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Abstract

Heterodimeric (3-galactosidase of Lactobacillus reuteri L103 is encoded by two overlapping genes, lacL and lacM. The lacL (1887 bp) and lacM
(960 bp) genes encode polypeptides with calculated molecular masses of 73,620 and 35,682 Da, respectively. The deduced amino acid sequences
of lacL and lacM show significant identity with the sequences of (3-galactosidases from other lactobacilli and Escherichia coli. The coding regions
of the lacLM genes were cloned and successfully overexpressed in E. coli using an expression system based on the T7 RNA polymerase promoter.
Expression of lacL alone and coexpression of lacL and lacM as well as activity staining of both native and recombinant [3-galactosidases suggested
a translational coupling between lacL and lacM, indicating that the formation of a functional (3-galactosidase requires both genes. Recombinant
B-galactosidase was purified to apparent homogeneity, characterized and compared with the native (3-galactosidase from L. reuteri L103.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

B-Galactosidases (3-gal; EC 3.2.1.23) catalyze the hydrol-
ysis and transgalactosylation of [3-D-galactopyranosides (such
as lactose). B-Galactosidase-catalyzed hydrolysis reactions are
widely known for applications in the dairy industries to improve
digestibility, solubility and sweetness of lactose, the principle
milk carbohydrate (Nakayama and Amachi, 1999). Transgalac-
tosylation reactions catalyzed by 3-galactosidases when using
lactose or other structurally related galactosides as the substrate
yield galacto-oligosaccharides (GOS) (Nakayama and Amachi,
1999; Pivarnik et al., 1995). Galacto-oligosaccharides are clas-
sified as prebiotics (Rastall and Maitin, 2002) that beneficially
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affect host health by stimulating selectively the growth of spe-
cific species of bacteria such as bifidobacteria and lactobacilli in
the gut (Gibson and Roberfroid, 1995; Cummings et al., 2001).

Lactobacillus reuteri is a dominant strain of the hetero-
fermentative lactobacilli in the gastrointestinal tract of humans
and animals (Benno et al., 1989; Kabuki et al., 1997; Sung et
al., 2003). Apart from our recent studies, no information about
[B-galactosidases from L. reuteri, especially regarding their enzy-
matic and molecular properties, was available. Our previous
studies revealed that the intracellular 3-galactosidase enzymes
from the potentially probiotic isolates of L. reuteri, strains L103
and 461, are heterodimers with a molecular mass of 105 kDa,
consisting of a 35 and 72kDa subunit (Nguyen et al., 2006).
Both enzymes were found to be very well suited for the produc-
tion of galacto-oligosaccharides, components that are of great
interest because of their use in functional food (Splechtna et al.,
2006).

Hence, it was our interest to study the molecular properties
of these interesting (3-galactosidases from L. reuteri in more
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Table 1
Sequences of the primers used in this study

Primer Sequence (5" — 3') Location Reference sequence
accession no.

B-Gal F1 ATGCAAGCAAAYATMAAWTGG B-Galactosidase (lacL) DQ493596

B-Gal F2 GGTGGTGATTTCGATGATCGTCAC B-Galactosidase (lacL) DQ493596

B-Gal F3 GGGAGATGGCTTGATGTTTGCTG B-Galactosidase (lacL) DQ493596

B-Gal F4 CCTGGTCTACCAGTAGTAGGAATGC B-Galactosidase (lacM) DQ493596

B-Gal F5 CCAACAGTTGCTACCGGCTTTG B-Galactosidase (lacM) DQ493596
-Gal F6 ATGCAAGCAAATATAAAATGGCTTGATGAACCG -Galactosidase (lacL) DQ493596

B g

B-Gal F7 TCGCCCCCATGGAAGCAAATATAAAA a

B-Gal R1 TTATTTGTGTAAKCCATARTA B-Galactosidase (lacL) DQ493596

B-Gal R6 TTATTTTGCATTCAATACAAACGAAAACTCAAC B-Galactosidase (lacM) DQ493596

B-Gal R7 GGAATTCCTCGAGTGATTTTGCATTCAATAC b

pBSR1 GTTGTGTGGAATTGTGAGCGG pBluescript II SK (—) X52330

pBS R2 ACGCCAAGCGCGCAATTAACC pBluescript II SK (—) X52330

F: denotes forward primers; R: denotes reverse primers.

2 Upstream primer to amplify lacLM from pHA1031 with Ncol site (underlined).

b Downstream primer to amplify lacLM from pHA 1031 with Xhol site (underlined).

detail. B-Galactosidase from L. reuteri L103 was selected for
this study and we identified two partially overlapping genes
coding for this enzyme. In this paper, we describe the cloning
of B-gal from L. reuteri 1103 and its expression in E. coli, fur-
thermore, some properties of the recombinant enzyme are also
reported.

2. Materials and methods
2.1. Bacterial strains and culture conditions

L. reuteri strain L103 was obtained from Lactosan
(Starterkulturen GmbH & Co. KG, Kapfenberg, Austria). The
strain was grown anaerobically overnight at 37°C in MRS
broth containing peptone 10 g/1, di-potassium hydrogen phos-
phate 2 g/l, meat extract 8 g/l, di-ammonium hydrogen citrate
2 g/l, yeast extract 4 g/, sodium acetate 5 g/l, magnesium sul-
fate 0.2 g/l, Tween 80 1 g/l, manganese sulfate 0.04 g/l. Glucose
2% (w/v) served as the C-source (Lactobacillus broth according
to De Manetal., 1960). Escherichia coli TOP10 (Invitrogen Cor-
poration, Carlsbad, CA, USA) was used in the transformation
experiments involving the subcloning of the DNA fragments.
E. coli BL21 Star (DE3) (Invitrogen), which carries the gene
for T7 RNA polymerase under control of the lacZ-promoter,
was used as expression host for the vector carrying the tar-
get DNA fragment encoding both large and small subunits
(lacLM) of 3-galactosidase. The E. coli strains were grown in
Luria broth (LB) containing appropriate antibiotics (100 pg/ml
ampicillin or 50 pg/ml kanamycin) required for maintaining the
plasmids.

2.2. Chemicals and enzymes

All chemicals were purchased from Sigma (St. Louis, MO,
USA) unless otherwise stated and were of the highest qual-
ity available. MRS broth powder was obtained from Merck
(Darmstadt, Germany). All restriction enzymes, Pfu DNA poly-
merase, T4 DNA ligase and shrimp alkaline phosphatase (SAP)

were purchased from Fermentas (Vilnius, Lithuania). GoTaq
DNA polymerase was from Promega (WI, USA). Isopropyl-
B-D-thiogalactopyranoside (IPTG) and agarose were purchased
from Roth (Karlsruhe, Germany).

2.3. DNA preparation

Chromosomal DNA was extracted from L. reuteri 1L103 as
described by Germond et al. (2003) with modifications. The
strain was grown anaerobically at 37 °C in MRS broth to the mid-
log phase. Cells were harvested by centrifugation (4500 rpm,
10 min, 4°), washed twice with 0.8% (w/v) NaCl and once with
60 mM EDTA. The cells were then subjected to one freeze-and-
thaw cycle, resuspended in TE buffer (10 mM Tris—HCI pH 7.5,
1 mM EDTA) containing lysozyme (8 mg/ml) and mutanolysin
(40 U/ml), and incubated at 37 °C for 1 h. One volume of 0.5%
(w/v) sodium dodecyl sulphate (SDS) was added to lyse the
cells, and proteinase K was added to a final concentration of
200 wg/ml. After incubating the mixture at 65 °C for 10 min, the
DNA was extracted with phenol, precipitated with isopropanol
and washed with 70% cold ethanol. The DNA was then dis-
solved in TE buffer. After DNA was dissolved, RNase A was
added to a final concentration of 200 w.g/ml and the solution was
incubated at 35 °C for 30 min. The final yield of DNA obtained
was approximately 0.5 pg/pl.

Plasmid DNA from E. coli was purified using the Wizard Plus
Miniprep DNA Purification System (Promega) and PureLink ™
Quick Plasmid Miniprep Kit (Invitrogen).

2.4. DNA amplification procedure and subcloning of lacL
(large subunit)

The degenerated oligonucleotides 3-gal F1 and B-gal Rl
(Table 1) used for PCR amplification of the L. reuteri lacL
gene were designed by sequence comparison of 3-galactosidase
large subunit (lacL) gene products from Lactobacillus spp.,
namely Lactobacillus acidophilus (GenBank accession number
AB004867), Lactobacillus helveticus (GenBank accession num-
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ber AJ512877), and Lactobacillus sakei (GenBank accession
number X82287). The primers were obtained from VBC-
Biotech (Vienna, Austria). The amplifications were performed
using a T3 Thermocycler (Biometra; Goettingen, Germany) in
a total volume of 50 pl of reaction mixtures containing 0.2 mM
of each deoxynucleotide triphosphate, 25 pmol of each primer,
Sl of 10x Pfu buffer with MgSO4 (final concentration of
MgSO4 was 2.5mM), 1.25U of Pfu DNA polymerase, and
1 pl of diluted genomic DNA (about 50 ng). The initial denat-
uration step at 95 °C for 2 min was followed by 35 cycles of
denaturation at 94 °C for 40, annealing at 42 °C for 40's, and
extension at 72 °C for 4 min. The final cycle was followed by
additional 10 min elongation at 72 °C. The amplified products
were visualized by gel electrophoresis at 5V em™! in a 0.8%
agarose gel (containing 1 pg/ml ethidium bromide) in 1x TBE
(Tris—Borate—EDTA) electrophoresis buffer (10.8 g/l Tris base,
5.5 g/l boric acid, 0.9 g/l sodium EDTA; pH 8) and photographed
under UV light. The amplified product was purified from the
agarose gel using the Wizard® SV Gel and PCR Clean-Up
System (Promega). The vector pCR-Blunt II-TOPO (Invitro-
gen) was used for subcloning PCR-amplified products and the
resulting plasmid pHA1030 was prepared for DNA sequenc-
ing.

2.5. Rapid amplification of genomic ends (RAGE) for direct
sequencing of lacM (small subunit)

RAGE-PCR for direct sequencing of lacM was carried out
as described in Mizobuchi and Frohman (1993) with modifica-
tions. Five pg each of genomic DNA from L.103 and pBluescript
II SK (—) plasmid DNA (Stratagene, La Jolla, CA, USA) were
digested by single enzyme restriction digests using Pstl, Kpnl,
HindlIll, Xhol, Xbal, EcoRV at 37 °C. After complete digestion,
the restriction enzymes were heat inactivated. Digested pBlue-
script plasmid DNA was then dephosphorylated using shrimp
alkaline phosphatase. Digested genomic DNA and pBluescript
plasmid DNA were cleaned up using the Wizard® SV Gel and
PCR Clean-Up System (Promega) and then ligated with T4 DNA
ligase at 16 °C for 15 h. These ligation mixtures were stored at
—20°C until use.

The primers B-gal F2, B-gal F3, pBS Rl and pBS R2
(Table 1) were designed based on the sequence of lacL (large
subunit) obtained from previous experimental procedures and
the sequence of pBluescript II SK (—) vector (GenBank acces-
sion number X52330). The first round of PCR amplification
was performed in a total volume of 50 .l of reaction mixtures
containing 1 pl of the ligation mixture (as template), 0.2 mM
of each deoxynucleotide triphosphate, 25 pmol of each primer
(B-gal F2 and pBS R1), 10 ul of 5x colourless GoTaq reac-
tion buffer, and 2.5 U of GoTaq DNA polymerase (Promega).
The initial denaturation step at 95 °C for 2 min was followed by
35 cycles of amplification (94 °C, 40s; 53-57°C, 40s; 72°C,
2min) and a final elongation at 72°C for 10 min. The sec-
ond round of PCR amplification was carried out using 1 pl
of the first PCR reaction mix as template and nested primers
B-gal F3 and pBS R2 (Table 1) under the same conditions
described for the first round of PCR amplification. The pos-

itive product of RAGE-PCR was cloned into pCR 2.1-TOPO
vector (Invitrogen) and the plasmid was prepared for DNA
sequencing.

The product of first RAGE-PCR did not cover the complete
lacM sequence. Hence, a second RAGE-PCR was performed
using different pairs of primers, B-gal F4 and pBS R1, and
nested primers 3-gal F5 and pBS R2 (Table 1) under the same
conditions as described above.

2.6. DNA amplification procedure and subcloning of
B-galactosidase

The degenerated oligonucleotides [-gal F6 and (-gal
R6 (Table 1) used for PCR amplification of L. reuteri -
galactosidase genes (lacLM) were designed based on the
sequences of lacL and lacM obtained from the experimen-
tal procedures described above. The amplification procedure
was performed as described above for DNA amplification
of lacL (large subunit) with some modifications (annealing
at 57°C for 40s, and extension at 72°C for 6min). The
vector pCR-Blunt II-TOPO (Invitrogen) was used for sub-
cloning the PCR-amplified product. The resulting plasmid
pHA1031 contains the complete genes (lacL and lacM) of
B-galactosidase from L. reuteri, which was confirmed by
sequencing.

2.7. Nucleotide sequencing and sequence analysis

The nucleotide sequence was determined by VBC-Biotech
(Vienna, Austria). Assembly and analysis of DNA sequences
were done by using ChromasPro (version 1.33) (Technely-
sium, Australia). The basis local alignment tool (BLAST) from
the National Center for Biotechnology Information BLAST
website was used for database searches. The comparison of
B-galactosidases from Lactobacillus spp. with homologous pro-
teins was carried out using the programs ClustalX (version
1.81) (Thompson et al., 1997) and GeneDoc (version 2.6.002)
(Nicholas et al., 1997).

2.8. Expression of B-galactosidase

Upstream and downstream primers (3-gal F7 and (3-gal R7
(Table 1) were used to amplify the fragment containing [3-
galactosidase genes from pHA1031. These primers created a
restriction site at each end of the gene fragment, Ncol and
Xhol, respectively. The PCR-amplified fragment was digested
with Ncol and Xhol and inserted into the respective sites
of the expression vector pET21d (Novagen, Darmstadt, Ger-
many) resulting in the overexpression plasmid pHA1032. The
expressed protein carries a C-terminal His-Tag encoded by the
vector. E. coli BL21 Star (DE3) carrying pHA1032 was grown
at 37°C in LB medium containing 100 pwg/ml ampicillin until
an optical density at 600 nm of 0.6 was reached. Isopropyl-f3-
D-thiogalactopyranoside (IPTG; 0.1 mM) was then added to the
culture medium and the cultures were incubated further at 25 °C
for 12 h. The induced cells were then harvested, washed once
with sodium phosphate buffer (50 mM, pH 6.5), and disrupted
by using a French press (AMINCO, Maryland, USA). Debris
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was removed by centrifugation (16,000 rpm, 30 min, 4 °C) to
obtain the crude extract.

2.9. Protein purification

The crude extract was loaded on a HisTrap HP column
(Ni Sepharose High Performance, 5 ml, GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) that was pre-equilibrated with
buffer A (20 mM sodium phosphate, 0.5 M NaCl, 20 mM imida-
zole, pH 6.5). The protein was eluted at a rate of 2.5 ml min~!
with a 75 ml linear gradient from O to 100% buffer B (20 mM
sodium phosphate, 0.5M NaCl, 500 mM imidazole, pH 6.5).
Active fractions were pooled, desalted and concentrated for fur-
ther analysis.

2.10. Protein determination

Protein concentration was determined by the method of Brad-
ford (Bradford, 1976) using bovine serum albumin as standard.

2.11. Gel electrophoresis and active staining

Gel electrophoresis and active staining were carried out using
4-methylumbelliferyl B-p-galactoside as the substrate as previ-
ously described (Nguyen et al., 2006).

2.12. Enzyme assays

B-Galactosidase activity was determined using o-
nitrophenyl-f3-D-galactopyranoside (oNPG) and lactose as
the substrates as described previously (Nguyen et al., 2006).
When chromogenic oNPG was used as the substrate, the
reaction was initiated by adding 20 .l of enzyme solution to
480 w1 of 22 mM oNPG in 50 mM sodium phosphate buffer (pH
6.5) and stopped after 10 min of incubation at 30 °C by adding
750 w1 of 0.4 M NayCO3. The release of o-nitrophenol (oNP)
was measured by determining the absorbance at 420 nm. One
unit of oNPG activity was defined as the amount of enzyme
releasing 1 pumol of oNP per minute under the described
conditions.

When lactose was used as the substrate, 20 ul of enzyme
solution was added to 480 ul of 600 mM lactose solution in
50 mM sodium phosphate buffer, pH 6.5. After 10 min of incu-
bation at 30 °C, the reaction was stopped by heating the reaction
mixture at 99 °C for 5 min. The reaction mixture was cooled
to room temperature, and the release of D-glucose was deter-
mined colorimetrically using the GOD/POD assay (Kunst et al.,
1988). One unit of lactase activity was defined as the amount
of enzyme releasing 1 pmol of D-glucose per minute under the
given conditions.

2.13. Characterization of the recombinant -galactosidase
enzyme

Steady-state kinetic measurements, pH and temperature
dependency of activity and stability were obtained following
the methods described in our previous report (Nguyen et al.,
2006).

2.14. Nucleotide sequence accession numbers

The GenBank accession numbers are DQ493596 (nucleotide
sequence of both genes), ABF72116 (lacL, large subunit) and
ABF72117 (lacM, small subunit), respectively.

3. Results

3.1. Cloning of B-galactosidase genes from L. reuteri and
nucleotide sequence analysis

Degenerated oligonucleotides were designed for PCR
amplification of the gene encoding the large subunit
(lacL) of L. reuteri L103 [-galactosidase. One com-
plete open reading frame (ORF) of 1887bp encoding 628
amino acid residues with a calculated molecular mass
of 73,620 Da (http://au.expasy.org/tools/protparam.html) was
obtained. Based on its similarity to the sequences of published
lacL genes of B-galactosidases from other Lactobacillus spp.
it was assumed to be the lacL gene of L. reuteri L103 f3-
galactosidase.

To identify the location of the gene encoding the small sub-
unit, RAGE-PCR was carried out for direct sequencing of the
flanking region of the 3’ end of lacL. A second reading frame
which partially overlaps the 3’ end of lacL was obtained. The
start codon ATG of this open reading frame starts at position
1870 of lacL and its 960 bp encode a protein of 319 amino
acids with a calculated molecular mass of 35,682 Da. It was
designated as lacM based on its similarity to the sequences of
published lacM genes of B-galactosidases from Lactobacillus
spp. The gene lacM was found downstream of /acL and the two
genes overlap for 17 base pairs (Fig. 1). From our previous study,
L103 B-galactosidase appeared to be a heterodimer consisting
of a 35 and 72 kDa subunit (Nguyen et al., 2006), hence this was
in agreement with the deduced amino acid sequences.

3.2. Comparison of amino acid sequences

The alignments of the deduced amino acid sequences of lacL
and lacM genes of (3-galactosidase from L. reuteri L103 with
other B-galactosidases from Lactobacillus spp. and Leuconos-
toc lactis are presented in Fig. 2 (A,B). The lacL and lacM

ATGCAAGCAAATATAAAATGGCTTGATGAACCGGAAACATTCCGCGTCAATCAATTACCT. ... ..

lacLM Q A N I

K W L D E

P E T F R V N Q L P

....... AGATACTACTATGGCTTACACAAATAAATTACGCGTGATATATGGT ......GCAAAATAA

R Y Y Y G L H K *
lacMM A Y T

N K L R V I Y G

A K *

Fig. 1. Overlapping coding region of the lacL and lacM genes of Lactobacillus reuteri L103 B-galactosidase.
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Fig. 2. Amino acid sequence alignment of (A) lacL and (B) lacM genes of the B-galactosidases from L. reuteri L103 (GenBank accession nos. ABF72116 and
ABF72117, respectively) and some other Lactobacillus spp. and Leuconostoc lactis. GenBank accession numbers are indicated.
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genes of (3-galactosidase from L. reuteri 1.103 show significant
similarity to the reported sequences of [3-galactosidases from
L. acidophilus, 74 and 71%, respectively (accession numbers
BAA20536 and BAA20537) (Suzuki et al., 1997); L. helveticus,
73 and 70%, respectively (accession numbers CAD55499 and
CADS55500) (Fortina et al., 2003); L. johnsonii, 69 and 65%,
respectively (accession numbers AAS08676 and AAS08675)
(Pridmore et al., 2004); L. plantarum, 64 and 68%, respectively
(accession numbers CAD65569 and CAD65570) (Kleerebezem
etal., 2003); L. lactis, 64 and 67 %, respectively (accession num-
bers Q02603 and Q02604) (David et al., 1992); and L. sakei,
58 and 57%, respectively (accession numbers CAA57730 and
CAAS57731) (Obst et al., 1995). The region showing the low-
est conservation in the lacL genes of these (3-galactosidases
is from nucleotide positions 240-300, while very high con-
servation was observed in the region of the 3’ end of lacL
(Fig. 2A).

The amino acid sequence deduced from L. reuteri L103 lacL
shows 33% identity to the lacZ gene encoding 3-galactosidase
from E. coli (accession number V00296) (Kalnins et al., 1983).
Previous studies suggested that Glu-461 is a general acid—base
recognition site (Cupples et al., 1990) and Glu-537 is a nucle-
ophile in the active site of 3-galactosidase from E.coli (Gebler et
al., 1992). Tyr-503 was also reported as a general acid and base
catalyst (Ring and Huber, 1990). Glu-416, His-418, Glu-461
appear to coordinate a bound magnesium ion in E. coli -
galactosidase (Jacobson et al., 1994). The amino acid sequence
alignment of the regions flanking these catalytically important
residues in L. reuteri 1103 lacL and lacZ from E. coli is shown
in Fig. 3. These regions in lacL of L. reuteri L103 show high
similarity to the corresponding regions in lacZ from E. coli, with
the exception of the region flanking a tyrosine residue at position
502 with significant lower similarity. The deduced amino acid
sequence of lacM showed similarity to 180 residues at the 3’
end of the lacZ gene from E.coli. As judged from the sequences
of the lacL and lacM genes from L. reuteri L103, they possibly
belong to the glycosyl hydrolase family 2 according to the struc-

tural classification by Henrissat (Henrissat, 1991; Nakayama and
Amachi, 1999).

3.3. Overexpression of B-galactosidase from L. reuteri in E.
coli

To further study the two gene products of lacLM, a T7 RNA
polymerase expression system was used for the joint overexpres-
sion of the lacL and lacM genes in E. coli. The coding region for
both genes, lacL and lacM, was cloned into pET21d resulting
in the overexpression plasmid pHA1032. Gene expression was
induced by 0.1 mM IPTG with 12 h induction at 25 °C (Fig. 4A).
B-Galactosidase activity produced by E. coli strain BL21 Star
(DE3) carrying pHA1032 was determined to be 55 U/mg of
protein and approximately 110kU/1 of fermentation broth. The
enzyme was purified with a single-step purification using a
HisTrap HP column which gave an overall yield of 75%, and
approximately 83 kU of purified recombinant enzyme per liter
of fermentation broth with a specific activity of 180 U/mg of
protein was obtained.

The recombinant B-galactosidase overexpressed in E. coli
had a molecular mass of approximately 108 kDa and consisted
of a ~35 and ~73kDa subunit. This is in agreement with
the wild-type B-galactosidase from L. reuteri L103 (Fig. 4B).
Active staining of both purified wild-type and recombinant
B-galactosidases directly on the SDS-PAGE gel after pre-
incubating the enzymes with denaturing SDS buffer at 60 °C
for 5 min and using 4-methylumbelliferyl B-D-galactoside as the
substrate showed that one band corresponding to a polypeptide
of the size of the larger subunit exhibited activity with this sub-
strate. In contrast, the smaller subunit did not show any activity
(Fig. 4B). As was reported in our previous study, active staining
of wild-type B-galactosidase L.103 on native PAGE yielded two
bands with B-galactosidase activity, one band of approximately
105 kDa, corresponding to the intact heterodimer, and a second
band representing a degradation product containing components
of both subunits (Nguyen et al., 2006). This observation was also
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made with recombinant 3-galactosidase overexpressed in E. coli
(data not shown).

3.4. Expression of lacL gene product alone did not yield
functional B-galactosidase activity

Based on these observations with active staining of f-
galactosidase L.103 using 4-methylumbelliferyl B-p-galactoside
as the substrate, it was of interest to determine whether the
gene product of lacL gene represents an active, monomeric
[B-galactosidase. To this end, the coding region of only lacL
was cloned into pET21d resulting in plasmid pHA1033, and
this plasmid was introduced into E. coli. Gene expression was

induced by IPTG, analyzed by SDS-PAGE, and the expressed
protein was purified using a HisTrap HP column. A protein with
a molecular mass of ~73 kDa, which is in agreement with the
molecular mass of the large subunit, was obtained, which con-
firmed that the gene was expressed. However, no detectable
B-galactosidase activity was found. This indicates that both
genes, lacL and lacM, are required for the production of active
[B-galactosidase.

3.5. Properties of recombinant B-galactosidase EL103

To differentiate from the native [B-galactosidase from L.
reuteri 1103, the (3-galactosidase overexpressed in E. coli was

Gludl EL 1His4 18

Ecoli-lacZ VO0Z56 : JMeFYENeatinyimglgsi-—- - -~ =l NRRTD : 428
L.reuteriLl03=lacl : peisDNeaRedioLa A IoRRRRzlA T ORMCANE YT PG 434
LCD &=AYAat E NBAE3H 6 P a]
GluqlsT tnisqlv
Gludel
Ecoli-lacZ V00294 : D-)2R@LPAGSEENTRM i 462
L.reuteriLl03-lacL : SVIEQRRD CUSONYE N HP ST LIgW S LGME S 469
P W 6 R 2 4NHPS6E6 WSLGNES
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Tyr 503
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Fig. 3. Amino acid alignment of the flanking regions of the presumed acid-base catalyst, nucleophilic recognition site and ligands of the magnesium ion of lacZ

from E. coli and lacL from L. reuteri 1.103 (GenBank accession no. ABF72116).
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Fig. 4. (A) SDS-PAGE of -galactosidase (lacLM) from L. reuteri L103 over-
expressed in E. coli BL21 Star (DE3). Lane 1, recombinant molecular weight
markers (Biorad); lanes 2 and 3, Coomassie blue staining of whole-cell lysates
of E. coli containing pHA1032 without induction (lane 2), and with 0.1 mM
IPTG induction at 25°C for 12h (lane 3); lane 4, Coomassie blue staining
of purified recombinant B-galactosidase EL103. (B) SDS-PAGE of purified
native and recombinant 3-galactosidases. Lane 1, recombinant molecular weight
markers (Biorad); lanes 2 and 3, Coomassie blue staining of purified native 3-
galactosidase from L. reuteri L103 (lane 2) and recombinant 3-galactosidase
EL103 (lane 3); lanes 4 and 5, active staining with 4-methylumbelliferyl
B-D-galactoside of native 3-galactosidase L103 (lane 4) and recombinant 3-
galactosidase EL103 (lane 5).

denoted as recombinant (3-galactosidase EL103. The steady-
state kinetic constants were determined for the hydrolysis
of lactose, the natural substrate. Kinetic analysis of recom-
binant B-galactosidase EL103 with increasing concentrations
of lactose as the substrate showed Michaelis—Menten kinetics
with the following parameters obtained by nonlinear regression
using SigmaPlot (SPSS Inc., Illinois, USA): Vipax =38 (umol b-
glucose released/min mg protein) and Ky, =12 £2mM. In case
of native (3-galactosidase L103, the Vpax and Ky, values for
lactose were 34 (umol D-glucose released/min mg protein), and
13 &2 mM, respectively (Nguyen et al., 2006).

The optimum pH of native L.103 3-galactosidase is pH 8.0 for
both lactose and oNPG hydrolysis. The optimum pH of recom-
binant EL103 B-galactosidase shifts to pH 7.0 for oNPG and
remains at pH 8.0 for lactose hydrolysis (Fig. 5A and B). How-
ever, both native L103 3-gal and recombinant EL.103 -gal are
most stable at pH 6.0, retaining more than 90 and 80% of its
activity, respectively, when incubated at pH 6.0 and 37 °C for
3h (Fig. 6). EL103 3-gal was slightly less stable than L.103
B-gal at pH 6.0, although the difference was not significant.
Surprisingly, the recombinant EL103 (3-gal showed significant

activity at pH 7.0 after 3 h incubation at 37 °C, retaining 26%
of its activity, whereas the native L103 (3-gal was inactive at
this pH.

The optimum temperature of both native and recombinant 3-
galactosidases L103 and EL103 was 50 °C when using oONPG
as the substrate under standard assay conditions (pH 6.5 and
10 min). For lactose hydrolysis, the optimum temperatures of
L103 and EL103 (-galactosidases were found to be in the
range of 45-50 °C, and 50-60 °C, respectively (Fig. 5C and D).
Both native and recombinant enzymes, L.103 3-gal and EL103
B-gal, are very stable at 4°C in the presence of 1mM 1,4-
dithiothreitol (DTT), retaining their full activity after weeks of
storage. .103 and EL103 3-galactosidases retained 30 and 35%
of their activities, respectively, when kept at 37 °C for 48 h. The
effect of MgCl, on the thermal stability of native L103 [3-gal
was reported in our previous study (Nguyen et al., 2006) and
this observation was also found with recombinant EL103 -
gal. In the presence of 10 mM MgCl, both enzymes retained
90% of its activity after 6 h incubation at 42 °C, and their half-
life time (#1/2) of activity at this temperature was increased to
approximately 24 h.

4. Discussion

Heterodimeric 3-galactosidase from L. reuteri is encoded
by two overlapping genes, lacL and lacM. As was reported
in our previous study (Nguyen et al., 2006), the larger subunit
of L. reuteri 3-gal showed activity after subunit dissociation
and separation by SDS-PAGE while the smaller subunit was
inactive. This active staining of the purified (3-galactosidase
L103 was done directly on the SDS-PAGE gel after pre-
incubating the enzymes with denaturing SDS buffer at 60 °C
for 5min (a ‘milder’ form of denaturation resulting predomi-
nantly in subunit dissociation but not denaturation) and using
4-methylumbelliferyl (3-D-galactoside as the substrate. After
pre-incubating the enzymes with denaturing SDS buffer at 99 °C
(presumably resulting in complete denaturation), both subunits
exhibited no activity (data not shown).

When both genes lacLM were expressed in E. coli, functional
[B-galactosidase was obtained, whereas the expression of lacL
alone did not yield an active protein. These observations suggest
that both lacL and lacM are required for the synthesis of func-
tional and active [3-galactosidase. The precise reason for this is
unclear at present, but it can be speculated that the simultaneous
presence of polypeptides representing both subunits influences
the correct folding of the protein, while a misfolded and there-
fore inactive protein is formed when only the large subunit is
expressed. Translational coupling between lacL and lacM was
also found previously in L. lactis (David et al., 1992).

E. coli BL21 Star (DE3) was used as the expression host for
the expression of 3-galactosidase genes. Although this strain has
background (3-galactosidase activity, the expressed recombinant
protein is histidine-tagged and can be easily purified with Ni
Sepharose High Performance column and separated from the
native [-galactosidase. Heterologous expression of the tagged
protein resulted in the production of 110kU of (3-galactosidase
activity, which could be efficiently purified by metal affinity
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Fig. 5. pH optimum (A and B) and temperature optimum (C and D) of native 3-galactosidase from L. reuteri L103 and recombinant 3-galactosidase EL103 (A and
C: oNPG as the substrate; B and D: lactose as the substrate). The buffers used as shown in (A and B) were sodium citrate (50 mM, pH 4.0-5.5) (circles), sodium
phosphate (50 mM, pH 6.0-7.5) (triangles) and borate (50 mM, pH 8.0-9.0) (squares).

chromatography in one single step, and approximately 83 kU of
purified recombinant enzyme per liter of fermentation broth with
a specific activity of 180 U/mg of protein was obtained. When
using the natural source L. reuteri L103 for the production of
[B-galactosidase, 2.5 kU/I of fermentation broth was formed, of
which 175U (~7%) purified enzyme with a specific activity of
158 U/mg was obtained after a three-step-purification procedure
(Nguyen et al., 2006). The [3-galactosidase activities described
here are given as activity with the chromogenic model substrate
oNPG, which is approximately 4.6-fold higher than the activity
with the natural substrate lactose.
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Fig. 6. pH stability of native L103 and recombinant EL103 B-galactosidases
incubated at 37 °C in sodium citrate buffer (pH 4-5.5), sodium phosphate buffer
(pH 6.0-7.5) and borate buffer (pH 8.0-9.0) with residual activity measured
after 3h.

Unexpectedly, the optimum pH of recombinant EL103 B-
galactosidase shifted 1 pH value for oNPG lysis. Recombinant
EL103 (-gal also exhibited a slightly broader and higher
temperature optimum range for lactose hydrolysis compared
to native L103 (3-gal. The reason for these changes is not
clear, but can probably be attributed to slightly aberrant fold-
ing of the polypeptide chains by E. coli as compared to
L. reuteri. However, these changes did not affect the spec-
trum and the yield of galacto-oligosaccharides (GOS) from
lactose using recombinant 3-gal EL103. Recombinant (3-gal
EL103 formed a similar GOS spectrum as native (3-gal L103
(data not shown) with the main products identified being
B-p-Galp-(1 — 6)-D-Glc (allolactose), B-D-Galp-(1 — 6)-D-
Gal, B-p-Galp-(1 — 3)-p-Gal, B-p-Galp-(1 — 3)-D-Glc, B-D-
Galp-(1 — 6)-Lac, B-p-Galp-(1 — 3)-Lac (Splechtna et al.,
2006).

In conclusion, this work presents the cloning and expression
of the genes encoding heterodimeric (3-galactosidase from L.
reuteri in E. coli. The cloning of these genes into the expression
vector pET21d enables efficient production of the protein of
interest in this study in gram scale. The overproduction of this
enzyme in yeast or other food-grade expression system, which
is ongoing in our project, is also of interest for the applications
in food industry.

Finally, it should be mentioned that at the time the experi-
mental work of this research was carried out, no sequence of
L. reuteri (3-galactosidases was yet published. Genome shotgun
sequence of L. reuteri JCM 1112 (GenBank accession number
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NZ_AAOV01000035) was published during the preparation of
this paper.
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