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ABSTRACT

Recombinant p-galactosidase from Streptococcus thermophilus was successfully expressed in
Escherichia coli, purified, and biochemically characterized. The gene encoding B-galactosidase was
amplified from the genomic DNA of St. thermophilus and cloned into the expression vector pET-28c (+).
Using the recombinant vector, a BL21 (DE3)/pLacZST strain-producer was obtained with overexpression
of the gene. Optimal culture parameters for producing recombinant p-galactosidase were determined. The
recombinant B-galactosidase had an activity of 19 units/mg. Biochemical characterization of recombinant
B-galactosidase showed that the enzyme had maximum activity at pH 9.0 and temperature of 60°C.
Analysis of the kinetics of lactose hydrolysis gave a Michaelis constant Ky,of 10.12 £ 2.5 mM and a limiting
value of the initial rate of the enzymatic reaction Vof 0.47 + 0.027 mM/min. The B-galactosidase has
been used in experiments that simulate commercial production conditions, to producea glucose-galactose
syrup.
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INTRODUCTION

Lactose (a disaccharide consisting of glucose and galactose connected by a -(1-4)-O-glycosidic linkage) is
hydrolyzed chemically (acid hydrolysis) [1] or using enzymes.Beta-galactosidase belongs to the hydrolase class,
which acts on O-glycosyl compounds and cleaves the terminal unreduced B-D-galactose residue, including
lactose, to form monosaccharides [2], or transport the B-D-galactose residue on a lactose molecule with the
formation of galactooligosaccharides[3].

Traditionally, p-galactosidases are used for production of functional foods and feeds with reduced lactose
content, glucose-galactose syrups[4]. Up to 90% of the world's population, including about 70% of adults, do not
absorb lactose, which is due to age-related increases of lactose intolerance [5]. Therefore, increasing the
production of lactose-free food products and drugs containing (3-galactosidase is an urgent task.

In relation to the cell, B-galactosidases are divided into extracellular and intracellular enzymes. Beta-
galactosidases of most bacteria and yeast are intracellular enzymes, while in fungi,p-galactosidases are
predominantly extracellular enzymes. According to physicochemical parameters, intracellular B-galactosidases
have high thermo- and pH-sensitivity, while extracellular glycoprotein B-galactosidases have high acid and
temperature lability [6].

Bacterial B-galactosidases are enzymes of intracellular localization that differ in mass, number of subunits,
affinity for various substrates, pH optimum and thermal liability. The most fully characterized and studied is -
galactosidase from E. coli. Bacterial p-galactosidases show a maximum activity at pH 6.5-7.5. Some bacterial -
galactosidases are characterized by high temperature optimum of activity and thermal stability [7]. For example,
the enzyme from S. solfataricus has an optimum of activity at +95°C. The maximum activity of B-galactosidase
from Thermusthermophilus exhibits at +90°C [8, 9]. On the other hand, there is evidence of the catalytic activity
of B-galactosidase from Xanthomas sp., B. subtilis and Arthrobacterpsychrolactophilus at +10°C [10, 11]. For B-
galactosidase from Pseudoalteromonashaloplanktis, which has an optimum of activity at +26°C, 33% of the
activity is determined from the maximum at a temperature of +4°C [12].

Yeast p-galactosidases are thermolabile having activity at pH 6.7-7.2 and have a dependence on single and
double-charged metal ions. Yeast p-galactosidases do not have a high thermal stability, their temperature
optimum usually lies within the physiological temperature, but for yeast p-galactosidase from basidiomycete
yeast Guehomyces pullulans there is evidence of activity at 0°C, although yeast grow at temperatures not
exceeding +5°C [13].

Fungi B-galactosidases are predominantly characterized by increased thermostability associated with the
glycolysation of the enzyme. The presence of a large amount of carbohydrate residues causes their acid
resistance.



Comparing the activities of B-galactosidases of bacterial, fungal and yeast origin, it can be noted that
bacterial -galactosidases are the most active, and low specific activity is characteristic for p-galactosidases of
yeast and fungal origin. For example, for B-galactosidase from E. coli activity is 500 U/mg, but for milk yeast
Kluyveromyceslactis the activity is 4.2 U/mg and for fungi Aspergillus oryzaethis indicator is 8 U/mg[14].

The analysis confirms the prospects of studying bacterial B-galactosidases for the purpose of their practical
application. Previously, we obtained E. coli BL21 (DE3)/LacZLP strain, which effectively produced
recombinant B-galactosidase from L. plantarum (unpublished data). Unfortunately, in this strain, $-galactosidase
precipitated into inclusion bodies and passed into the aqueous phase only when 8 molar urea was used. All
attempts at refolding were unsuccessful and therefore a decision was made to find another B-galactosidase from
lactic acid bacteria.

The most studied and active B-galactosidase from E. coli is not used in the food industry, and B-
galactosidases from yeast K.lactis and fungi of the genus Aspergillus have low activity. Promising are B-
galactosidases of lactobacillus bacteria of the genera Lactobacillus, Lactococcus and Streptococcus[15-20].

Literature data analysis showed that p-galactosidase from S.thermophilus is a good candidate. Lactic acid
bacteria are an obligate microflora of milk and dairy products, most of them are not pathogenic for humans, a
number of them have strong probiotic properties. Obtaining p-galactosidase by cultivation of a bacterial strain
seems to be a rather complex and unprofitable process, since problems arise related to the high cost of nutrient
media. A promising direction is to obtain B-galactosidases of lactic acid bacteria in recombinant form as
industrially important enzymes.

Recombinant DNA technology makes it possible to obtain B-galactosidases in various host cells, in which
the level of expression can be much higher than in a natural source. Recombinant -galactosidase from A. niger
was obtained in filamentous fungi Ashbyagossypiiand Saccharomyces cerevisiae with a higher level of
expression [21, 22]. The resulting recombinant B-galactosidase from A. niger in P. pastoris is similar in Kinetic
parameters to the natural one [23].

Thus, bacterial B-galactosidase is a promising target for their use in cheese making and milk processing. In
this work, B-galactosidase from S.thermophilus was obtained, optimization of biotechnological parameters for
maximum production of B-galactosidase, characterization and comparison of biochemical parameters of bacterial
[-galactosidase were carried out.

MATERIALS AND METHODS

Strains
The following strains were used: E.coli (DH5a, BL21 (DE3), S.thermophilus. Chromosomal DNA was
isolated from the strain S. thermophilus taken from a laboratory collection of bacterial strains.

Media

Luria-Bertani (1% tryptone, 0.5% yeast extract, 0.5% NaCl).For incubation of transformed cells, SOC
medium (2% tryptone, 0.5% yeast extract, 0.05% NaCl, 2.5 mMKCI, 20 mM MgSO,, 20 mM glucose, pH 7.5)
were used. The concentration of kanamycin antibiotic in the media was 50 pg/ml. The preparation of media was
carried out in accordance with Maniatis protocol [24].

Reagents
All reagents used in this work were manufactured by Sigma-Aldrich, AppliChem, Promega, Amresco with
the purity category "For molecular biology".

Cloning

The B-galactosidase gene from genomic DNA of S.thermophilus was amplified with primers including
BamHI and Xhol restriction sites:

LacZSTBamHI 5-CGCGGATCCTTATGAACATGACTGAAAAAATTCAAAC-3" and

LacZSTXhol 5-CCGCTCGAGATTTAGTGGTTCAATCATGAAGCTT-3".

For amplification, Phusion Hot Start II DNA Polymerase (2 U/uL) was used according to the
manufacturer's protocol (Thermo Scientific). The length of the gene was 3078 bp. The PCR amplicon was
determined by 1% agarose gel in TAE buffer with ethidium bromide.

The resultingamplificate and vector pET-28c(+) were purified by chloroform extraction method for
subsequent hydrolysis by specific restriction endonucleases. 30 minutes before the end of the restriction, FastAP
phosphatase was added to remove the phosphate groups in the linearized vector. The obtained fragments: the
vector and insert were ligated using T4 ligase (Thermo Scientific). The recombinant vector was sequenced using
Vector NTI software (Invitrogen, USA).

Expression of f-galactosidase gene from S.thermophilus in E. coli cells

Competent cells of the Escherichia coli BL21 (DE3) strain were transformed by the vector containing the
B-galactosidase gene. The selected transformants were cultured in Luria-Bertani medium with kanamycin at 200
rpm +37°C. After the cell culture reached OD=0.6, IPTG (Isopropyl p-D-1-thiogalactopyranoside) was added for
induction at final concentration of 0.5 mM.



Purification of recombinant protein

Purification of the recombinant B-galactosidase was performed from 400 ml of the induced culture. The
cells collected by centrifugation (6000g, +4°C, 7 minutes) were lysed by ultrasonic desintegration (Omni Ruptor
4000 Ultrasonic Homogenizer). Cell lysate was precipitated by centrifugation at 18,200 g, +4°C for 60 minutes.
The extract was applied to a HisTrap Chelating HP 1 ml column pre-equilibrated with HisTrap Low Imidasol
buffer (500 mMNaCl, 20 mMHepes-NaOH (pH 7.5), 20mM Imidazole (pH 7.5)). After loading, the column was
washed with 5 volumes of HisTrap Low Imidasol buffer to remove nonspecifically bound proteins. To search for
the eluting imidazole concentration, a linear imidazole gradient was used using the HisTrap Low Imidasol and
HisTrap High Imidasol buffer (500 mMNaCl, 20 mMHepes-NaOH (pH 7.5), 500mM Imidazole (pH 7.5). A
liquid chromatograph for fast protein purification FPLC (Fast protein liquid chromatography) AKTA model
Purifierl0 was used in this work. The obtained fractions were analyzed in 12% polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulfate.

Determination of beta-galactosidase activity

The amount of glucose formed was measured by a glucose oxidase-peroxidase method using a commercial
kit (Vital). 600 mM lactose (216 g/l) was used as a substrate. To 495 ul of 600 mM lactose in phosphate buffer
pH=6.8 solution, 5 ul of the test sample was added. The reaction was carried out at a temperature of +30°C and
stopped by heating the sample at 99°C for 5 minutes.

Biochemical characteristics of beta-galactosidase

The pH and the temperature optimum were investigated in studying the biochemical characteristics. When
studying the dependence of enzyme activity on pH, B-galactosidase was tested under standard conditions at
+30°C, only changing the pH from 2.5 to 11.5. During studying the dependence of enzyme activity on
temperature, $-galactosidase was tested under standard conditions at the most effective pH value, changing only
the temperature from +20°C to +90°C.

To calculate the kinetic parameters, the lactose substrate was titrated from 2.5 to 250 mM (2.5, 5, 10, 20,
40, 80, 160, 250 mM). The enzymatic reaction was carried out under standard conditions at a temperature of
+30°C and pH 9.0. The task was to find the relationship between the rate of the enzymatic reaction and the
concentration of the substrate. The reaction rate was expressed in mM/min, the concentration of the substrate
(lactose) in mM. To calculate the kinetic parameters of B-galactosidase, GraphPad Prism 6 software was used. A
unit of enzyme activity was defined as the amount of the enzyme required to liberate one pmole of D-glucose
per minute at 30°C.

RESULTS AND DISCUSSION

Cloning

LacZST gene was amplified from the genomic DNA of S.thermophilus, then amplicon was successfully
integrated into vector pET-28c(+).

Figure 1 shows a plasmid map of vector with a cloned (3-galactosidase gene from S.thermophilus.
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Fig.1. Plasmid map of vector pLacZST



In this vector pLacZST, the B-galactosidase gene is inserted under the control of the T7 promoter. The total
length of the protein is 1068 amino acid residues with a calculated mass of 121.7 kDa. In this sequence, 20 a.o.
from the N-terminus and 6 a.o. from the C-terminal encode hexahistidine tags. Sequencing of the recombinant
vector confirmed the absence of mutations in the gene.

Optimization of p-galactosidase gene expression
The competent cells of E. coli BL21 (DE3) strain were transformed by pLacZST. BL21 (DE3)/pLacZST

effectively expressed the B-galactosidase gene from S.thermophilus(fig.2).

1-4 — pellet; 5-8 — cytosolic fraction;1, 5 — uninduced culture; 2, 6 — 2 hours of induction; 3, 7 — 4 hours of induction; 4,
8 — 16 hours of induction; M — marker

Fig.2. Intracellular accumulation and localization of B-galactosidase fromS.thermophilus in BL21 (DE3)/pLacZST
strain

As can be seen from the figure, the level of protein accumulation strongly depends on the time of
incubation of the culture with IPTG. It can be seen that after 4 hours of induction, the level of protein

accumulation is greatly reduced.
To determine the incubation time, an experiment was performed with sampling every 30 minutes of

induction with IPTG. Figure 3 shows the results of this experiment.

1 2 3 4 5 6 M M 7 8 9 10 11 12
l LacZST
P —

1-6 — pellet; 7-12 — cytosolic (water-soluble) fraction; 1,7 — uninduced culture; 2,8 — induction of 30 minutes; 3,9 —
induction of 60 minutes; 4,10 — induction of 90 minutes; 5,11 — induction of 120 minutes; 6,12 — induction of 180 minutes; M

— marker

Fig. 3. Dependence of the accumulation of recombinant B-galactosidase in the cells of BL21 (DE3)/pLacZST on
induction time

As follows from the figure 3, the accumulation of recombinant protein in the water-soluble fraction
increases in the first two hours, further, the amount of protein decreases due to aggregation and transition into
inclusion bodies.



Purification of g-galactosidase
Purification of recombinant B-galactosidase by affinity chromatography showed high efficiency, which is
apparently related to the presence of two hexahistidine tags (fig.4).

ML FW 1112 13 14 15 16 17 18 19 20 21 2223 2425M 26 27 28 29 30 31 32
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M —marker; L — loading on the column (load); F — fraction through the column (flowthrough); W — washing off the
column; 11-32 — purification fractions

Fig.4. Results of electrophoresis of purified fractions

Biochemical characteristic of the enzyme

The specific activity of purified recombinant B-galactosidase from S. thermophilus is 19 units/mg.Results to
determine the pH optimum showed that recombinant -galactosidase is active in the alkaline range with a
maximum activity at pH=9.0 (fig.5).

Relative activity, %

Fig.5.pH dependence of B-galactosidase activity

When studying the dependence of the enzyme activity on temperature, it was found that the activity
gradually increased to a maximum at +60°C. After that, a smooth decrease and a sharp decrease to almost 0 at
+90°C was observed (fig. 6).
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Fig.6. Temperature dependence of B-galactosidase activity

To calculate the kinetic parameters, the lactose substrate was titrated from 2.5 to 250 mM (2.5, 5, 10, 20,
40, 80, 160, 250 mM). Then, the enzymatic reaction was carried out under standard conditions at a temperature
of +30°C. A dependence was established between the rate of the enzymatic reaction and the concentration of the
substrate. The reaction rate was expressed in relative activity (%), the concentration of the substrate (lactose) in
mM (fig.7).
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Fig.7. Dependence of B-galactosidase activity on substrate concentration (lactose)

Using the obtained data, the kinetic parameters of B-galactosidase were calculated. According to the
obtained data on Kinetics, the Michaelis constant is K,,=10.12+2.5 mM, and the limiting value of the rate of the
enzymatic reaction is Vyy=0.47+0.027mM/min. From the obtained data, it follows that recombinant [-
galactosidase has a high affinity for the substrate (lactose).

Modeling of production conditions

Experiment 1

An experiment was carried out to evaluate the decomposition of natural raw material — lactose. Whey from
milk was used in the hydrolysis of lactose. Analysis of whey on glucose content did not reveal the presence of
this monosaccharide. The concentration of lactose as a single reducing sugar was 67 g/l. 200ug of recombinant
B-galactosidase was added in 20 ml of whey. For the experiment of decomposition of natural raw materials two
levels of temperatures: +37°C and room temperatures of 20-22°C (RT) were chosen. Releasing glucose was
monitored every 60 minutes during 6 hours and later during the day. The enzymatic reaction was stopped by 20
ul of concentrated hydrochloric acid on 0.5 ml and then the samples were frozen (fig.8).
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Fig.8. Dynamics of glucose release by hydrolysis of lactose with recombinant 3-galactosidase

As can be seen from figure 8, there is a doubling of glucose amount (percentage) during each hour for 4
hours at room temperature and at +37°C. At the temperature of +37°C the reaction rate is two times higher. After
4 hours the reaction rate slows down, which is probably connected with inhibition by the product of the reaction,
glucose and/or galactose.

Experiment 2

Using the obtained data for temperature and pH optimum a concentration of lactose was hydrolyzed by
1.25 mg of recombinant B-galactosidase in 7 ml of concentrate at pH=9.0 and a temperature of +65°C. A
hydrolysis was carried out in a water bath, the pH of the lacticconcentrate was increased by adding sodium
bicarbonate. After a 3-hour hydrolysis, the liquid (with crystallized pellet from the supersaturated solution of
lactose) became transparent, the precipitate disappeared, and it was found that the concentration of glucose in the
sample was 145 mM.

Experiment 3

An experiment was conducted simulating production conditions. As a production raw material, defatted
protein-free whey was chosen as a solution of lactose in buffer with pH=9,0 at a concentration 180 mM. The
selected concentration corresponds to milk with a high lactose content.

It was formed 3 groups of samples:

1) The reaction mixture contained 10 ml of 180 mM lactose and 50 ul of the enzyme fraction (2.5 mg/ml)
or a dilution of 1/200.

2) The reaction mixture contained 10 ml of 180 mM lactose and 250 pl of the enzyme fraction (2.5 mg/ml)
or a dilution of 1/40.

3) The reaction mixture contained 10 ml of 180 mM lactose and 250 pl the enzyme fraction (2.5 mg/ml) or
a dilution of 1/40. The only difference that the enzyme was added fractionally — 50 ul for 8 hours (5 times).

The samples were incubated at pH=9.0 and a temperature of +30°C for two days. Aliquots were taken from
all three groups every 2 hours for analysis of enzymatic degradation of lactose at the level of one of the growing
products - glucose. Monitoring was carried out for 8 hours every 2 hours and, then, after the first day and second
day. The results are presented in figure 9.



-8~ 1stgroup
=& 2nd group

3rd group

Glucose concentration, mM
-3
s

time, h.

Fig.9. Incubation of recombinant B-galactosidase at various dilutions

The results of the experiment shows that only matters the amount of added enzyme, and not the manner of
the addition, indicating that there is no decrease in the activity of recombinant 3-galactosidase over time. The
graph shows that after fractional adding, when the concentration of the enzyme reaches the level of sample no. 2
after 8 hours the conversion of lactose is the same.

The results of the experiment a smooth increase of the final product-glucose in all groups was observed.
The fastest growth was observed during the first 8 hours in the second group with a one-dose injection of 250 pul
enzyme. After the first day (24 hours) quantity of the final product — glucose is approximately the same in the
second and third group and is 145 mM which is approximately 75% conversion of lactose. In the first group, the
conversion is about 50%.

After 2 days the conversion of the lactose in the first group is about 63%, whereas in the second and third
group of 85-87%.

As a result after adding 250 pl/10 ml substrate (1/40 dilution) about 75% conversion of lactose occurs after
24 hours at a temperature of +30°C and pH=9,0 and after 48 hours is nearly 90% conversion of lactose (fig.10).
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Fig.10.Lactose conversion

CONCLUSION

The B-galactosidase gene from S.thermophilus was isolated and cloned in pET-28c(+) vector. Using the
recombinant vector, the expression strain BL21 (DE3)/pLacZST was obtained with overexpression of the -
galactosidase gene in water-soluble fraction.



Optimum conditions for the maximum expression of recombinant B-galactosidase were determined: Luria-
Bertani medium, cultivation/induction temperature +37°C, IPTG concentration 0.5 mM; 2 hours induction time.
Under these conditions, the yield of recombinant B-galactosidase is 40 mg from 1 liter of culture.

Optimal conditions were selected and recombinant [-galactosidase was purified by affinity
chromatography. It has been established that B-galactosidase has maximum activity at pH=9.0 and temperature
+60°C. Additional hexahistidine tags from both ends of the recombinant protein led to a shift in the maximum
activity to the alkaline side, in contrast to the native protein [25]. The activity of the recombinant B-galactosidase
is 19 units/mg. The kinetics of the enzymatic reaction of lactose hydrolysis using recombinant B-galactosidase
was studied, the Michaelis constant K,,=10.12+2.5mM was determined and the limiting value of the initial rate
of the enzymatic reaction V,=0.47+0.027mM/min.

Vacuum concentration and hydrolysis of whey with recombinant -galactosidase was performed and a
glucose-galactose syrup was obtained.
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TYUIH

B-ranakTo3uaaza JIAaKTO3aHbl IJIIOKO032-TAJAKTO3AJbl HIIPOATKA alHANABIPYAA KOJIAHATHIH
MaHBI3ABI (pepMeHT 60BN TadbLIagbl. JKYpri3isireHn kymbic HITH:KeCiHAe KOJ KeTKizinmi: Streptococcus
thermophilus — Tam  pET-28¢(+) BekTOpHl KypambiHAa [-rajakro3ujga3a reHi 06JiHIim aJbIHBIN,
KJIOHAAJAbI. AJIBIHFAH IeHIK-UHKeHepJIiK KYPbUIbIMABI KOJIAHbII, €y/1a epiriml ¢gpakumusara redi acKbIH
skcnpeccusianaTeii - BL21(DE3)/pLacZST wmramMm-npoayueHTi anabIHAbL. PexoMOuMHaHTTBI  f-
rajJlakTo3uja3a ajy YIIiH OHTAabl mMapaMeTpJep aHbIKTAJAbI. PexkoMOMHAHTTHI B-rajakTo3uaa3aHbIH
OMOXMMMSUIBIK cHUIATTaMaJiapbl 3epTTedinai. P-ramakrosugaza pH=9,0 :xoHe Temmeparypa +60°C
00JIFaH1a, eH KOFaphbl OeJjiceHAl 001aThIHBI AHBIKTANIbl. PeKOMOMHAHTTHI B-ranakro3naa3a KeMmeriMeH
JIAKTO3a rUAPoJu3i pepMeHTTiK peakUsICHIHBIH KMHETHKACKI 3epTTeainin, Muxasauc koHcTanTacsl K=
10,13£2,5MM  xoHe (epMeHTTIK PpeakuusiHbIH  AJFAIIKbl  SKbULIAMIBIFBIHBIH ~ IIEKTiK  MOHI
Vimax=23,5+1,372 pM/MuH aHBIKTAIABL. PekoMOMHAHTTHI [-rajakTo3maa3a KeMmeriMeH ipiMmrikTeH
ABIHFAH CApbICYbl BAKYYMJBIK KOHBLITY MeH TMAPOJM3i OOMBIHIIA KYMBIC KYPTi3igil, riaoko3a-
rajJaKkTo3aJbl APOAT AJbIHABI.

Herisri ce3nep: B-ramakro3unasa, Streptococcus thermophilus, renomasik THK, 1akTo3a.
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