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Abstract

Lysin motif (LysM) domains are found in many bacterial peptidoglycan hydrolases. They can bind
non-covalently to peptidoglycan and have been employed to display heterologous proteins on the
bacterial cell surface. In this study, we aimed to use a single LysM domain derived from a putative
extracellular transglycosylase Lp_3014 of Lactobacillus plantarum WCFS1 to display two
different lactobacillal B-galactosidases, the heterodimeric LacLM-type from Lactobacillus reuteri
and the homodimeric LacZ-type from Lactobacillus delbrueckii subsp. bulgaricus, on the cell
surface of different Lactobacillus spp. The B-galactosidases were fused with the LysM domain and
the fusion proteins, LysM-LacLMLreu and LysM-LacZLbul, were successfully expressed in
Escherichia coli and subsequently displayed on the cell surface of L. plantarumWCFSL. p-
Galactosidase activities obtained for L. pfantarum displaying cells were 179 and 1153 U per g dry
cell weight, or the amounts of active surface-anchored p-galactosidase were 0.99 and 4.61 mg per
g dry cell weight for LysM-LacLMLreu and LysM-LacZLbul, respectively. LysM-LacZLbul was
also displayed on the cell surface of other Lactobacillus spp. including L. delbrueckii subsp.
bulgaricus, L. casefand L. helveticus, however L. plantarum is shown to be the best among
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Lactobacillus spp. tested for surface display of fusion LysM-LacZLbul, both with respect to the
immobilization yield as well as the amount of active surface-anchored enzyme. The immaobilized
fusion LysM-p-galactosidases are catalytically efficient and can be reused for several repeated
rounds of lactose conversion. This approach, with the B-galactosidases being displayed on the cell
surface of non-genetically modified food-grade organisms, shows potential for applications of
these immobilized enzymes in the synthesis of prebiotic galacto-oligosaccharides.
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1 Introduction

[B-Galactosidases catalyze the hydrolysis and transgalactosylation of p-D-galactopyranosides
(such as lactose) [1-3] and are found widespread in nature. They catalyze the cleavage of
lactose (or related compounds) in their hydrolysis mode and are thus used in the dairy
industry to remove lactose from various products. An attractive biocatalytic application is
found in the transgalactosylation potential of these enzymes, which is based on their
catalytic mechanism [1,4]. p-Galactosidases can be obtained from different sources
including microorganisms, plants and animals, however microbial sources of B-galactosidase
are of great biotechnological interest because of easier handling, higher multiplication rates,
and production yield. Recently, a number of studies have focused on the use of the genus
Lactobacillus for the production and characterization of f-galactosidases, including the
enzymes from L. reuteri, L. acidophilus, L. helveticus, L. plantarum, L. sakei, L. pentosus,
L. bulgaricus, L. fermentum, L. crispatus [5-15]. p-Galactosidases from Lactobacillus
species are different at molecular organization [6,8,10,12,16]. The predominant glycoside
hydrolase family 2 (GH2) B-galactosidases found in lactobacilli are of the LacLM type,
which are heterodimeric proteins encoded by the two overlapping genes, /acL and /acM,
including /acL M from L. reuteri[16], L. acidophilus [6], L. helveticus 7], L. pentosus [11],
L. plantarum [8], and L. sakei [10]. Di- or oligomeric GH2 p-galactosidases of the LacZ
type, encoded by the single /acZ gene, are sometimes, but not often found in lactobacilli
such as in L. bulgaricus [12]. Lactobacilli have been studied intensively with respect to their
enzymes for various different reasons, one of which is their ‘generally recognized as safe’
(GRAS) status and their safe use in food applications. It is anticipated that galacto-
oligosaccharides (GOS) produced by these B-galactosidases will have better selectivity for
growth and metabolic activity of this bacterial genus in the gut.

An economical, sustainable and intelligent use of biocatalysts can be achieved through
immobilization, where the enzyme is bound onto a suitable food-grade carrier. Efforts have
been made to immobilize B-galactosidases from L. reuteri, a LacLM-type, and Lactobacillus
bulgaricus, a LacZ-type, on chitin using the chitin binding domain (ChBD) of Bacillus
circulans WL-12 chitinase A1 [17]. Cell surface display has been shown as a new strategy
for enzyme immobilization, which involves the use of food-grade organism L. plantarum
both as a cell factory for the production of enzymes useful for food applications and as the
carrier for the immobilization of the over-expressed enzyme by anchoring the enzyme on the
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cell surface [18,19]. This enables the direct use of the microbial cells straight after the
fermentation step as an immobilized biocatalysts, offering the known advantages of
immobilization (reuse of enzyme, stabilization, etc.) together with a significant
simplification of the production process since costly downstream processing of the cells
producing the enzyme (cell disruption, protein purification, etc.) as well as the use of carrier
material will not be necessary. We recently reported cell surface display of mannanolytic and
chitinolytic enzymes in L. plantarum using two anchors from L. plantarum, a lipoprotein-
anchor derived from the Lp_1261 protein and a cell wall anchor (cwa2) derived from the
Lp_2578 protein [19]. However, this approach works less efficient with dimeric and
oligomeric enzymes, such as p-galactosidases from lactobacilli, due to low secretion
efficiency of target proteins. Therefore, it is of our interest to find another strategy to display
lactobacillal B-galactosidases on Lactobacillus cell surface for use as immobilized
biocatalysts for applications in lactose conversion and GOS formation processes.

There are two principally different ways of anchoring a secreted protein to the bacterial cell
wall: covalently, via the sortase pathway, or non-covalently, via a protein domain that
interacts strongly with cell wall components. In sortase-mediated anchoring, the secreted
protein carries a C-terminal anchor containing the so-called LP x TG motif followed by a
hydrophobic domain and a positively charged tail [20]. The hydrophobic domain and the
charged tail keep the protein from being released to the medium, thereby allowing
recognition of the LP x TG motif by a membrane-associated transpeptidase called sortase
[20-22]. The sortase cleaves the peptide bond between threonine and glycine in the LP X
TG motif and links the now C-terminal threonine of the surface protein to a pentaglycine in
the cell wall [21-25]. One of the non-covalent cell display systems exploits so-called LysM
domains, the peptidoglycan binding motifs, that are known to promote cell wall association
of several natural proteins [23,26]. These domains have been used to display proteins in
lactic acid bacteria (LAB) by fusing the LysM domain N- or C-terminally to the target
protein [27-30]. In L. plantarum WCFSL1 ten proteins are predicted to be displayed at the
cell wall through LysM domains [31].

In this present study, we exploit a single LysM domain derived from the Lp_3014 protein in
L. plantarum WCFS1 for external attachment of two lactobacillal g-galactosidases, a
LacLM-type from L. reuteriand a LacZ-type from L. bulgaricus, on the cell surface of four
Lactobacillus species. The immobilization of active 3-galactosidases through cell-surface
display can be utilized as safe and stable non-GMO food-grade biocatalysts that can be used
in the production of prebiotic GOS.

2 Results

2.1 Expression of Recombinant Lactobacillal p-galactosidases in E. coli

The overlapping /acL M genes from L. reuteri1.103 and the /acZ gene from L. bulgaricus
DSM20081, both encoding p-galactosidases, were fused N-terminally to the LysM motif for
expression and later attachment of the hybrid proteins to the peptidoglycan layer of
Lactobacillus spp. An 88 residue fragment of the LysM motif from the 204-residue-Lp_3014
protein of an extracellular transglycosylase of L. plantarum WCFS1 [31,32] was fused to
two B-galactosidases for production in £. coli. The two hybrid sequences were then cloned
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into the expression vector pBAD containing an N-terminal 7 x Histidine tag for
immunodetection, yielding pBAD3014LacLMLreu and pBAD3014LacZLbul (Figure 1).

The E. colistrains were cultivated in Luria-Bertani (LB) medium, induced for gene
expression (as described in Materials and Methods), and the SDS-PAGE and Western blot
analyses of cell-free extracts (Figure 2) showed the production of the two recombinant -
galactosidases, LysM-LacLMLreu and LysM-LacZLbul. As judged by SDS-PAGE (Figure
2A), LysM-LacLMLyreu shows two bands with apparent molecular masses corresponding to
a large subunit (LacL) and a small subunit (LacM) at ~90 kDa and ~35 kDa. These values
are in agreement with reported molecular masses of 73 and 35 kDa for these two subunits of
[B-galactosidase from L. reutei [5,16]. The increase in molecular mass of a larger subunit in
LysM-LacLMLreu is due to the added His-LysM fragment (~18 kDa). On the other hand, -
galactosidase from L. bulgaricus was reported to be a homodimer, consisting of two
identical subunits of ~115 kDa [12]. A unique band of ~130 kDa corresponding to the
molecular mass of a single subunit of LacZ fused with the 18 kDa-fragment of the histidine-
tag and the LysM domain was shown on SDS-PAGE analysis of a cell-free extract of LysM-
LacZLbul as expected (Figure 2A). Western blot analysis of the crude, cell-free extracts was
performed using anti-His antibody for detection. Figure 2B shows that the recombinant
bacteria produced the expected proteins, LysMLacL (lane 2) and LysMLacZ (lane 4). LacM
was not detected as it does not contain the histidine-tag.

To check if the heterologously produced enzymes were functionally active, f-galactosidase
activities of cell-free lysates of £. coli cells carrying different expression vectors were
measured. The highest yields obtained for the two recombinant enzymes were 11.1 + 1.6
k-Unpg per L of medium with a specific activity of 6.04 + 0. 03 U-mg~2 for LysM-
LacLMLreu and 46.9 + 2.7 kU ;npg per L of medium with a specific activity of 41.1 £ 0.9
U-mg~1 for LysM-LacZLbul, respectively (Table 1). The B-galactosidase activities in non-
induced E. coli cells were negligible for both LysM-LacLMLreu and LysM-LacZLbul
showing that the activity is from the overproduced p-galactosidases (Table 1).

2.2 Display of Lactobacillal p-Galactosidases on Lactobacillus Cell Surface

To investigate the attachment of the two hybrid proteins, LysM-LacLMLreu and LysM-
LacZLbul, to the cell wall of L. p/lantarum, cell-free crude extracts from E£. coli harboring -
galactosidases corresponding to 50 U snpg (~5—6 mg protein) were incubated with L.
plantarum cells collected from one mL cultures at ODggg ~4.0. The enzymes and L.
plantarum were incubated at 37 °C with gentle agitation, and after 24 h of incubation, the
residual activities in the supernatant as well as on the cell surface were determined for both
enzymes (Table 2A). The immobilization yield (1Y) is a measure of how much of the applied
protein bound to the surface of Lactobacillus cells. Immobilizations yields for LysM-
LacLMLreu and LysM-LacZLbul were 6.5% and 31.9%, respectively. SDS-PAGE analysis
of the samples after the immobilization procedure showed strong bands of LysM-LacL and
LacM or LysM-LacZ in the residual supernatants (Figure 3A, lane 2; Figure 3B, lane 2),
indicating relatively high amounts of non-anchored proteins in the supernatants. Two
successive washing steps with 50 mM sodium phosphate buffer (NaPB, pH 6.5) did not
release the enzymes showing that the immobilization is both effective and stable (Figure 3A,
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lanes 4, 5; Figure 3B, lanes 3, 4). The low immobilization yield for LysM-LacLMLreu was
confirmed by the SDS-PAGE analysis (Figure 3A, lane 3) Western blot analysis of the crude,
cell-free extracts of L. plantarum LacZLbul-displaying cells was performed using an anti-
His antibody for detection showing the presence of LacZLbul (Figure 3C; lane 3). Flow
cytometry confirmed the surface localization of both enzymes LysM-LacLMLreu and LysM-
LacZLbul as clear shifts in the fluorescence signals for L. plantarum LacLMLreu- and
LacZLbul-displaying cells in comparison to the control strain were observed (Figure 4A,B).
The surface-displayed enzymes were shown to be functionally active. B-Galactosidase
activities obtained for L. plantarum displaying cells were 179 ant 1153 U per g dry cell
weight, corresponding to approximately 0.99 and 4.61 mg of active, surface-anchored f-
galactosidase per g dry cell mass for LysM-LacLMLreu and LysM-LacZLbul (Table 2A),
respectivel.

Due to higher immobilization yields and increased amounts of active surface-anchored
protein in L. plantarum, LysM-LacZLbul was chosen for further analysis of its display on
the cell surface of other food-relevant Lactobacillus spp. including L. bulgaricus, L. casei
and L. helveticus. The parameters of residual activities in the supernatant after the anchoring
experiment, activity on the cell surface, immobilization yields, activity retention and
amounts of active surface-anchored LysM-LacZLbul were determined and are presented in
Table 2B. It was shown that surface-anchored LysM-LacZLbul was released from the cell
surface of L. caserduring the subsequent washing steps (Figure 3B, lanes 9, 10). Western
blot analysis of the crude, cell-free extracts of Lactobacillus LysM-LacZLbul-displaying
cells indicated the binding of LysM-LacZLbul to all four Lactobacillus spp. tested (Figure
3C; lanes 3, 5, 6, 9) as was also confirmed by flow cytometry (Figure 4B-E). L. plantarum
bound most efficiently among the tested Lactobacillus species shown by the highest
immobilization yield and the highest amount of active, surface-anchored LysM-LacZLbul
(Table 2B).

2.3 Enzymatic Stability of p-Galactosidase-Displaying Cells

Both temperature stability and reusability of B-galactosidase displaying cells were
determined. For temperature stability, L. plantarum galactosidase-displaying cells were
incubated in 50 mM sodium phosphate buffer (NaPB), pH 6.5 at different temperatures, and
at certain time intervals, the residual B-galactosidase activities on L. p/antarum cell surface
were measured. Both LysM-LacLMLreu and LysM-LacZL bul-displaying cells are very
stable at —20 °C with a half-life time of activity (<) of approximately 6 months (Table 3).

2
The half-life time of activity of LysM-LacLMLreu-displaying cells at 30 °C is 55 h, whereas
half-life times of activity of LysM-LacZLbul-displaying cells at 30 °C and 50 °C are 120 h
and 30 h, respectively (Table 3).

To test the reusability of LysM-LacLMLreu- and LysM-LacZLbul-displaying cells, the
enzyme activity was measured during several repeated rounds of lactose conversion with two
washing steps between each cycle. The enzymatic activities of L. plantarum LysM-
LacZLbul-displaying cells decreased by ~23% and 27% at 30 °C and 50 °C (Figure 5),
respectively, after three conversion/washing cycles, indicating that these displaying cells can
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be reused for several rounds of biocatalysis at tested temperatures. LysM-LacLMLreu-
displaying cells are less stable than LysM-LacZLbul-displaying cells as only 56% of the
initial p-galactosidase activity are retained at 30 °C after the third cycle (Figure 5). LysM-
LacZLbul-displaying cells retained 35% of p-galactosidase activity after the fourth cycle at
50 °C, 57% and 51% after the fourth and fifth cycle, respectively, at 30 °C (Figure 5). These
observations indicate that immobilized fusion LysM-p-galactosidases can be reused for at
least four to five repeated rounds of lactose conversion.

2.4 Formation of Galacto-Oligosaccharides (GOS)

Figure 6 shows the formation of GOS using L. plantarum cells displaying p-galactosidase
LacZ from L. bulgaricus (LysM-LacZLbul) with 1.0 Uy . p-galactosidase activity per mL of
the reaction mixture and 205 g/L initial lactose in 50 mM sodium phosphate buffer (pH 6.5)
at 30°C. The maximal GOS yield was around 32% of total sugars obtained at 72% lactose
conversion after 7 h of conversion. This observation shows that surface-displayed LacZ is
able to convert lactose to form galacto-oligosaccharides. We could identify the main GOS
products of transgalactosylation, which are B-D-Galp-(1—6)-D-Glc, p-D-Galp-(1—3)-D-
Lac, p-D-Galp-(1—3)-D-Glc, B-D-Gal p-(1—3)-D-Gal, p-D-Galp-(1—6)-D-Gal, and p-D-
Galp-(1—6)-D-Lac. This is similar to the product profile when performing the conversion
reaction with the free enzyme as previously reported [12].

3 Discussion

Surface display of proteins on cells of lactic acid bacteria (LAB) generally requires genetic
modifications, which might have limitations in food and medical applications due to the
sensitive issue of the use of genetically modified organisms (GMO). Anchoring heterologous
proteins on the cell surface of non-genetically modified LAB (non-GMO) via mediated cell
wall binding domains including surface layer domain (SLPs) [33,34], LysM domain
[26,30,35-37], W x L domains [38] attracts increasing interest.

Lysin motif (LysM) domains are found in many bacterial peptidoglycan hydrolases
[26,38,39]. Peptidoglycan contains sugar (glycan) chains, which consist of A-
acetylglucosamine (NAG) and A-acetylmuramic acid (NAM) units joined by glycosidic
linkages. Proteins harboring LysM maotifs have been shown to bind non-covalently to the
peptidoglycan layer and have been employed to display heterologous proteins on the
bacterial cell-surface [26,40,41]. These domain can contain single or multiple LysM motifs
[41], and they have been used to display proteins in LAB by fusion either to the N- or C-
terminus of a target protein [27-30]. Interestingly, the LysM motif derived from the L.
plantarum Lp_3014 transglycosylase has been used successfully for surface display of
invasin [36] and a chemokine fused to an HIV antigen [37] previously.

In this work, we used the single LysM domain derived from Lp_3014 to anchor two different
lactobacillal B-galactosidases, a heterodimeric type from L. reuteriand a homodimeric type
from L. bulgaricus, on the cell surface of four species of lactobacilli. Functional active
fusion proteins, LysM-LacLMLreu and LysM-LacZLbul, were successfully expressed in E.
coli. However, the expression yield of LysM-LacLMLreu was ten-fold lower than that of the
B-galactosidase from L. reuteri (LacLMLreu) without LysM expressed previously in E. col,
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which was reported to be 110 kU of p-galactosidase activity per liter of cultivation medium
[16]. This may indicate that the fusion of the LysM domain has a negative effect on the
expression level. Interestingly, the expression yields of LysM-LacZLbul were 4-fold and 7-
fold higher in terms of volumetric and specific activities, respectively. than that of LysM-
LacLMLreu using the same host, expression system and induction conditions. -
Galactosidase from L. bulgaricus (LysM-LacZLbul) is a homodimer whereas p-
galactosidase from L. reuteri (LysM-LacLMLereu) is a heterodimer, and hence the fusion of
the LysM domain only to the LacL subunits might lead to the discrepancy between the
yields of these two fusion proteins due to different folding mechanisms.

Not surprisingly, the affinity for peptidoglycan of homodimeric LysM-LacZLbul is
significantly higher than LysM-LacLMLyreu as shown by the immobilization yield (Table
2A). As aforementioned LacLMLreu from L. reuteriis a heterodimer and the LysM domain
is fused N-terminally to only LacL, while LacZLbul from L. bulgaricusis a homodimer,
hence each of the identical subunits will carry its own LysM domain leading to stronger
attachment of LacZ on the L. p/antarum cell wall. This could be a likely explanation for the
higher immobilization yields observed for LysM-LacZLbul. Even though the immobilization
yields obtained in this study were significantly lower than the immobilization yields for
these same enzymes when a chitin binding domain (ChBD) together with chitin was used
[17], the activity retention (AR) on the L. plantarum cell surface (46.9% and 63.5% for
LysM-LacLMLreu and LysM-LacZLbul, respectively) were significantly higher. The AR
values for ChBD-LacLM, LacLM-ChBD and LacZ-ChBD using chitin beads were 19%,
26% and 13%, respectively [17]. Notably, the amount of active surface anchored LysM-
LacLMLreu (0.99 + 0.02 mg per g dry cell weight) on the cell surface of L. plantarum
WCFSL1 is significantly lower than LysM-LacZLbul (4.61 + 0.05 mg per g dry cell weight).
This is mainly due to the low immobilization yield of LysM-LacLMLreu. L. plantarum
collected from one mL cultures at ODggp ~4.0 was used in immaobilization reactions, hence
the amount of L. plantarum cells was estimated to be ~3.0 x 109 cfu/mL. Therefore, we
calculated that 8.22 pug LysM-LacLMLreu and 38.3 pg LysM-LacZLbul anchored on 3.0 x
10° L. plantarum cells or 0.002 pg LysM-LacLMLreu and 0.012 pg LysM-LacZLbul per L.
plantarum cell. Xu et al. (2011) reported the use of the putative muropeptidase MurO
(Lp_2162) from L. plantarum containing two putative LysM repeat regions for displaying a
green fluorescent protein (GFP) and a p-galactosidase from Bifidobacterium bifidum on the
surface of L. plantarum cells [42]. They reported that 0.008 pg of GFP was displayed per
cell on non-treated L. plantarum cells, while the amount of active surface anchored f-
galactosidase from B. bifidum on the surface of L. plantarum cells was not reported in that
study.

Further, we tested the capability of binding the fusion protein LysM-LacZLbul to the cell
wall of three other Lactobacillus species. L. plantarum showed the best capacity among the
tested Lactobacillus for surface anchoring of LysM-LacZLbul (Table 2B), whereas L.
bulgaricus, L. casefand L. helveticus are comparable in term of the amount of active
surface-anchored enzyme.

The highest GOS yield of 32% obtained with the surface-immobilized enzyme is lower than
the yield obtained with the free enzyme LacZ from L. bulgaricus (Figure 6), which was
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previously reported to be approximately 50% [12]. This could be due to the binding of
LysM-LacZLbul to the peptidoglycan and the attachment of the enzyme on Lactobacillus
cell surface, which might hinder the access of the substrate lactose to the active site of the
enzyme. Interestingly, the GOS yield obtained from lactose conversion using L. plantarum
cells displaying p-galactosidase (LysM-LacZLbul) from L. bulgaricus is significantly higher
than the yield obtained with immobilized p-galactosidase (LacZ-ChBD) on chitin, which
was previously reported around 23%-24% [12]. It indicates that B-galactosidase from L.
bulgaricus anchored on L. plantarum cell surface is more catalytically efficient than its
immobilized form on chitin.

4 Materials and Methods

4.1 Bacterial Strains and Culture Conditions

The bacterial strains and plasmids used in this study are listed in Table 4. Lactobacillus
plantarum WCFS1, isolated from human saliva as described by Kleerebezem et al. [32], was
originally obtained from NIZO Food Research (Ede, The Netherlands) and maintained in the
culture collection of the Norwegian University of Life Sciences, As, Norway. L. helveticus
DSM 20075 (ATCC 15009) and L. delbrueckii subsp. bulgaricus DSM 20081 (ATCC
11842) were obtained from the German Collection of Microorganisms and Cell Cultures
(DSMZ; Braunschweig, Germany). L. casefwas obtained from the culture collection of the
Food Biotechnology Laboratory, BOKU-University of Natural Resources and Life Sciences
Vienna. Lactobacillus strains were cultivated on MRS medium (Lactobacillus broth
according to De Man, Rogosa and Shape [43]) (Carl Roth, Karlsruhe, Germany) at 37 °C
without agitation. £. co/iNEB5a (New England Biolabs, Frankfurt am Main, Germany)
was used as cloning hosts in the transformation of DNA fragments; whereas £. co/i HST08
(Clontech, Mountain View, CA, USA) was used as the expression host strain. £. coli strains
were cultivated in Luria-Bertani (LB) medium (10g/L tryptone, 10 g/L NaCl, and 5 g/L
yeast extract) at 37 °C with shaking at 140 rpm. Agar media were prepared by adding 1.5%
agar to the respective media. When needed, ampicillin was supplemented to media to a final
concentration of 100 ug/mL for £. coli cultivations.

4.2 Chemicals, Enzymes and Plasmids

All chemicals and enzymes were purchased from Sigma (St. Louis, MO, USA) unless stated
otherwise and were of the highest quality available. All restriction enzymes, Phusion high-
fidelity DNA polymerase, T4 DNA ligase, and corresponding buffers were from New
England Biolabs (Frankfurt am Main, Germany). Staining dyes, DNA and protein standard
ladders were from Bio-Rad (Hercules, CA, USA). All plasmids used in this study are listed
in Table 4.

4.3 DNA Manipulation

Plasmids were isolated from £. coli strains using Monarch Plasmid Miniprep Kit (New
England Biolabs, Frankfurt am Main, Germany) according to the manufacturer’s
instructions. PCR amplifications of DNA were done using Q5 High-Fidelity 2X Master Mix
(New England Biolabs). The primers used in this study, which were supplied by VBC-
Biotech Service (Vienna, Austria), are listed in Table 5. PCR products and DNA fragments
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obtained by digestion with restriction enzymes were purified using Monarch DNA Gel
Extraction Kit (New England Biolabs); and the DNA amounts were estimated using
Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). The sequences of PCR-
generated fragments were verified by DNA sequencing performed by a commercial provider
(Microsynth, Vienna, Austria). The ligation of DNA fragments was performed using
NEBuilder HiFi Assembly Cloning Kit (New England Biolabs). All plasmids were
transformed into £. co/i NEB5a chemical competent cells following the manufacturer’s
protocol for obtaining the plasmids in sufficient amounts. The constructed plasmids (Table
4) were chemically transformed into expression host strain £. co/i HST08.

4.4 Plasmid Construction

Two recombinant fusion proteins were constructed. The first fusion protein was based on
LacLM from L. reuteriand the LysM domain attached upstream of LacLM (termed LysM-
LacLMLreu). The second fusion protein was based on LacZ from L. delbrueckii subsp.
bulgaricus DSM 20081 and the LysM domain attached upstream of LacZ (termed LysM-
LacZLbul). Plasmid pBAD_3014AgESAT_DC (Table 4) [44] (was used for the construction
of the expression plasmids. This plasmid is a derivate of pBAD vector (Invitrogen, Carlsbad,
CA, USA) containing a 7 x His tag sequence and a single LysM domain from Lp_3014,
which is a putative extracellular transglycosylase with LysM peptidoglycan binding domain
from L. plantarum WCFS1 (NCBI reference sequence no. NC_004567.2) [31,32], fused to
the hybrid tuberculosis antigen AGESAT-DC [44]. The fragment of /acL M genes from L.
reuteriwas amplified from the plasmid pHA1032 (Table 4) [16] with the primer pair
Fwd1LreuSall and RevlLreuEcoRI (Table 5), whereas the /acZ gene from L. bulgaricus was
amplified from the plasmid pTH103 (Table 4) [12] with the primer pair Fwd2LbulSall and
Rev2LbulEcoRI (Table 5). The PCR-generated products were then cloned into Sall and
EcoR cloning sites of the pPBAD_3014AgESAT_DC vector using and NEBuilder HiFi DNA
Assembly Cloning Kit (New England Biolabs) following the manufacturer’s instructions,
resulting in two expression plasmids pBAD3014LacLMLreu and pBAD3014LacZLbul
(Figure 1).

4.5 Gene Expression in E. coli

4.6

The constructed plasmids pBAD3014LacLMLreu and pBAD3014LacZLbul were
chemically transformed into expression host £. co/iHST08. For gene expression, overnight
cultures of £. coliHST08 were diluted in 300 mL of fresh LB broth containing 100 pg/mL
ampicillin to an ODggg of ~0.1 and incubated at 37 °C with shaking at 140 rpm to an ODgqq
~0.6. Gene expression was then induced by L-arabinose to a final concentration of 0.7
mg/mL and the cultures were incubated further at 25 °C for 18 h with shaking at 140 rpm.
Cells were harvested at an ODggg of ~3.0 by centrifugation at 4000x g for 30 min at 4 °C,
washed twice, and resuspended in 50 mM sodium phosphate buffer (NaPB), pH 6.5. Cells
were disrupted by using a French press (AMINCO, Maryland, USA). Debris was removed
by centrifugation (10,000x g for 15 min at 4 °C) to obtain the crude extract.

Immobilization of B-Galactosidases on Lactobacillus Cell Surface

One mL of Lactobacillus cultures were collected at ODggg ~4.0 by centrifugation (4000x g
for 5 min at 4 °C) and the cells were washed with 50 mM sodium phosphate buffer (NaPB),
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pH 6.5. The cell pellets were then mixed with one mL of diluted cell-free crude extracts of
50 Unpa/mL (~5-6 mg protein/mL) of fused LysM-B-galactosidases (LysM-LacLMLreu or
LysM-LacZLbul) and incubated at 37 °C for 24 h with gentle agitation. Lactobacillus p-
galactosidase displaying cells were separated from the supernatants by centrifugation
(4000% g for 5 min at 4 °C). Cells were then washed with NaPB (pH 6.5) two times; the
supernatants and wash solutions were collected for SDS-PAGE analysis and activity and
protein measurements. Lactobacillus p-galactosidase displaying cells were resuspended in
NaPB (pH 6.5) for further studies.

4.7 Protein Determination

Protein concentrations were determined using the method of Bradford [45] with bovine
serum albumin (BSA) as standard.

4.8 PB-Galactosidase Assays

B-Galactosidase activity was determined using o-nitrophenyl-p-D-galactopyranoside
(ONPG) or lactose as the substrates as previously described [5] with modifications. When
chromogenic substrate ONPG was used, the reaction was started by adding 20 pL of
Lactobacillus B-galactosidase displaying cell suspension to 480 uL of 22 mM oNPG in 50
mM NaBP (pH 6.5) and stopped by adding 750 pL of 0.4 M Na,COs after 10 min of
incubation at 30 °C. 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 -
galactosidase releasing 1 pmol of oNP per minute under the defined conditions.

When lactose was used as the substrate, 20 uL of Lactobacillus B-galactosidase displaying
cell suspension was added to 480 uL of a 600 mM lactose solution in 50 mM sodium
phosphate buffer, pH 6.5. After 10 min of incubation 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 determined using the test kit from Megazyme.
One unit of lactase activity was defined as the amount of enzyme releasing 1 umol of D-
glucose per minute under the given conditions.

4.9 Gel Electrophoresis Analysis

For visual observation of the expression level of the two recombinant p-galactosidases
(LysM-LacLMLreu and LysM-LacZLbul) in £. coliand the effectiveness of the
immobilization, cell-free extracts, supernatants, and wash solutions were analyzed by
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE). Protein bands
were visualized by staining with Bio-safe Coomassie (Bio-Rad). The determination of
protein mass was carried out using Unstained Precision plus Protein Standard (Bio-Rad).

4,10 Western Blotting

Proteins in the cell-free extracts were separated by SDS-PAGE. Protein bands were then
transferred to a nitrocellulose membrane using the Trans-Blot Turbo™ Transfer System
(Biorad) following the manufacturer’s instructions. Monoclonal mouse anti-His antibody
(Penta His Antibody, BSA-free) was obtained from Qiagen (Hilden, Germany), diluted
1:5000 and used as recommended by the manufacturer. The protein bands were visualized
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by using polyclonal rabbit anti-mouse antibody conjugated with horseradish peroxidase
(HRP) (Dako, Denmark) and the Clarity™ Western ECL Blotting Substrate from Bio-Rad
(Hercules, CA, USA).

411 Flow Cytometry

Lactobacillus p-galactosidase displaying cells were resuspended in 50 pL of phosphate
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCI, 2 mM KHyPOy4, and 10 mM NayHPOy,
pH 7.4) containing 2% of BSA (PBS-B) and 0.1 pL of Penta His Antibody, BSA-free
(Qiagen; diluted 1:500 in PBS-B). After incubation at RT for 40 min, the cells were
centrifuged at 4000x g for 5 min at 4 °C and washed three times with 500 uL PBS-B. The
cells were subsequently incubated with 50 pL PBS-B and 0.1 pL anti-mouse 1gG H&L/
Alexa Flour 488 conjugate (Cell Signaling Technology, Frankfurt am Main, Germany,
diluted 1:750 in PBS-B) for 40 min in the dark at room temperature. After washing five
times with 500 uL PBS-B, the stained cells were analyzed by flow cytometry using a
CytoFLEX Flow Cytometer (Beckman Coulter, Brea, CA, USA) following the
manufacturer’s instructions.

4.12 Temperature Stability and Reusability of Immobilized Enzymes

The temperature stability of immobilized enzymes was studied by incubating L. p/antarum
LysM-LacLMLreu- and LysM-LacZLbul-displaying cells in 50 mM NaPB (pH 6.5) at
various temperatures (=20, 4, 30, 50 °C). At certain time intervals, samples were withdrawn,
the residual activity was measured using oNPG as the substrate under standard assay
conditions and the 1/, value was determined.

To test the reusability of immobilized enzymes, several repeated rounds of lactose
conversion at 30 °C using LysM-LacLMLreu- and LysM-LacZLbul-displaying cells and at
50 °C using LysM-LacZLbul-displaying cells were carried out with 600 mM initial lactose
in 50mM NaBP (pH 6.5) and constant agitation (500 rpm). The enzyme activity during these
repeated cycles with intermediate two washing steps was measured using oNPG as the
substrate under standard assay conditions.

4.13 Lactose Conversion and Formation of Galacto-Oligosaccharides (GOS)

The conversion of lactose was carried out in discontinuous mode using L. plantarum cells
displaying B-galactosidase LacZ from L. bulgaricus (LysM-LacZLbul). The conversion was
performed at 30 °C using 205 g/L initial lactose concentration in 50 mM NaPB (pH 6.5) and
constant agitation (500 rpm). L. plantarum LysM-LacZLbul displaying cells were added to
equivalent concentrations of 1.0 U ,./mL of reaction mixture. Samples were withdrawn at
intervals, heated at 99 °C for 5 min and further analyzed for lactose, galactose, glucose and
GOS present in the samples.

4.14 Analysis of Carbohydrate Composition

The carbohydrate composition in the reaction mixture was analyzed by high-performance
liquid chromatography (HPLC) equipped with a Dionex 1CS-5000+ system (Thermo Fisher
Scientific) consisting of an 1CS-5000+ dual pump (DP) and an electrochemical detector
(ED). Separations were performed at room temperature on CarboPac PA-1 column (4 x 250
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mm) connected to a CarboPac PA-1 guard column (4 x 50 mm) (Thermo Fisher Scientific)
with flow rate 1 mL/min. All eluents A (150 mM NaOH), B (150 mM NaOH and 500 mM
sodium acetate) and C (deionized water) were degassed by flushing with helium for 30 min.
Separation of D-glucose, D-galactose, lactose and allolactose was carried out with a run with
the following gradient; 90% C with 10% A for 45 min at 1.0 mL/min, followed by 5 min
with 100% B. The concentration of saccharides was calculated by interpolation from
external standards. Total GOS concentration was calculated by subtraction of the quantified
saccharides (lactose, glucose, galactose) from the initial lactose concentration. The GOS
yield (%) was defined as the percentage of GOS produced in the samples compared to initial
lactose.

4.15 Statistical Analysis

All experiments and measurements were conducted at least in duplicate, and the standard
deviation (SD) was always less than 5%. The data are expressed as the mean + SD when
appropriate.

5 Conclusions

Funding

This work describes the immobilization of two lactobacillal B-galactosidases, a p-
galactosidase from L. reuteri of the heterodimeric LacLM-type and one from L. bulgaricus
of the homodimeric LacZ-type, on the Lactobacillus cell surface using a peptidoglycan-
binding motif as an anchor, in this case, the single LysM domain Lp_3014 from L.
plantarum WCFS1. The immobilized fusion LysM-p-galactosidases are catalytically
efficient and can be reused for several repeated rounds of lactose conversion. Surface
anchoring of B-galactosidases in Lactobacillus results in safe, non-GMO and stable
biocatalysts that can be used in the applications for lactose conversion and production of
prebiotic galacto-oligosaccharides.

M.-L.P. thanks the European Commission for the Erasmus Mundus scholarship under the ALFABET project. S.K.
and A.-M.T. are thankful for the Ernst Mach—ASEA Uninet scholarships granted by the OeAD—Austrian Agency
for International Cooperation in Education and Research and financed by the Austrian Federal Ministry of Science,
Research and Economy. T.-H.N. acknowledges the support from the Austrian Science Fund (FWF Project V457-
B22).

References

1. Nakayama, T, Amachi, T. B-Galactosidase, enzymologyEncyclopedia of Bioprocess Technology,
Fermentation, Biocatalysis, and Bioseparation. Flickinger, MC, Drew, SW, editors. Vol. 3. John
Willey and Sons; New York, NY, USA: 1999. 1291-1305.

2. Pivarnik LF, Senegal AG, Rand AG. Hydrolytic and transgalactosylic activities of commercial p-
galactosidase (lactase) in food processing. Adv Food Nutr Res. 1995; 38:1-102. [PubMed:
15918291]

3. Prenosil JE, Stuker E, Bourne JR. Formation of oligosaccharises during enzymatic lactose
hydrolysis: Part I: State of art. Biotechnol Bioeng. 1987; 30:1019-1025. DOI: 10.1002/bit.
260300904 [PubMed: 18581545]

4. Petzelbauer I, Zeleny R, Reiter A, Kulbe KD, Nidetzky B. Development of an ultra-high-

temperature process for the enzymatic hydrolysis of lactose: Il. Oligosaccharide formation by two

Catalysts. Author manuscript; available in PMC 2019 October 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pham et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

Page 13

thermostable B-glycosidases. Biotechnol Bioeng. 2000; 69:140-149. DOI: 10.1002/
(SICI)1097-0290(20000720)69:2<;140::AID-BIT3>;3.0.CO;2-R [PubMed: 10861393]

. Nguyen TH, Splechtna B, Steinbock M, Kneifel W, Lettner HP, Kulbe KD, Haltrich D. Purification

and characterization of two novel B-galactosidases from Lactobacillus reuteri. J Agric Food Chem.
2006; 54:4989-4998. DOI: 10.1021/jf053126u [PubMed: 16819907]

. Nguyen TH, Splechtna B, Krasteva S, Kneifel W, Kulbe KD, Divne C, Haltrich D. Characterization

and molecular cloning of a heterodimeric p-galactosidase from the probiotic strain Lactobacillus
acidophilus R22. FEMS Microbiol Lett. 2007; 269:136-144. DOI: 10.1111/j.
1574-6968.2006.00614.x [PubMed: 17227458]

. Kittibunchakul S, Pham M-L, Tran A-M, Nguyen T-H. p-Galactosidase from Lactobacillus

helveticus DSM 20075: Biochemical characterization and recombinant expression for applications
in dairy industry. Int J Mol Sci. 2019; 20:947.doi: 10.3390/ijms20040947

. Igbal S, Nguyen TH, Nguyen TT, Maischberger T, Haltrich D. p-galactosidase from Lactobacillus

plantarum WCFS1: Biochemical characterization and formation of prebiotic galacto-
oligosaccharides. Carbohydr Res. 2010; 345:1408-1416. DOI: 10.1016/j.carres.2010.03.028
[PubMed: 20385377]

. Gobinath D, Prapulla SG. Permeabilized probiotic Lactobacillus plantarum as a source of -

galactosidase for the synthesis of prebiotic galactooligosaccharides. Biotechnol Lett. 2013; 36:153—
157. DOI: 10.1007/s10529-013-1345-9

. Igbal S, Nguyen TH, Nguyen HA, Nguyen TT, Maischberger T, Kittl R, Haltrich D.
Characterization of a heterodimeric GH2 B-galactosidase from Lactobacillus sakei Lb790 and
formation of prebiotic galacto-oligosaccharides. J Agric Food Chem. 2011; 59:3803-3811. DOI:
10.1021/jf103832q [PubMed: 21405014]

Maischberger T, Leitner E, Nitisinprasert S, Juajun O, Yamabhai M, Nguyen TH, Haltrich D. p-
galactosidase from Lactobacillus pentosus. Purification, characterization and formation of galacto-
oligosaccharides. Biotechnol J. 2010; 5:838-847. DOI: 10.1002/biot.201000126 [PubMed:
20669255]

Nguyen TT, Nguyen HA, Arreola SL, Mlynek G, Djinovié-Carugo K, Mathiesen G, Nguyen TH,
Haltrich D. Homodimeric p-galactosidase from Lactobacillus delbrueckii subsp. bulgaricus DSM
20081: Expression in Lactobacillus plantarum and biochemical characterization. J Agric Food
Chem. 2012; 60:1713-1721. DOI: 10.1021/jf203909e [PubMed: 22283494]

Black BA, Lee VSY, Zhao YY, Hu Y, Curtis JM, Ganzle MG. Structural identification of novel
oligosaccharides produced by Lactobacillus bulgaricus and Lactobacillus plantarum. J Agric Food
Chem. 2012; 60:4886-4894. DOI: 10.1021/jf300917m [PubMed: 22497208]

Liu GX, Kong J, Lu WW, Kong WT, Tian H, Tian XY, Huo GC. Beta-galactosidase with
transgalactosylation activity from Lactobacillus fermentum K4. J Dairy Sci. 2011; 94:5811-5820.
DOI: 10.3168/jds.2011-4479 [PubMed: 22118071]

Nie C, Liu B, Zhang Y, Zhao G, Fan X, Ning X, Zhang W. Production and secretion of
Lactobacillus crispatus B-galactosidase in Pichia pastoris. Protein Expr Purif. 2013; 92:88-93.
DOI: 10.1016/j.pep.2013.08.019 [PubMed: 24012790]

Nguyen TH, Splechtna B, Yamabhai M, Haltrich D, Peterbauer C. Cloning and expression of the -
galactosidase genes from Lactobacillus reuteriin Escherichia coli. J Biotechnol. 2007; 129:581—
591. DOI: 10.1016/j.jbiotec.2007.01.034 [PubMed: 17360065]

Pham ML, Leister T, Nguyen HA, Do BC, Pham AT, Haltrich D, Yamabhai M, Nguyen TH,
Nguyen TT. Immobilization of B-galactosidases from Lactobacillus on chitin using a chitin-
binding domain. J Agric Food Chem. 2017; 65:2965-2976. DOI: 10.1021/acs.jafc.6b04982
[PubMed: 28319379]

Michon C, Langella P, Eijsink VG, Mathiesen G, Chatel JM. Display of recombinant proteins at
the surface of lactic acid bacteria: Strategies and applications. Microb Cell Fact. 2016; 15:70.doi:
10.1186/s12934-016-0468-9 [PubMed: 27142045]

Nguyen HM, Mathiesen G, Stelzer EM, Pham ML, Kuczkowska K, Mackenzie A, Agger JW,
Eijsink VG, Yamabhai M, Peterbauer CK, et al. Display of a B-mannanase and a chitosanase on
the cell surface of Lactobacillus plantarum towards the development of whole-cell biocatalysts.
Microb Cell Fact. 2016; 15:169.doi: 10.1186/512934-016-0570-z [PubMed: 27716231]

Catalysts. Author manuscript; available in PMC 2019 October 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pham et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 14

Schneewind O, Missiakas DM. Protein secretion and surface display in Gram-positive bacteria.
Philos Trans R Soc B Biol Sci. 2012; 367:1123-1139. DOI: 10.1098/rstb.2011.0210

Leenhouts K, Buist G, Kok J. Anchoring of proteins to lactic acid bacteria. Antonie van
Leeuwenhoek. 1999; 76:367-376. [PubMed: 10532392]

Proft T. Sortase-mediated protein ligation: An emerging biotechnology tool for protein
modification and immobilisation. Biotechnol Lett. 2009; 32:1-10. [PubMed: 19728105]

Diep DB, Mathiesen G, Eijsink VGH, Nes IF. Use of lactobacilli and their pheromone-based
regulatory mechanism in gene expression and drug delivery. Curr Pharm Biotechnol. 2009; 10:62—
73. DOI: 10.2174/138920109787048571 [PubMed: 19149590]

Boekhorst J, De Been MWHJ, Kleerebezem M, Siezen RJ. Genome-wide detection and analysis of
cell wall-bound proteins with LPXTG-like sorting motifs. J Bacteriol. 2005; 187:4928-4934. DOI:
10.1128/JB.187.14.4928-4934.2005 [PubMed: 15995208]

Marraffini LA, Dedent AC, Schneewind O. Sortases and the art of anchoring proteins to the
envelopes of gram-positive bacteria. Microbiol Mol Biol Rev. 2006; 70:192-221. DOI: 10.1128/
MMBR.70.1.192-221.2006 [PubMed: 16524923]

Visweswaran GR, Leenhouts K, van Roosmalen M, Kok J, Buist G. Exploiting the peptidoglycan-
binding motif, LysM, for medical and industrial applications. Appl Microbiol Biotechnol. 2014;
98:4331-4345. DOI: 10.1007/s00253-014-5633-7 [PubMed: 24652063]

Turner MS, Hafner LM, Walsh T, Giffard PM. Identification and characterization of the novel
LysM domain-containing surface protein Sep from Lactobacillus fermentum BR11 and its use as a
peptide fusion partner in Lactobacillus and Lactococcus. Appl Environ Microbiol. 2004; 70:3673-
3680. DOI: 10.1128/AEM.70.6.3673-3680.2004 [PubMed: 15184172]

Raha AR, Varma NRS, Yusoff K, Ross E, Foo HL. Cell surface display system for Lactococcus
lactis. A novel development for oral vaccine. Appl Microbiol Biotechnol. 2005; 68:75-81. DOI:
10.1007/s00253-004-1851-8 [PubMed: 15635459]

Steen A, Buist G, Leenhouts KJ, El Khattabi M, Grijpstra F, Zomer AL, Venema G, Kuipers OP,
Kok J. Cell wall attachment of a widely distributed peptidoglycan binding domain is hindered by
cell wall constituents. J Biol Chem. 2003; 278:23874-23881. DOI: 10.1074/jbc.M211055200
[PubMed: 12684515]

Okano K, Zhang Q, Kimura S, Narita J, Tanaka T, Fukuda H, Kondo A. System using tandem
repeats of the cA peptidoglycan-binding domain from Lactococcus lactis for display of both N-and
C-terminal fusions on cell surfaces of lactic acid bacteria. Appl Environ Microbiol. 2008;
74:1117-1123. DOI: 10.1128/AEM.02012-07 [PubMed: 18156338]

Boekhorst J, Wels M, Kleeberezem M, Siezen RJ. The predicted secretome of Lactobacillus
plantarum WCFS1 sheds light on interactions with its environment. Microbiology. 2006;
152:3175-3183. DOI: 10.1099/mic.0.29217-0 [PubMed: 17074889]

Kleerebezem M, Boekhorst J, van Kranenburg R, Molenaar D, Kuipers OP, Leer R, Tarchini R,
Peters SA, Sandbrink HM, Fiers MW, et al. Complete genome sequence of Lactobacillus
plantarum WCFS1. Proc Natl Acad Sci USA. 2003; 100:1990-1995. DOI: 10.1073/pnas.
0337704100 [PubMed: 12566566]

Mesnage S, Tosi-Couture E, Fouet A. Production and cell surface anchoring of functional fusions
between the SLH motifs of the Bacillus anthrasis S-layer proteins and the Bacillus subtilis
levansucrase. Mol Microbiol. 1999; 31:927-936. DOI: 10.1046/j.1365-2958.1999.01232.x
[PubMed: 10048035]

Mesnage S, Weber-Levy M, Haustant M, Mock M, Fouet A. Cell surface-exposed tetanus toxin
fragment C produced by recombinant Bacillus anthracis protects against tetanus toxin. Infect
Immun. 1999; 67:4847-4850. [PubMed: 10456940]

Bosma T, Kanninga R, Neef J, Audouy SA, van Roosmalen ML, Steen A, Buist G, Kok J, Kuipers
OP, Robillard G, et al. Novel surface display system for proteins on non-genetically modified
gram-positive bacteria. Appl Environ Microbiol. 2006; 72:880-889. DOI: 10.1128/AEM.
72.1.880-889.2006 [PubMed: 16391130]

Fredriksen L, Kleiveland CR, Olsen Hult LT, Lea T, Nygaard CS, Eijsink VGH, Mathiesen G.
Surface display of N-terminally anchored invasin by Lactobacillus plantarum activates NF-xB in

Catalysts. Author manuscript; available in PMC 2019 October 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pham et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 15

monocytes. Appl Environ Microbiol. 2012; 78:5864-5871. DOI: 10.1128/AEM.01227-12
[PubMed: 22706054]

Kuczkowska K, Mathiesen G, Eijsink VGH, @ynebraten |. Lactobacillus plantarum displaying
CCL3 chemokine in fusion with HIV-1 Gag derived antigen causes increased recruitment of T
cells. Microb Cell Fact. 2015; 14:1.doi: 10.1186/512934-015-0360-z [PubMed: 25567661]

Desvaux M, Dumas E, Chafsey I, Hebraud M. Protein cell surface display in Gram-positive
bacteria: From single protein to macromolecular protein structure. FEMS Microbiol Lett. 2006;
256:1-15. DOI: 10.1111/j.1574-6968.2006.00122.x [PubMed: 16487313]

Joris B, Englebert S, Chu C-P, Kariyama R, Daneo-Moore L, Shockman GD, Ghuysen J-M.
Modular design of the Enterococcus hirae muramidase-2 and Streptococcus faecalis autolysin.
FEMS Microbiol Lett. 1992; 91:257-264. DOI: 10.1111/j.1574-6968.1992.th05218.x

Buist G, Steen A, Kok J, Kuipers OP. LysM, a widely distributed protein motif for binding to
(peptido) glycans. Mol Microbiol. 2008; 68:838-847. DOI: 10.1111/j.1365-2958.2008.06211.x
[PubMed: 18430080]

Mesnage S, Dellarole M, Baxter NJ, Rouget JB, Dimitrov JD, Wang N, Fujimoto Y, Hounslow
AM, Lacroix-Desmazes S, Fukase K, et al. Molecular basis for bacterial peptidoglycan recognition
by LysM domains. Nat Commun. 2014; 5:4269.doi: 10.1038/ncomms5269 [PubMed: 24978025]
XuW, Huang M, Zhang Y, Yi X, Dong W, Gao X, Jia C. Novel surface display system for
heterogonous proteins on Lactobacillus plantarum. Lett Appl Microbiol. 2011; 53:641-648. DOI:
10.1111/j.1472-765X.2011.03160.x [PubMed: 21967414]

De Man JC, Rogosa M, Sharpe ME. A medium for the cultivation of lactobacilli. J Appl Bacteriol.
1960; 23:130-135. DOI: 10.1111/j.1365-2672.1960.tb00188.x

Malbakken, N. Development of a Non-GMO Tuberculosis Vaccine, Using Lactobacillus as a
Delivery Vehicle. Master’s Thesis, Norwegian University of Life Sciences; As Norway: 2014.
Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal Biochem. 1976; 72:248-254. DOI:
10.1016/0003-2697(76)90527-3 [PubMed: 942051]

Catalysts. Author manuscript; available in PMC 2019 October 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pham et al.

EcoRI

pBAD3014LacLMLreu
7096 bp

EcoRI

EcoRI

Figure 1.

Page 16

pBAD3014LacZLbul
7293 bp

EcoRI

EcoRI
EcoRI

The expression vectors for LysM-LacLMLreu (A) and LysM-LacZLbul (B) in £. coli. The
vectors are the derivatives of the pBAD vector (Invitrogen, Carlsbad, CA, USA) containing a
7 x His tag sequence fused to a single LysM domain from Lp_3014, L. plantarum WCFS1.
LacLMLreu encoded by two overlapping genes /acL. M and LacZLbul encoded by the /acZ
gene are the p-galactosidases from L. reuteriand L. delbrueckii subsp. bulgaricus DSM

20081, respectively. See text for more details.
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SDS-PAGE analysis (A) and Western blot analysis (B) of a cell-free extract of crude -
galactosidase fusion proteins, LysM-LacLMLreu (non-induced: lane 1, induced: lane 2) and
LysM-LacZLbul (non-induced: lane 3, induced: lane 4), overexpressed in £. col/i HSTO08.
LacLMLreu encoded by two overlapping genes /acL M and LacZLbul encoded by /acZ gene
are the B-galactosidases from L. reuteriand L. delbrueckii subsp. bulgaricus DSM 20081,
respectively. The cultivation and induction conditions are as described in Materials and
Methods and samples were taken at different time points after induction during cultivations.

Catalysts. Author manuscript; available in PMC 2019 October 08.




s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pham et al.

The arrows indicate the subunits of the recombinant g-galactosidases. M denotes the
Precision protein ladder (Biorad, CA, USA).

Catalysts. Author manuscript; available in PMC 2019 October 08.

Page 18



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pham et al.

A ~ ks - 2 3 4 5 - 6 M 250 kDa
» i L.~ 150 kDa
S 100 kDa

wme +— 75kDa

e — 50 kDa

B — 37 kDa

- — 25 kDa
e
| —
B L. plantarum L. bulgaricus L. casei L. helveticus . _ 550 kDa
g8 283 4 5 €6 7 M 8 8 10 11 12 13 = Moo
LysMLacZ = e :
— - - - ~s  —100 kDa
. = i e — 75kDa
=] A e — 50kDa
w== — 37kDa
- P - — 25kDa
T
c L. plant L. bul  L.casei L.hel

1.2 3 M 4 5 6 7 8 9 M '
— 250 kDa
H — 150 kDa

LysMLacZ - 3
b _— - = — 100 kDa
—_— - — 75kDa

(- om-

w®— 50 kDa

Figure 3.

Page 19

SDS-PAGE analysis (A,B) and Western blot analysis (C) of immobilization of recombinant
enzymes. LacLMLreu encoded by two overlapping genes /acLMand LacZLbul encoded by
lacZ gene are the B-galactosidases from L. reuteriand L. delbrueckii subsp. bulgaricus DSM
20081, respectively. The arrows indicate the subunits of the recombinant p-galactosidases.

M denotes the Precision protein ladder (Biorad, CA, USA). (A) Cell-free crude extracts of £.
coli HST08 harboring pBAD3014LacLMLreu (containing LysM-LacLMLreu) at 18 h of
induction (lanel); flow through during immobilization (lane 2); surface anchored-LysM-
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LacLMLreu in L. plantarum WCFS1 (lane 3) and washing fractions (lanes 4, 5); non-
displaying L. plantarum WCFS1 cells, negative control (lane 6). (B) Cell-free crude extracts
of E. coliHSTO08 harboring pBAD3014LacZLbul (containing LysM-LacZLbul) at 18 h of
induction (lanel); flow through during immobilization on the cell surface of L. plantarum
WCFS1 (lane 2) and washing fractions (lanes 3, 4); flow through during immobilization on
the cell surface of L. delbrueckii subsp. bulgaricus DSM 20081 (lane 5) and washing
fractions (lanes 6, 7); flow through during immobilization on cell surface of L. casei (lane 8)
and washing fractions (lanes 9, 10); flow through during immobilization on cell surface of L.
helveticus DSM 20075 (lane 11) and washing fractions (lanes 12, 13). (C) Cell-free crude
extracts of £. co/fHSTO08 harboring pBAD3014LacZLbul (containing LysM-LacZLbul) at
18 h of induction (lane 1); non-displaying L. plantarum WCFS1 cells (lane 2) and surface
anchored-LysM-LacZLbul in L. plantarum WCFS1 (lane 3); non-displaying L. delbrueckii
subsp. bulgaricus DSM 20081 cells (lane 4) and surface anchored-LysM-LacZLbul in L.
delbrueckii subsp. bulgaricus DSM 20081 (lane 5); surface anchored-LysM-LacZLbul in L.
casei (lane 6) and non-displaying L. casei cells (lane 7); non-displaying L. helveticus DSM
20075 cells (lane 8) and surface anchored-LysM-LacZLbul in L. Aelveticus DSM 20075
(lane 9).
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Figure 4.

Analysis of surface localization of LysM-LacLMLreu and LysM-LacZLbul in Lactobacillus
cells by using flow cytometry: surface anchored-LysM-LacLMLreu in L. plantarum WCFS1
(A, green line); surface anchored-LysM-LacZLbul in L. plantarum WCFS1 (B, blue line), in
L. delbrueckii subsp. bulgaricus DSM 20081 (C, red line), in L. casei (D, purple line) and in
L. helveticus DSM 20075 (E, olive line). Non-displaying Lactobacillus cells were used as

negative controls (A-E, black line).
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{1 --#- LysM-LacZLreu, 30°C
T+ LysM-LacZLreu, 50°C

0 1 2 3 4 )

Number of reaction cycles of surface display [}-galactosidases

Figure 5.
Enzymatic activity of surface display B-galactosidases, LysM-LacLMLreu- and LysM-

LacZLbul, during several repeated rounds of lactose conversion using L. plantarum \WCFS1
displaying cells. Experiments were performed in duplicates, and the standard deviation was
always less than 5%.
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Figure 6.
Course of reaction for lactose conversion by surface display p-galactosidase from L.

bulgaricus (LysM-LacZLbul) in L. plantarum WCFS1 as determined by HPLC. The batch
conversion was carried out at 30 °C using 205 g/L initial lactose concentration in 50 mM
NaPB (pH 6.5) and constant agitation (500 rpm). L. plantarum LysM-LacZLbul displaying
cells were added to equivalent concentrations of 1.0 U ,o/mL of the reaction mixture.
Experiments were performed in duplicates, and the standard deviation was always less than
5%.
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Table 1
B-Galactosidase activities in cell-free lysates of E. coli cells carrying different expression
vectors.

Volumetric Activity (k-U/L Culture Medium)  Specific Activity (U/mg Protein)
Expression Vector

Non-Induced Induced Non-Induced Induced
pBAD3014LacLMLreu n.d. 11.1+15 n.d. 6.04 £ 0.03
pBAD3014LacZLbul n.d. 469+27 n.d. 41.1+0.9

n.d.: not detected.
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Page 25

Immobilization of (A) recombinant lactobacillal B-galactosidases on L. plantarum WCFSL1 cell surface and (B)
recombinant p-galactosidase from L. bulgaricus DSM 20081 (LysM-LacZLbul) on the cell surface of different

Lactobacillus spp.
Residual Activities Immobilization Activity on Cell Surface P Activity Amount of Active
in Supernatant Yield (1Y) Retention € Surface Anchored
(AR) p-gal d
(%) (%) (%) U/g DCW (%) mg/g DCW
(A) Enzyme (on L. plantarum WCFS1 cell surface)
LysM-LacLMLreu 935+1.2 6.53 3.06 +0.08 179+5 46.9 0.99 +0.02
LysM-LacZLbul 68.1+0.1 31.9 20.3+0.2 1153+ 12 63.5 4.61 £ 0.05
(B) Lactobacillus spp. (with enzyme LysM-LacZLbul)
L. plantarum 68.1+0.1 31.9 20.3+0.2 1153+ 12 63.5 4.61+0.05
WCFS1
L. bulgaricus DSM 71.3x0.9 28.7 14.0£0.9 795 £ 53 485 3.18+0.11
20081
L. casei 76.1+0.9 23.9 151+0.8 861 + 48 63.2 3.44 +0.09
L. helveticus 75.3+0.9 24.7 143+£05 812 £ 27 57.7 325+0.11
DSM20075

a . . . . : —— . .
1Y (%) was calculated by subtraction of the residual enzyme activity (%) in the supernatant after immobilization from the total activity applied

(100%).

Activity on the cell surface (%) is the percentage of enzyme activity measured on the cell surface to the total applied activity. Activity on the cell

surface (U/g DCW) is calculated as the amount of enzyme (Units) per g dry cell weight.

Activity retention, AR (%), is the ratio of activity on the cell surface (%) to 1Y (%).

It was calculated based on specific activities of purified LacLMLreu of 180 U/mg protein [16] and of purified LacZLbul (His Tagged) of 250
U/mg protein [12]. Values given are the average value from at least two independent experiments, and the standard deviation was always less than

5%.
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Table 3
Stability of L. plantarum p-galactosidase-displaying cells at various temperatures 2

LysM-LacLMLreu LysM-LacLZLbul
7 7
Temperature > Temperature 5
-20°C 6 months -20°C 6 months
4°C 3 months 4°C Nd b
30°C 55h 30°C 120 h
50 °C nd? 50 °C 30h

aL. plantarum galactosidase-displaying cells were incubated in 50mM sodium phosphate buffer (NaPB), pH 6.5 at different temperatures.
Experiments were performed at least in duplicates.

bnot determined.
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Table 4
Strains and plasmids used in the study.

. . . Reference
Strains or Plasmids Relevant Characteristics Source
Strains
L. plantarum WCFS1 [32]

L. delbrueckii subsp. bulgaricus DSM 20081 DSMz
L. casei BOKU
L. helveticus DSM 20075 DSMZ
E. coliHSTO08 Host strain Clontech
Plasmids

Amp"; pBAD derivate with the LysM domain sequence from Lp3014
PBAD_3014_AgESAT_DC fused to the hybrid antigen AQESAT_DC [44]

Amp"; pBAD_3014_AgESAT_DC derivative with a fragment of /acLM .
PBAD3014LacL MLreu genes instead of the gene fragment encoding AGESAT_DC This study

Amp"; pBAD_3014_AgESAT_DC derivate with /acZ fragment instead of .
PBADS014LacZLbul the gene fragment encoding AGESAT_DC This study
pPHA1032 gyip'; pET21d derivative for expression of /acLMfrom L. reuteriin E. [16]
pTH103 Erm"; spp-based expression vector pSIP409 for expression of /acZ from L. [12]

bulgaricus DSM 20081 in L. plantarum WCFS1
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Table 5
Primers used in the study.
Primer Sequence* 5'—>3’ Restriction Site Underlined
Fwd1LreuSall GAGTTCAACTGTCGACCAAGCAAATATAAA Sal
RevlLreuEcoRl AGCCAAGCTTCGAATTCTTATTTTGCATTC EcoRI
Fwd2LbulSall GTTCAACTGTCGACAGCAATAAGTTAGTAAAAGAAAAAAGAG Sall
Rev2LbulEcoRI CAGCCAAGCTTCGAATTCTTATTTTAGTAAAAGGGGCTGAATC EcoRI

*
The nucleotides in italics are the positions that anneal to the DNA of the target genes (/acLM or /acZ).

Catalysts. Author manuscript; available in PMC 2019 October 08.

Page 28



	Abstract
	Introduction
	Results
	Expression of Recombinant Lactobacillal β-galactosidases in E. coli
	Display of Lactobacillal β-Galactosidases on Lactobacillus Cell Surface
	Enzymatic Stability of β-Galactosidase-Displaying Cells
	Formation of Galacto-Oligosaccharides (GOS)

	Discussion
	Materials and Methods
	Bacterial Strains and Culture Conditions
	Chemicals, Enzymes and Plasmids
	DNA Manipulation
	Plasmid Construction
	Gene Expression in E. coli
	Immobilization of β-Galactosidases on Lactobacillus Cell Surface
	Protein Determination
	β-Galactosidase Assays
	Gel Electrophoresis Analysis
	Western Blotting
	Flow Cytometry
	Temperature Stability and Reusability of Immobilized Enzymes
	Lactose Conversion and Formation of Galacto-Oligosaccharides (GOS)
	Analysis of Carbohydrate Composition
	Statistical Analysis

	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

