.1016/b978-0-
12-801020-4.00006-8

42


https://doi.org/10.1016/j.enzmictec.2018.08.003
https://doi.org/10.36103/ijas.v51i3.1032

Benavente, R., Pessela, B., Curiel, J., de las Rivas, B., Mufioz, R., Guisan, J., ... Corzo, N.
(2015). Improving properties of a novel 3-galactosidase from Lactobacillus plantarum by
covalent immobilization. Molecules, 20(5), 7874-7889. doi:10.3390/molecules20057874

Bhalla, T. C., Devi, A., Angmo, K., Thakur, N. S., & Kumari, A. (2018). B-Galactosidase
from Lactobacillus brevis PLA28: Purification, Characterization and Synthesis of
Galacto-oligosaccharides. Journal of Food & Industrial Microbiology, 01(01).
https://doi.org/10.4172/2572-4134.1000104

Brown, W. C., Sandine, W. E., & Elliker, P. R. (1962). Lysis of lactic acid bacteria by lysozyme
and ethylenediaminetetraacetic acid. Journal of Bacteriology, 83(3), 697-698.
d0i:10.1128/jb.83.3.697-698.1962

Carrillo, W., Garcia-Ruiz, A., Recio, I., & Moreno-Arribas, M. V. (2014). Antibacterial activity

of hen egg white lysozyme modified by heat and enzymatic treatments against oenological
lactic acid bacteria and acetic acid bacteria. Journal of Food Protection, 77(10), 1732—
1739. https://doi.org/10.4315/0362-028X.JFP-14-009

Carvalho, C. T., Oliveira Junior, S. D., Lima, W. B. B., Medeiros, F. G. M., Leitdo, A. L. O.
S., Dantas, J. M. M., Santos, E. S. D., Macédo, G. R., & Sousa Janior, F. C. (2022).
Recovery of B-galactosidase produced by Kluyveromyces lactis by ion-exchange
chromatography: Influence of pH and ionic strength parameters. Anais da Academia
Brasileira de  Ciencias, 94(1), e20200752. https://doi.org/10.1590/0001-
3765202220200752

Chanalia, P., Gandhi, D., Attri, P., & Dhanda, S. (2018). Purification and characterization of j3-
galactosidase from probiotic Pediococcus acidilactici and its use in milk lactose
hydrolysis and galactooligosaccharide synthesis. Bioorganic Chemistry, 77, 176-189.
d0i:10.1016/j.bioorg.2018.01.006

Chassy, B. M., & Giuffrida, A. (1980). Method for the lysis of gram-positive, asporogenous
bacteria with lysozyme. Applied and Environmental Microbiology, 39(1), 153-158.
doi:10.1128/aem.39.1.153-158.1980

Clark, D. P., & Pazdernik, N. J. (2013). Regulation of transcription in prokaryotes. Molecular
Biology. doi:10.1016/b978-0-12-378594-7.00050-0

Das, P., Sarma, H. K., Barman, P., Bastola, K., & Tanti, B. (2017). Characterization of -
galactosidase from yeast associated with starter cultures used in household alcohol
production in Northeast India. In Indian Journal of Biotechnology (Vol. 16), 100-105

De Medeiros, F. O., Burkert, C. a. V., & Kalil, S. J. (2012). Purification of B-Galactosidase by

ion exchange Chromatography: elution Optimization using an experimental design.

43


https://doi.org/10.4172/2572-4134.1000104

Chemical Engineering & Technology, 35(5), 911-918.
https://doi.org/10.1002/ceat.201100571

Deng, Y., Xu, M., Ji, D., & Agyei, D. (2020). Optimization of -galactosidase production by
batch cultures of Lactobacillus leichmannii 313 (ATCC 7830TM). Fermentation, 6(1),
27. doi:10.3390/fermentation6010027

Dias, R., Vilas-Boas, E., Campos, F. M., Hogg, T., & Couto, J. A. (2015). Activity of lysozyme
on Lactobacillus hilgardii strains isolated from Port wine. Food Microbiology, 49, 6-11.
d0i:10.1016/j.fm.2015.01.007

Dowarah, R., Verma, A. K., Agarwal, N., Singh, P., & Singh, B. R. (2018). Selection and

characterization of probiotic lactic acid bacteria and its impact on growth, nutrient

digestibility, health and antioxidant status in weaned piglets. PloS one, 13(3), e0192978.
https://doi.org/10.1371/journal.pone.0192978

Du, M., Yang, S., Jiang, T., Liang, T., Li, Y., Cai, S., Wu, Q., Zhang, J., Chen, W., & Xie, X.
(2022). Cloning, Expression, Purification, and Characterization of f-Galactosidase from
Bifidobacterium longum and Bifidobacterium pseudocatenulatum. Molecules, 27(14).
https://doi.org/10.3390/molecules27144497

Dwevedi, A., & Kayastha, A. M. (2009). Stabilization of -galactosidase (from peas) by
immobilization onto Amberlite MB-150 beads and its application in lactose hydrolysis.
Journal of  Agricultural and Food  Chemistry, 57(2), 682-688.
https://doi.org/10.1021/jf802573j

Eberhardt, M. F., Irazoqui, J. M., & Amadio, A. F. (2020). B-Galactosidases from a Sequence-
Based Metagenome: Cloning, Expression, Purification and Characterization.
Microorganisms, 9(1), 55. doi:10.3390/microorganisms9010055

Ganzle, M.G., Haase, G., & Jelen, P. (2008). Lactose: Crystallization, hydrolysis and value-
added derivatives. International Dairy Journal, 18, 685-694.
https://doi.org/10.1016/j.idairy}.2008.03.003

Geciova, J., Bury, D., & Jelen, P. (2002). Methods for disruption of microbial cells for potential
use in the dairy industry—a review. International Dairy Journal, 12, 541-553.
https://doi.org/10.1016/S0958-6946(02)00038-9

Gianfreda, L., & Scarfi, M.R. (1991). Enzyme stabilization: state of the art. Molecular and
Cellular Biochemistry, 100, 97-128. https://doi.org/10.1007/BF00234161

Gnanakani, P., Basha, S., Kirubakaran, J., & Dhanaraju, M. D. (2013). Biochemical
characterization, partial purification, and production of an intracellular § -galactosidase

44


https://doi.org/10.1002/ceat.201100571

from Streptococcus thermophilus grown in whey. European Journal of Experimental
Biology, 3(2), 242-251.

Grabski A. C. (2009). Advances in preparation of biological extracts for protein purification.
Methods in Enzymology, 463, 285-303. https://doi.org/10.1016/S0076-6879(09)63018-4

Green, A. A., & Hughes, W. L. (1955). Protein fractionation on the basis of solubility in
aqueous solutions of salts and organic solvents. Methods in Enzymology, 67-90.
doi:10.1016/0076-6879(55)01014-8

Gul-Guven, R., Guven, K., Poli, A., & Nicolaus, B. (2007). Purification and some properties
of a B-galactosidase from the thermoacidophilic Alicyclobacillus acidocaldarius subsp.
rittmannii isolated from Antarctica. Enzyme and Microbial Technology, 40(6), 1570-
1577. doi:10.1016/j.enzmictec.2006.11.006

Hackenhaar, C. R., Spolidoro, L. S., Flores, E. E., Klein, M. P., & Hertz, P. F. (2021). Batch
synthesis of galactooligosaccharides from co-products of milk processing using
immobilized B-galactosidase from Bacillus circulans. Biocatalysis and Agricultural
Biotechnology, 36, 102136. https://doi.org/10.1016/j.bcab.2021.102136

Haddad, L., Babaeipour, V., & Mofid, M. R. (2015). The effect of cell disruption techniques
and chaotropic agents on the downstream purification process of mecasermin produced as
inclusion body in E. coli. Research in Pharmaceutical Sciences, 10(6), 553-561.

Harrison S. T. (1991). Bacterial cell disruption: a key unit operation in the recovery of
intracellular products. Biotechnology Advances, 9(2), 217-240.
https://doi.org/10.1016/0734-9750(91)90005-g

He, T., Priebe, M. G., Zhong, Y., Huang, C., Harmsen, H. J., Raangs, G. C., Antoine, J. M.,
Welling, G. W., & Vonk, R. J. (2008). Effects of yogurt and bifidobacteria
supplementation on the colonic microbiota in lactose-intolerant subjects. Journal of
Applied Microbiology, 104(2), 595-604. https://doi.org/10.1111/j.1365-
2672.2007.03579.x

Hristovski, K. (2020). Purification of p-Galactosidase enzyme from probiotic Lactobacillus
fermentum LFO08. Budapest: Szent Istvan University,

Hristovski, K., Shyti, E., Bujna, E., & Nguyen, Q. D. (2024). Optimization of carbon sources
for production of B-galactosidase by Limosilactobacillus fermentum LFO8. Presented at
The 21% Wellmann International Scientific Conference, Hodmez6vésarhely, Hungary.

Hsu, C. A, Lee, S. L., & Chou, C. C. (2007). Enzymatic production of galactooligosaccharides
by beta-galactosidase from Bifidobacterium longum BCRC 15708. Journal of Agricultural
and Food Chemistry, 55(6), 2225-2230. https://doi.org/10.1021/jf063126+

45



Huber, R. E., & Gaunt, M. T. (1983). Importance of hydroxyls at positions 3, 4, and 6 for
binding to the "galactose™ site of beta-galactosidase (Escherichia coli). Archives of
Biochemistry and Biophysics, 220(1), 263-271. https://doi.org/10.1016/0003-
9861(83)90409-5

Huber, R. E., & Hurlburt, K. L. (1986). Reversion reactions of beta-galactosidase (Escherichia
coli).  Archives of Biochemistry and  Biophysics, 246(1), 411-418.
https://doi.org/10.1016/0003-9861(86)90487-x

Huber, R. E., Kurz, G., & Wallenfels, K. (1976). A quantitation of the factors which affect the
hydrolase and transgalactosylase activities of beta-galactosidase (E. coli) on lactose.
Biochemistry, 15(9), 1994-2001. https://doi.org/10.1021/bi00654a029

Hussien, S. A., & Doosh, K. S. (2022). Extraction And Purification of B-Galactosidase from
Ziziphus Spina-Christi. Journal of Life Science and Applied Research, 3(1), 12-22.
https://doi.org/10.59807/jlsar.v3i1.39

Itoh, T.; Suzuki, M. and Adachi, S. (1982). Production and characterization of 3 -galactosidase
galactosidase from lactose fermenting yeasts. Agric. And Biol. Chem. 46(4): 899.

Jakoby, W. B. (1971). Crystallization as a purification technique. In Methods in Enzymology
on CD-ROM/Methods in Enzymology (pp. 248-252). https://doi.org/10.1016/0076-
6879(71)22025-5

Juers, D., Jacobson, R. H., Wigley, D. B., Zhang, X., Huber, R., Tronrud, D. E., & Matthews,

B. W. (2000). High resolution refinement of B-galactosidase in a new crystal form reveals
multiple metal-binding sites and provides a structural basis for a-complementation.
Protein Science, 9(9), 1685-1699. https://doi.org/10.1110/ps.9.9.1685

Karaboga, M.N., & Logoglu, E. (2019). Purification of alkaline serine protease from local
Bacillus Subtilis M33 by two steps: a novel organic solvent and detergent tolerant enzyme.
Gazi University Journal of Science, 32, 116-129.

Kokkiligadda, A., Beniwal, A., Saini, P., & Vij, S. (2016). Utilization of Cheese Whey Using

Synergistic Immobilization of B-Galactosidase and Saccharomyces cerevisiae Cells in Dual

Matrices.  Applied  Biochemistry  and  Biotechnology,  179(8),  1469-1484.

https://doi.org/10.1007/s12010-016-2078-8

Lacerda, D. C., Trindade da Costa, P. C., Pontes, P. B., Carneiro Dos Santos, L. A., Cruz Neto,
J. P. R,, Silva Luis, C. C., de Sousa Brito, V. P., & de Brito Alves, J. L. (2022). Potential
role of Limosilactobacillus fermentum as a probiotic with anti-diabetic properties: A
review. World Journal of Diabetes, 13(9), 717-728.
https://doi.org/10.4239/wjd.v13.i9.717

46


https://doi.org/10.1016/0076-6879(71)22025-5
https://doi.org/10.1016/0076-6879(71)22025-5

Lederberg, J. (1950). The beta-p- galactosidase of Escherichia Coli, strain K-12. Journal of
Bacteriology, 60(4), 381-392. https://doi.org/10.1128/jb.60.4.381-392.1950

Lee, B. H. (2008). Structure, function and applications of microbial B-galactosidase (lactase).
Carbohydrate-Active Enzymes, 77-110. doi:10.1533/9781845695750.1.77

Lemes, A. C., Molon, F. de O., Fagundes, A. da S., Egea, M. B., Di Luccio, M., & Kalil, S. J.
(2023). Membrane Technology as a Strategy for Improving p-Galactosidase
Concentration Processes: The Influence of the pH, Membrane Molecular Weight,
Pressure, and lonic Strength in the Process. Applied Sciences, 13(3), 1626.
https://doi.org/10.3390/app13031626

Liburdi, K., & Esti, M. (2022). Galacto-Oligosaccharide (GOS) Synthesis during Enzymatic
Lactose-Free Milk Production: State of the Art and Emerging Opportunities. Beverages,
8(2), 21. https://doi.org/10.3390/beverages8020021

Liu, G. X., Kong, J., Lu, W. W., Kong, W. T., Tian, H., Tian, X. Y., & Huo, G. C. (2011). B-
Galactosidase with transgalactosylation activity from Lactobacillus fermentum K4.
Journal of Dairy Science, 94(12), 5811-5820. https://doi.org/10.3168/jds.2011-4479

Loeffler, R. S., Sinnott, M. L., Sykes, B. D., & Withers, S. G. (1979). Interaction of the lacZ
beta-galactosidase of Escherichia coli with some beta-D-galactopyranoside competitive
inhibitors. The Biochemical journal, 177(1), 145-152. https://doi.org/10.1042/bj1770145

Lu, L., & Xiao, M. (2017). Recent progress on galactooligosaccharides synthesis by microbial
[-galactosidase. Functional Carbohydrates, 147-182. doi:10.1201/9781315371061-5

Lu, L., Guo, L., Wang, K., Liu, Y., & Xiao, M. (2020). B-Galactosidases: A great tool for
synthesizing galactose-containing carbohydrates. Biotechnology Advances, 39, 107465.
https://doi.org/10.1016/j.biotechadv.2019.107465

Madadlou, A., O’Sullivan, S., & Sheehan, D. (2016). Fast protein liquid chromatography.
Methods in Molecular Biology, 365-373. d0i:10.1007/978-1-4939-6412-3 19

Mahadevaiah, S., Basavaiah, R., Parida, M., & Batra, H. V. (2020). Optimal production of f3-
galactosidase from Lactobacillus fermentum for the synthesis of Prebiotic
Galactooligosaccharides (GOS). Journal of Pure and Applied Microbiology, 14(4), 2769—
2780. doi:10.22207/jpam.14.4.53

Matthews B. W. (2005). The structure of E. coli beta-galactosidase. Comptes Rendus Biologies,
328(6), 549-556. https://doi.org/10.1016/j.crvi.2005.03.006

Movahedpour, A., Ahmadi, N., Ghalamfarsa, F., Ghesmati, Z., Khalifeh, M., Maleksabet, A.,
Shabaninejad, Z., Taheri-Anganeh, M., & Savardashtaki, A. (2022). B-Galactosidase:

47



From its source and applications to its recombinant form. Biotechnology and Applied
Biochemistry, 69(2), 612-628. https://doi.org/10.1002/bab.2137

Mozaffar, Z., Nakanishi, K., Matsuno, R., & Kamikubo, T. (1984). Purification and properties
of B-galactosidases from Bacillus circulans. Agricultural and Biological Chemistry,
48(12), 3053-3061. doi:10.1080/00021369.1984.10866631

Mozumder, N. H., Akhtaruzzaman, M., Bakr, M. A., & Zohra, F. T. (2011). Study on isolation
and partial purification of lactase (beta-galactosidase) enzyme from Lactobacillus
bacteria isolated from yogurt. Journal of Scientific Research, 4(1), 2309.
doi:10.3329/jsr.v4i1.8478

Naghmouchi, K., Belguesmia, Y., Bendali, F., Spano, G., Seal, B. S., & Drider, D. (2020).
Lactobacillus fermentum: a bacterial species with potential for food preservation and
biomedical applications. Critical Reviews in Food Science and Nutrition, 60(20), 3387—
3399. https://doi.org/10.1080/10408398.2019.1688250

Nawaz, N., Wen, S., Wang, F., Nawaz, S., Raza, J., Iftikhar, M., & Usman, M. (2022).
Lysozyme and its application as antibacterial agent in food industry. Molecules, 27(19),
6305. doi:10.3390/molecules27196305

Nemer, G., Louka, N., Vorobiev, E., Salameh, D., Nicaud, J.-M., Maroun, R. G., & Koubaa,
M. (2021). Mechanical cell disruption technologies for the extraction of dyes and pigments
from microorganisms: A Review. Fermentation, 7(1), 36.
doi:10.3390/fermentation7010036

Otieno D. O. (2010). Synthesis of B-Galactooligosaccharides from Lactose Using Microbial 8-
Galactosidases. Comprehensive reviews in food science and food safety, 9(5), 471-482.
https://doi.org/10.1111/j.1541-4337.2010.00121.x

Panesar, P. S., Kaur, R., Singh, R. S., & Kennedy, J. F. (2018). Biocatalytic strategies in the
production of galacto-oligosaccharides and its global status. International Journal of
Biological Macromolecules, 111, 667-679.
https://doi.org/10.1016/j.ijbiomac.2018.01.062

Percival, G. C., Chamundeeswari, M., Lovlyna, R. F., Seethalakshmi, R., & Sreekumar, G.
(2019). Production and partial purification of -galactosidase enzyme from probiotic
bacillus subtilis SK09. Retrieved from http://nopr.niscpr.res.in/handle/123456789/49663

Pontis, H. G. (2017). Protein and carbohydrate separation and purification. Methods for
Analysis of Carbohydrate Metabolism in Photosynthetic Organisms, 45-63.
d0i:10.1016/b978-0-12-803396-8.00003-x

48



Priadi, G., Setiyoningrum, F., & Afiati, F. (2018). Enzim p-galaktosidase dari Leuconostoc
mesenteroides indigenus: ekstraksi, purifikasi parsial dan karakterisasi [B-Galactosidase
enzyme from indigenous Leuconostoc mesenteroides: extraction, partial purification and
characterization. Pros Sem Nas Masy Biodiv Indon, 4(2), 184-189.
https://doi.org/10.13057/psnmbi/m040215

Rahman, Md. A., Choi, Y. H., Pradeep, G. C., & Yoo, J. C. (2014). An ammonium sulfate
sensitive chitinase from Streptomyces sp.. CS501. Archives of Pharmacal Research,
37(12), 1522-1529. doi:10.1007/s12272-014-0509-z

Renge, V., Khedkar, S.V., NikitaR., N., & urkar (2012). Enzyme synthesis by fermentation
method: a review. Scientific Reviews and Chemical Communications, 2, 585-590.

Rosado, E., Delgado-Fernéndez, P., De Las Rivas, B., Mlfoz, R., Moreno, F. J., Corzo, N., &
Mateo, C. (2022). Production and Digestibility Studies of B-Galactosyl Xylitol Derivatives
Using Heterogeneous Catalysts of LacA B-Galactosidase from Lactobacillus Plantarum
WCFSL. Molecules/Molecules ~ Online/Molecules  Annual, 27(4), 1235.
https://doi.org/10.3390/molecules27041235

Ruiz-Ramirez, S., & Jiménez-Flores, R. (2023). Invited review: Properties of B-galactosidases

derived from Lactobacillaceae species and their capacity for galacto-oligosaccharide
production. Journal of Dairy Science, 106(12), 8193-8206. doi:10.3168/jds.2023-23392

Ryan, M. P., & Walsh, G. (2016). The biotechnological potential of whey. Reviews in
Environmental Science and Bio/Technology, 15(3), 479-498. d0i:10.1007/s11157-016-
9402-1

Saburi, W., Ota, T., Kato, K., Tagami, T., Yamashita, K., Yao, M., & Mori, H. (2023). Function
and structure of Lacticaseibacillus casei GH35 B-galactosidase Ibcz_0230 with high
hydrolytic activity to lacto-n-biose | and galacto-n-biose. Journal of Applied
Glycoscience, 70(2), 43-52. doi:10.5458/jag.jag.jag-2022_0014

Salem, J. (2001). Enzymes: Purification. Encyclopedia of Life Sciences.
d0i:10.1038/npg.els.0000863

Salvetti, E., Torriani, S., & Felis, G. E. (2012). The genus Lactobacillus: A taxonomic update.
Probiotics and Antimicrobial Proteins, 4(4), 217-226. doi:10.1007/s12602-012-9117-8

Sangwan, V., Tomar, S. K., Ali, B, Singh, R. R., & Singh, A. K. (2014). Production of (-
galactosidase from Streptococcus thermophilus for galactooligosaccharides synthesis.
Journal of Food Science and Technology, 52(7), 4206-4215. doi:10.1007/s13197-014-
1486-4

49


https://doi.org/10.3390/molecules27041235

Saqib, S., Akram, A., Halim, S. A., & Tassaduq, R. (2017). Sources of B-galactosidase and its
applications in food industry. 3 Biotech, 7(1). doi:10.1007/s13205-017-0645-5

Sriphannam, W., Lumyong, S., Niumsap, P., Ashida, H., Yamamoto, K., & Khanongnuch, C.
(2012). A selected probiotic strain of Lactobacillus fermentum CM33 isolated from breast-
fed infants as a potential source of B-galactosidase for prebiotic oligosaccharide synthesis.
The Journal of Microbiology, 50(1), 119-126. doi:10.1007/s12275-012-1108-7

Sun, H., You, S., Wang, M., Qi, W., Su, R., & He, Z. (2016). Recyclable strategy for the
production of high-purity galacto-oligosaccharides by Kluyveromyces lactis. Journal of
Agricultural and Food Chemistry, 64(28), 5679-5685. doi:10.1021/acs.jafc.6b01531

Tantray, J. A., Mansoor, S., Wani, R. F., & Nissa, N. U. (2023). To estimate protein by Bradford
Assay. Basic Life Science Methods, 83-86. doi:10.1016/b978-0-443-19174-9.00020-9

Vasudha, M., & Gayathri, D. (2023). Kinetic and modeling analyses of lactose-hydrolyzing
B-galactosidase from Lactiplantibacillus plantarum GV54. World Academy of Sciences
Journal, 5(2). doi:10.3892/wasj.2023.188

Wallenfels, K., & Weil, R. (1972). 20 p-galactosidase. The Enzymes, 617-663.
d0i:10.1016/s1874-6047(08)60464-3

Wang, D., & Sakakibara, M. (1996). Lactose hydrolysis and B-galactosidase activity in
sonicated fermentation with Lactobacillus strains. Ultrasonics Sonochemistry, 4(3), 255—
261. doi:10.1016/s1350-4177(96)00042-9

Wicken, A. J. (1985). Bacterial cell walls and surfaces. Retrieved from
https://link.springer.com/chapter/10.1007/978-1-4615-6514-7 2

Xu, M., Ji, D., Deng, Y., & Agyei, D. (2020). Preparation and assessment of cross-linked
enzyme aggregates (cleas) of B-galactosidase from Lactobacillus Leichmannii 313. Food
and Bioproducts Processing, 124, 82-96. doi:10.1016/j.fbp.2020.08.004

Yashphe, J., & Halvorson, H. O. (1976). B-D-galactosidase activity in single yeast cells during
cell cycle of Saccharomyces lactis. Science, 191(4233), 1283-1284.
doi:10.1126/science.1257751

Zarate, S., & Lopez-Leiva, M. H. (1990). Oligosaccharide formation during enzymatic lactose
hydrolysis: A literature review. Journal of Food Protection, 53(3), 262-269.
d0i:10.4315/0362-028x-53.3.262

Zhang, X., Yao, C., Wang, T., Zhao, H., & Zhang, B. (2021). Production of high-purity galacto-
oligosaccharides (GOS) by Lactobacillus-derived B-galactosidase. European Food
Research and Technology, 247(6), 1501-1510. doi:10.1007/s00217-021-03727-9

50



Zhou, Q. Z. K., & Chen, X. D. (2001). Effects of temperature and pH on the catalytic activity
of the immobilized B-galactosidase from Kluyveromyces lactis. Biochemical Engineering
Journal, 9(1), 33-40. doi:10.1016/s1369-703x(01)00118-8

51



LIST OF TABLES:
table 1. Properties Of Bacterial, Yeast And Fungal B-Galactosidases (Saqib Et Al.,

70114 T OO 11
Table 2. Composition Of Lactose Containing Mrs Medium. ............cccooiviinnnnns 22
Table 3. Composition Of The Reaction Mixture For Enzyme Activity Assay. ..... 24
Table 4. Ammonium Sulphate Saturation And Respective Concentrations........... 26
Table 5.Quantification Results Of The Purification Protocol ...............cccccccveinene 37

LIST OF FIGURE:

Figure 1. B-Galactosidase Enzyme's Catalytic Mechanism Using Lactose As
Substrate: The Formation Of The Enzyme—-Galactosyl Complex (A); The
Hydrolytic Reaction (B); And The Transgalactosylation Mechanism (C).
Lactose-Free Milk (Lfm), Glucose And Galactose Are Denoted By The Letters
Glu And Gal Respectively (Liburdi & ESti, 2022)..........ccoooviiiiiiiiiieiiiiins 6

Figure 2. Structural Analysis Of Lbcz_0230, Similar Monomers, Four Of Which
Make Up Lbcz_0230, Found In An Asymmetric Unit. In Solution, Chains A
And C, As Well As B And D, Form Stable Dimers. Three Domains Make Up
The Monomer Of Lbcz_0230: Two B-Domains That Come After The
Catalytic Domain And The (B/A)8-Barrel Catalytic Domain. (Saburi Et Al.,

2023) . ittt ettt bttt e et na et nen 8
Figure 3. View Of The B-Galactosidase Tetramer (Juers Et Al., 2000). ................. 9
Figure 4. Diagram Describing B-Galactosidase's Roles Within The Cell (Huber’ &

HUFTDUIE, 1986). ... cveeiieie ettt 13
Figure 5. High-Purity Gos Is Synthesised By Sequentially Using K. Lactis Cells

That Are Permeated And Active (Lu Et Al., 2020). .....cccccoveviieiieiieceec 15
Figure 6. The Classification Of Techniques Reported In The Literature (Harrison,

991, 17

Figure 7. Scheme Of The Uf System Used For B-Galactosidase Concentration: (1)
Nitrogen Cylinder With Valve; (2) Pressure Control; (3) Ultrafiltration Cell;
(4) Stirrer; (5) Collector; (6) Refrigeration (Lemes Et Al., 2023). ................. 20

52



Figure 8. B-Galactosidase Activity After Precipitation With Different Saturations

Of AMMONIUM SUIPNALE ......ocvviiececec e 29
Figure 9. Enzyme Activity Against The Lysozyme Incubation Temperature ....... 30
Figure 10. Steps Of The Purification Process Of B-Galactosidase From L.

Fermentum LTOB.........couiiiiiieesei s 32
Figure 11. lon-Exchange Fplc Chromatogram For B-Galactosidase Purification

(FIFSERUN) ©o ettt sttt b et e e nre e e 33
Figure 12. lon-Exchange Fplc Chromatogram For B-Galactosidase Purification

(SECONA RUN)....oiiieiiee ettt e et e e ntaenas 34

53



ACKNOWLEDGMENTS

I am deeply grateful to my thesis supervisor, Dr. Erika Bujna, for her invaluable guidance,
support, and scholarly insight throughout the course of this research. Her expertise, patience,
and unwavering commitment to academic excellence have been instrumental in the
completion of this thesis. | extend my sincere appreciation to Dr. Nguyen Duc Quang, the
Head of the Department, for his consistent support and encouragement. Special thanks to
PhD candidate Kristijan Hristovski who has been a great friend and mentor for his

unwavering support and guidance.

I would like to express my heartfelt gratitude to all my esteemed teachers for their profound
knowledge, inspiration, and guidance, which have significantly contributed to shaping my

academic journey.

My profound appreciation goes to my family for their unwavering love, encouragement, and

understanding during this endeavor.

I am grateful to my lab colleagues and classmates for their friendship, support, and

encouragement.

I wish to acknowledge the Stipendium Hungaricum Scholarship Programme and the
Hungarian University of Life Sciences for providing me with the opportunity to pursue my

academic aspirations.

54



DECLARATION

the public access and authenticity of the thesis

Student’s name: Ramez Jamal Al Massadeh

Student’s Neptun code: AOXEQU

Title of thesis: Purification of B-galactosidase by Probiotic
Limosilactobacillus Fermentum LFO8

Year of publication: 2024

Name of the consultant’s institute: ~ Hungarian University of Agriculture and Life
Sciences
Name of consultant’s department: Department of Brewing

| declare that the final thesis submitted by me is an individual, original work of my
own intellectual creation. I have clearly indicated the parts of my thesis or
dissertation which I have taken from other author's work and have included them in
the bibliography.

If the above statement is untrue, | understand that I will be disqualified from the
final examination by the final examination board and that | will have to take the
final examination after writing a new thesis.

I do not allow editing of the submitted thesis, but I allow the viewing and printing,
which is a PDF document.

I acknowledge that the use and exploitation of my thesis as an intellectual work is
governed by the intellectual property management regulations of the Hungarian
University of Agricultural and Life Sciences.

I acknowledge that the electronic version of my thesis will be uploaded to the
library repository of the Hungarian University of Agricultural and Life Sciences. |
acknowledge that the defended and

- not confidential thesis after the defence
- confidential thesis 5 years after the submission will be available
publicly and can be searched in the repository system of the University.

Date: 2024. 04. 28 \/\; g ;/;

Student’s signature

55



DECLARATION

Ramez Jamal Al Massadeh (Neptun code: AOXEQU) as a consultant, | declare that
I have reviewed the thesis and that | have informed the student of the requirements,
legal and ethical rules for the correct handling of literary sources.

| recommend / do not recommend ' thesis to be defended in the final examination.
The thesis contains a state or official secret: yes  no*?

lpé'c(e!r consultant

Date: 2024. 04. 26.

1+ The appropriate one should be underlined.
2 The appropriate one should be underlined.

56



