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We previously described potential probiotic Lacto-
bacillus rhamnosus strains, isolated from fermented
mare milk produced in Sumbawa Island, Indonesia,
which showed high adhesion to porcine colonic mucin
(PCM) and extracellular matrix (ECM) proteins.
Recently, mucus-binding factor (MBF) was found in
the GG strain of L. rhamnosus as a mucin-binding
protein. In this study, we assessed the ability of
recombinant MBF protein from the FSMM22 strain,
one of the isolates of L. rhamnosus from fermented
Sumbawa mare milk, to adhere to PCM and ECM
proteins by overlay dot blot and Biacore assays. MBF
bound to PCM, laminin, collagen IV, and fibronectin
with submicromolar dissociation constants. Adhesion
of the FSMM22 mbf mutant strain to PCM and ECM
proteins was significantly less than that of the wild-
type strain. Collectively, these results suggested that
MBF contribute to L. rhamnosus host colonization
via mucin and ECM protein binding.

Key words: Dbacterial adhesion; extracellular matrix
(ECM) proteins; Lactobacillus rhamno-
sus; mucus-binding factor

Lactic acid bacteria of the genus Lactobacillus com-
prise one of the most important health-promoting bacte-
rial groups in the human intestinal microbiota."
Adhesion to the intestinal mucosal surface through
mucins and a variety of extracellular matrix (ECM)
proteins is an important prerequisite for the coloniza-
tion of Lactobacillus in the intestinal lumen, providing
them a competitive advantage in this ecosystem.*’
Lactobacillus rhamnosus is frequently isolated from the

human gastrointestinal (GI) tract and dairy products.*>

The GG strain of L. rhamnosus (LGG) is a well-estab-
lished probiotic strain. The health-benefiting properties
of this strain are partially dependent on its prolonged
residence in the GI tract, and they are probably influ-
enced by its adhesion to the intestinal mucosa.” The
LGG strain displays specialized surface adhesions; for
example, the pilin SpaC subunit, located within the Spa
pili structure, binds to human mucin”® and intestinal
epithelial cells.”” MabA is an LPXTG cell wall-anchor-
ing protein, which modulates adhesion to epithelial
cells and biofilm formation.'®

Recently, an internalin J adhesin homolog, mucus-
binding factor (MBF, LGG 02337), was discovered in
LGG.'"” Although recombinant MBF protein binds
immobilized human mucins, no significant differences
were observed between the wild-type and mbf mutant
strains in mucin adhesion ability.”"'"” Therefore, the
MBF protein is presumed to play an ancillary role in
pilus-mediated mucosal adhesion by LGG. The MBF
protein contains a four-repeat Pfam cell wall surface
anchor repeat (PF13461). The cell wall surface anchor
repeat occurs in several cell wall surface proteins in
Listeria monocytogenes.'” These proteins attach to the
L. monocytogenes surface and have pleiotropic func-
tions, including peptidoglycan metabolism, protein pro-
cessing, mucosal surface adhesion, and host tissue
invasion.'>™'> Moreover, the cell wall surface anchor
repeat is a member of clan Gram-pos anchor
(CL0501), which contains mucin-binding protein
domain (MucBD, PF06458). The MucBD-containing
proteins have been predominantly identified in lactoba-
cilli that are naturally found in intestinal niches'® and
promote cell adhesion to mucins.'”'® However, the
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face plasmon resonance.
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cell wall surface anchor-containing MBF adhesion
properties to intestinal mucosa-associated components,
including ECM proteins, are poorly studied in
L. rhamnosus.

We previously described the properties of 25 potential
probiotic L. rhamnosus strains isolated from traditional
Indonesian foods, including fermented Sumbawa mare
milk (FSMM) produced on Sumbawa Island.*” All iso-
lates showed resistance to bile salts and acidity. Interest-
ingly, three L. rhamnosus strains, FSMM 15, 22, and
26, exhibited high adhesion to porcine colonic mucin
(PCM) and ECM proteins. Moreover, FSMM22 showed
significantly higher adhesion to laminin than the LGG
strain. Here, we report binding characteristics of MBF
protein to mucins and ECM proteins as determined by
surface plasmon resonance (SPR) using a Biacore X
Instrument. We also present findings of MBF protein
function in promoting FSMM22 adhesion.

Materials and methods

Bacterial strains and growth conditions. LGG and
14 FSMM strains®® were cultured on de Man—Rogosa—
Sharpe (MRS) agar plates (BD Difco, Le Pont de
Claix, France) at 28 °C or 37 °C under anaerobic con-
ditions. Escherichia coli strains DH5a and Rosetta2
(Stratagene, La Jolla, CA, USA) were grown in Luria—
Bertani (LB) broth or on LB agar plates at 37 °C. Lac-
tococcus lactis subsp. lactis 1L1403 was grown in M17
medium (BD Difco) supplemented with 0.5% (w/v)
glucose at 30 °C. Ampicillin (100 pg/mL), kanamycin
(50 pg/mL), chloramphenicol (30 pg/mL), and erythro-
mycin (10 pg/mL) were added when necessary.

Molecular cloning of the mbf gene from L. Rhamno-
sus FSMM22.  DNA regions upstream and down-
stream of the mbf gene (approx. 1800 bp) were
amplified by PCR using Ex 7Tag DNA polymerase (Ta-
kara Bio, Shiga, Japan) using FSMM?22 genomic DNA
as template and primer pair S1/S2 (Table 1). The
amplified fragments were inserted into the pGEM-T
Easy vector (Promega, Tokyo, Japan) to obtain pGEM-
T-mbf. The resulting plasmids were sequenced. The
nucleotide sequence of the mbf gene from FSMM22
was deposited in GenBank under the accession number
AB968049. The signal peptide and transmembrane
domain were predicted using SignalP 4.1 (http:/www.
cbs.dtu.dk/services/SignalP/) and TMHMM 2.0 (http://
www.cbs.dtu.dk/servicess TMHMMY/), respectively.

Table 1. Primers used in this study.

Construction and expression of 6% Histidine tag

fused—-MBF.  The expression vector pET28b (Nova-

gen, Madison, WI, USA) was designed to express
recombinant MBF fused to a 6xHistidine tag at the C
terminus (Hisg-MBF). The mbf gene, without the region
encoding the N-terminal secretion signal or the C-ter-
minal sortase recognition site, was PCR amplified from
LGG or FSMM22 genomic DNA using the gene-spe-
cific primers S14 (for LGG, forward), S19 (for
FSMM22, forward), and S15 (for LGG and FSMM?22,
reverse) (Table 1). The PCR products were digested
with Ncol and Xhol restriction endonucleases and
ligated into a similarly digested expression vector,
pET28b. Each plasmid construct was transformed into
E. coli DH5a cells. The resulting plasmids were con-
firmed by sequencing, and all plasmid DNAs were
introduced into E. coli Rosetta2 cells. Transformed
cells were grown in LB medium at 37 °C with shaking.
When the ODgg reached 0.5, isopropyl-B-p-thiogalac-
topyranoside (0.1 mM) was added to induce protein
expression. After cultivation at 37 °C for 4 h, the cells
were harvested and lysed in BugBuster Protein Extrac-
tion Reagent (Novagen) to obtain cell-free extracts.
His¢-MBF was purified by Ni*'-nitrilotriacetic acid
affinity chromatography and ion exchange chromatog-
raphy using HisTrap and SP-Sepharose FF columns,
respectively (GE Healthcare). The protein fractions of
interest were pooled and dialyzed against 10 mM
HEPES buffer (pH 7.2). Protein purity was assessed by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE,;
12.5% polyacrylamide), and concentrations were deter-
mined spectrophotometrically by the BCA method
(Thermo Scientific, Wilmington, DE, USA).

Construction of FSMM?22 mbf-deletion mutant.
The primer pairs S1/S3 and S4/S2 (Table 1) were used
to introduce restriction sites in the middle of the
FSMM22 mbf gene by PCR. The amplified fragment
was inserted into the pGEM-T Easy vector. The result-
ing plasmid was digested with BamHI and HindIIl. The
chloramphenicol resistance cassette from pGK12>" was
amplified using the 1094/1934 primer pair (Table 1)
and digested with BamHI. These three fragments were
ligated to the BamHI site in the middle of the mbf
gene. The resultant fragment was amplified using the
S1/S2 primer pair and inserted into the pGEM-T Easy
vector, designated as pGEM-T-mbf::cm”. This plasmid
was digested with EcoRI and Hindlll and was subse-
quently ligated into the temperature-sensitive cloning

Primer Sequence (5'-3") Restriction site”
S1 GAATTCCAACATCTTGTTCCAACCCCAAC EcoRI

S2 AAGCTTGTTAACCAGGCTAATATTCTCATAGCC HindIll

S3 GGATCCTTGCCAGCCTCATCCAC BamHI

S4 GGATCCTTTGTGGATGAGGCTGGCAA BamHI

S14 CCATGGTTAAGGCGTGCTCAATGGC Ncol

S19 CTACCATGGTTAAGGCGAGCTCGGT Ncol

S15 CTCGAGATTAGGTAATCGCCGCTGA Xhol

1094 TGACAAGGATCCCACCCATTAGTTCAACAAACG BamHI

1934 TGACAAGGATCCAAGTACAGTCGGCATTATCTC BamHI

*Restriction site is underlined.
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vector pG'host6 (Appligene, Pleasanton, CA, USA).
The resulting plasmid was then electroporated (1.7 kV,
200 Q, 2.5 pF) into FSMM22 cells, as previously
described.”” Following 2 days of incubation at 28 °C,
transformants were selected by chloramphenicol resis-
tance and erythromycin sensitivity, as previously
described.”® To determine whether the resultant con-
struct pG host6 mbf::cm” marker, which was inserted
into the genome, encoded for the mbf mutant gene, a
double-crossover recombination was confirmed by PCR
using the S1/S2 primer pair. The PCR products were
analyzed by 1% (w/v) agarose gel electrophoresis.

To complement the FSMM22 mbf-deletion mutant,
pGEM-T-mbf was digested with EcoRI, and then the
fragment was cloned into the EcoRI restriction sites of
pIL253,%" designated as pIL253-mbf. This plasmid was
electroporated into L. lactis 1L1403, according to a
previously described method.”> The resulting plasmid
was electroporated into the FSMM22 mbf-deletion
mutant strain.

Overlay dot blot analysis. Ten micrograms of
mouse laminin (BD Biosciences), human fibronectin
(Sigma-Aldrich, St. Louis, MO, USA), human collagen
IV (Sigma-Aldrich), bovine serum albumin (BSA;
Sigma-Aldrich), or 100 ng of PCM as the hexose
equivalent’® were immobilized onto nitrocellulose
membranes (Whatman, Kent, UK). Membranes were
blocked in HBS-EP (10 mM HEPES, 150 mM NaCl,
3 mM EDTA, 0.005% surfactant P20; pH 7.2) contain-
ing 5% (w/v) skim milk for 2 h, followed by incuba-
tion with Hise-MBFs (500 nM) in HBS-EP containing
1% (w/v) skim milk for 3 h at room temperature. After
washing three times with HBS-EP, the membranes were
incubated with anti-His tag antibody (Novagen, 1:1500
dilution) for 1 h. After washing, the membranes were
exposed to alkaline phosphatase-conjugated anti-mouse
IgG (Dako; 1:2500 dilution) in HBS-EP at room tem-
perature for 1 h. The blots were developed using a
BCIP/NBT liquid substrate system (Sigma-Aldrich).

SPR analysis.  Binding affinity of MBF for mucin
and ECM proteins was assessed by SPR on a Biacore
X Instrument (GE Healthcare, NJ, USA). Laminin,
fibronectin, collagen IV, PCM, and BSA were immobi-
lized on a CMS5 dextran sensor chip (GE Healthcare)
with 4665, 6681, 5242, 4531, and 3130 resonance units
(RUs), respectively, using amine-coupling reagents (GE
Healthcare). The binding of Hise-MBFs to the coated
surface was determined using HBS-EP buffer (pH 7.2)
with Biacore X at a flow rate of 20 puL/min. Concentra-
tions of the analytes are indicated in Fig. 2(b). The dis-
sociation step was performed at the same flow rate for
3 min. The signal from each binding experiment was
corrected for nonspecific binding by subtracting the sig-
nal obtained from the blank surface. Finally, regenera-
tion of the sensor surface was achieved through a 60-s
exposure to 50 mM tris—HCI containing 2 M NaCl (pH
9.5). The association rate (ka), dissociation rate (kd),
and dissociation constant (Kp = kd/ka) were calculated
using the BIA Evaluation Software version 3.0 (GE
Healthcare). Global analysis was performed using the
simple 1:1 Langmuir binding model.

To investigate the effect of ionic strength on MBF-
PCM and MBF-ECM proteins interactions, HBS-EP
buffer was supplemented with NaCl to a final concen-
tration ranging from 150 to 450 mM. Hisg-MBF (500
nM) was injected over immobilized His¢-MBF. RU val-
ues were measured at the end of dissociations without
further sample addition. For further characterization of
MBEF self-association, Hisc-MBF was immobilized on a
CMS5 dextran sensor chip with 2543 RU. Hise-MBF
(1000 nM) was injected over immobilized Hiss-MBF.
The same experimental step as described above was
performed.

Preparation of cell surface proteins.  The LGG and
14 FSMM strains were cultivated anaerobically in
30 mL of MRS broth at 37 °C for 10 h. Cell surface
proteins were extracted as previously described'” with
the following modifications: bacteria were harvested by
centrifugation (6000 x g, 10 min, 4 °C), and the pelleted
cells were then rinsed once with phosphate-buffered
saline (PBS). Cells were resuspended in 200 pL of
extraction buffer (50 mM tris—HCI pH 8.0, 30% [w/v]
sucrose, S mM MgCl,, 5 mM CaCl,, 4 mg/mL lyso-
zyme, and 150 U/mL mutanolysin) and then incubated
at 37 °C for 3 h, followed by an additional centrifuga-
tion at 16,000 x g for 10 min at 4 °C. The supernatants
were collected for western blotting. Whole-cell lysates
were suspended in 300 pL of 50 mM tris—HCI (pH 8.0)
and 0.3 g of 0.1 mm zirconia-silica beads. Total suspen-
sion was achieved by beating for 180 s at 4800 rpm in
a bead beater (FastPrep QBiogene, Carlsbad, CA,
USA). The debris was removed by centrifugation at
10,000 x g for 5 min at 4 °C. The supernatants were
collected for Western blotting.

Western blotting.  Antisera against the MBF syn-
thetic peptide “CRYVRLAADSAAASGTFPKD” were
raised in rabbits by routine immunization procedures.
Twenty micrograms of protein samples were separated
by SDS-PAGE (12.5% polyacrylamide) and transferred
to polyvinylidene difluoride membranes (Bio-Rad Lab-
oratories, Hercules, CA, USA). Membranes were
blocked with 5% (w/v) skim milk in PBS-0.05%
Tween 20 (PBS-T) for 3 h at room temperature. After
washing membranes with PBS-T, anti-MBF antibodies
(diluted 1:300 in PBS-T) were added and incubated for
1 h at room temperature. Membranes were then washed
and incubated for 1 h with horseradish peroxidase-con-
jugated mouse anti-rabbit IgG (Sigma-Aldrich) diluted
at 1:1500 in PBS-T. After washing, the signal was
developed with a TMB membrane peroxidase substrate
(KPL, Gaithersburg, MD, USA).

Bacterial adhesion assay. A bacterial adhesion
assay was conducted as previously described,”” with
some modifications. A 96-well microplate was coated
with PCM, fibronectin, laminin, collagen IV, and BSA
(negative control). L. rhamnosus strains were cultivated
in MRS broth at 37 °C until the ODgy, reached 1.0.
Cells were harvested by centrifugation (6,000 x g,
5 min, 4 °C) and suspended in Dulbecco’s Modified
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Eagle’s Medium (DMEM). The bacterial suspension
was added to each well and incubated for 1 h at 37 °C.
After washing twice, 100 pL of 0.01% Triton X-100 in
DMEM were added to each well, and the bacterial cells
were suspended by vigorous pipetting. Serial dilutions
of suspended bacteria were plated on MRS agar. Adhe-
sion results were expressed as percentages calculated
from three independent experiments, as follows: 100%
(number of adhering bacteria/number of bacteria inocu-
lated).

Statistical analyses.  PRISM6 software (GraphPad
Software) was used for all statistical analyses. Signifi-
cant differences were determined using one-way analy-
sis of variance (ANOVA) with the Dunnett’s post hoc
test. “n” represents the number of individual experi-
ments. Differences with p-values of less than 0.05 were
considered statistically significant. In SPR analysis, the
chi-squared values of all data were calculated using
version 3.0 BIA Evaluation Software.

Results

Cloning and sequence analysis of mbf gene from
strain FSMM?22

Cloning and sequence analyses showed that the
FSMM22 mbf gene consists of a 1317-bp open reading
frame (AB968049) encoding a polypeptide of 438
amino acids with a predicted molecular mass of
46.4 kDa, including a putative N-terminal secretion sig-
nal peptide (residues 1-39) and an “LPNTN” cell wall
anchor domain (residues 402—406) containing a C-ter-
minal transmembrane region (residues 402-438). MBF
of the FSMM22 strain shares 97% identity with that of
the LGG protein (YP_003172083.1).

Binding properties of MBF to mucus components

The recombinant Hisg-MBF  from FSMM?22,
expressed in E. coli Rosetta2 cells and purified on Hi-
sTrap and ion exchange columns, produced a single
protein band with a molecular mass of approx. 40 kDa,
as determined by SDS-PAGE (Fig. 1). The recombinant
Hisg-MBF from LGG was also prepared to compare its
property with MBF from FSMM22.

The binding properties of MBF from FSMM22 to
PCM and ECM proteins were determined by overlay
dot blot assays. PCM and ECM proteins were blotted
onto a membrane, then Hisg-MBF from FSMM22 was
overlaid. His¢-MBF showed strong binding to PCM,
laminin, collagen IV, and fibronectin (Fig. 2(a)). In
contrast, Hisqc-MBF exhibited very limited binding to
BSA. Binding of Hisc-MBF to PCM and ECM proteins
was also evaluated by SPR. As shown in Fig. 2(b), the
interactions of Hisc-MBF from FSMM?22 were dose-
dependent and saturable. The experimental data showed
a good fit to the calculated curves, suggesting that the
model adequately describes the data. From the kinetic
quantitative data for these interactions, the K, was
determined to be 5.8 x 107 M for the interaction with
PCM, 1.9 x 1077 M for the interaction with laminin,
1.9 x 107’ M for the interaction with fibronectin, and
1.6 x 1077 M for the interaction with collagen IV

(kDa)

200 -

116 -
97 -

66 -

1L

45 -

31-

21-

Maker LGG FSMM22

Fig. 1. Production and purification of Hisc-MBF.

Notes: Purified recombinant Hiss-MBFs from LGG and FSMM22
were separated by SDS-PAGE and stained with Coomassie Brilliant
Blue R-250. Molecular mass standards are indicated on the left.

(Table 2). Moreover, the Kp value for the binding of
His-MBF to BSA was determined to be 1.5 x 107> M.
These data indicate that in addition to binding to PCM,
FSMM22 MBF binds to several ECM proteins. The Kp
value for BSA is approx. 2 log-fold higher than that
for PCM and ECM proteins. In addition, His¢-MBF
from LGG showed similar patterns of binding to PCM
and ECM proteins (Table S1). To analyze MBF self-
associates, we examined the binding of MBF to MBF
immobilized on a biosensor. MBF showed little or no
self-association (Fig. S1).

To determine whether the interaction between MBF
and PCM or ECM is ionic, binding assays were con-
ducted in the presence of varying NaCl concentrations.
Binding of MBF to PCM, laminin, fibronectin, and col-
lagen IV decreased with increasing NaCl concentrations
(Fig. 3). Thus, MBF binding to PCM and ECM
proteins is influenced by ionic strength.

Characterization of the mbf mutant of strain
FSMM?22

Adhesion assays were performed to determine the
contribution of MBF to FSMM22 cell adhesion to
PCM and ECM proteins, an FSMM22 mbf mutant was
accordingly generated. The resultant cm’ gene construct
(approx. 850 bp), which incorporated into the genome
by double-crossover recombination and encoded the
mbf mutant gene, was confirmed by PCR (Fig. 4(a)). In
addition, the absence of MBF protein was confirmed
by Western blotting of whole-cell lysates with an anti-
MBF antibody. A band of approx. 45 kDa was readily
observed in the wild-type strain, but not in the mbf
mutant strain (Fig. 4(b)). In contrast, the band was
detected when the mbf mutant was complemented with
pIL253-mbf (i.e. mbf-complemented strain).
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Fig. 2. Binding of Hiss-MBF from FSMM22 to PCM and ECM proteins.

Notes: (a) Overlay dot blot showing binding of Hiss-MBF to PCM, laminin (Ln), fibronectin (Fn), collagen IV (Cn IV), and BSA. Bound PCM
and ECM proteins were detected using an anti-His tag antibody. (b) Biacore X sensorgrams of the interaction of Hiss-MBF with PCM, laminin,
fibronectin, collagen IV, and BSA. His-MBFs at the indicated concentrations were injected onto a CMS5 sensor chip with immobilized PCM or
ECM proteins. The measured data (black line) and their global fits are overlaid (red line). The K, value is indicated in the text and Table 2.

Table 2.  Affinity and rate constants for interactions of Hiss-MBF
from FSMM22 with PCM and ECM proteins determined by SPR
analysis.

Analyte ka (1/Ms) kd (1/s) Kp (M)

PCM 3.8 x 10* 22x%x1073 5.8 %1078
Laminin 2.0 x 10* 3.8 %1073 1.9 x 1077
Fibronectin 1.1 x 10* 22x% 1073 1.9 x 1077
Collagen IV 2.4 x 10* 3.9 x 1072 1.6 x 1077
BSA 1.2 x 10? 1.9 x 1073 1.5 x 107°

Subsequently, the effect of the mbf deletion on cellu-
lar adhesion to PCM and ECM proteins was examined.
Adhesion of mbf mutants to PCM, laminin, collagen
IV, and fibronectin decreased significantly, compared to
the wild type (Fig. 4(c)). No significant differences
were observed between the wild-type strain and the
mbf mutant in adhesion to BSA. Although a small

decrease was observed in adhesion of the mbf-comple-
mented strain to PCM and ECM proteins, these differ-
ences were not statistically significant when compared
with the wild-type strain. These results implicate MBF
in L. rhamnosus FSMM22 adhesion to mucin and
several ECM proteins.

Detection of MBF in cell wall surface extracts of the
LGG and FSMM strains

Western blot analysis was used to determine the cell
surface expression levels of MBF protein in the LGG
and 14 FSMM strains (Fig. 5). MBF was detected in
cell wall surface extracts of all strains, although at
lower levels in the FSMM 10, 21, and 24 strains, sug-
gesting that there are different expression levels at the
cell surface or reduced cross-reaction with the anti-
MBF antibody.
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Notes: Binding of Hise-MBF (500 nM) from FSMM22 to immobilized PCM and ECM proteins was analyzed by SPR. HBS-EP buffer was
supplemented with NaCl to a final concentration ranging from 150450 mM. Results were expressed as relative percentage Hisg-MBF binding

compared to 150 mM NaCl. Error bars indicate SD (n = 3).

Discussion

In this study, we demonstrated that Hisc-MBF from
FSMM?22 binds to PCM, laminin, collagen IV, and
fibronectin. In addition, adhesion of the FSMM22 mbf
mutant strain to PCM and ECM proteins was signifi-
cantly reduced compared with that of the wild-type
strain. Involvement of LGG MabA has been speculated
in the adhesion of L. rhamnosus to ECM, but no sig-
nificant differences were observed between the wild-
type and mabA mutant strains.'” Moreover, the SpaC
pili subunit of LGG was shown, by atomic force
microscopic analysis, to interact with collagen.”” How-
ever, the involvement of SpaC pili in LGG adhesion
processes has not been examined. Therefore, factors
adhering to ECM proteins in L. rhamnosus have yet to
be determined. To our knowledge, this is the first
detailed study characterizing an ECM adhesion factor
in L. rhamnosus. The present study also indicated that
MBF has the ability to bind to several mucus

components. MBF possibly contributes to produce the
strong avidity of bacterial cells for intestinal mucosal
surfaces.

Our kinetic analysis showed that the interactions of
Hisg-MBF with several ECM proteins are dose-depen-
dent, saturable, and have submicromolar K, values.
Furthermore, compared with PCM and ECM proteins,
the binding of MBF to BSA exhibited high K, values,
and did not exhibit self-association. By contrast, the
MBF binding is shown to be dose-dependent and influ-
enced by ionic strength. On the basis of these results,
we speculate that electrostatic interactions are partially
responsible for MBF binding in a specific recognition
process. Similar interactions have been found in endo-
peptidase O (PepO) from Streptococcus pneumonia,”
and serine-aspartate repeat F from Staphylococcus epi-
dermis.*® The binding of these proteins to ECM pro-
teins was disrupted in the presence of salt and was also
affected by pH, cation concentration, detergents, and
basic amino acids. These studies suggested that the
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Fig. 4. Effect of mbf deletion on FSMM22 adhesion to PCM and
ECM proteins.

Notes: (a) A genotype analysis of the resultant cm” gene into the
genome-encoded mbf gene was performed by PCR using primer pair
S1/S2. Amplified fragments were subjected to agarose gel electropho-
resis. Lanes: 1, size maker; 2, wild-type strain; and 3, mbf mutant.
The sizes of representative marker fragments are shown to the left
(kb). (b) MBF was detected in the whole-cell lysates of FSMM22
wild-type strain (Lane 1), mbf mutant (Lane 2), and mbf-comple-
mented strain (Lane 3) by Western blotting with an anti-MBF anti-
body. The position of the MBF protein is highlighted (arrow). The
sizes of representative marker fragments are shown to the left (kDa).
(c) Adhesion was examined for FSMM22 wild-type strain (black
bar), mbf mutant (white bar), and mbf-complemented strain (gray bar)
to PCM, laminin, fibronectin, collagen IV, and BSA. Asterisks
indicate significant differences in binding (*p < 0.05) compared to
wild-type strain, as analyzed by one-way ANOVA with the Dunnett’s
post hoc test. (n=15).
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Fig. 5. Expression of MBF in LGG and 14 FSMM strains.

Notes: MBF in the bacterial cell wall surface extracts of L. rhamno-
sus strains was detected by Western blotting with an anti-MBF anti-
body. The sizes of representative marker fragments are shown to the
left of the panel.

adhesive potential of bacteria depends on both cell
surface hydrophobicity and ionic strength. Additional
studies are needed to determine whether MBF binding

is also mediated by both hydrophobic or other recep-
tor-ligand interactions and electrostatic interactions.

Using bacterial adhesion assays, we demonstrated
that MBF plays an important role in FSMM22 adhe-
sion to PCM and ECM proteins. In addition, there was
no difference in the adhesion of FSMM22 to BSA in
the wild-type strain and the mbf mutant, indicating that
the low affinity between MBF and BSA
(Kp=1.5x 107> M) might not contribute to bacterial
adhesion. In L. rhamnosus, MBF protein was found in
all tested FSMM strains, suggesting that it is conserved
among the strains. Moreover, within FSMM22 and
LGG, both Hisg-MBFs could bind to PCM and ECM
proteins. Interestingly, a previous study showed that the
adhesion capacity of the LGG mbf mutant strain was
not abrogated compared with the wild-type strain.®'"
Although the expression of MBF protein, as indicated
by Western blotting, in the FSMMI10, 21, and 24
strains was much lower than in other strains, adhesion
to PCM and ECM proteins was moderate among 14
FSMM strains, which contradicts previously described
adhesion properties.’” Taken together, our results and
those of previous studies suggest that, although MBF
appears to contribute significantly toward the binding
of L. rhamnosus to PCM and ECM proteins, the adhe-
sion properties are probably specific to particular L.
rhamnosus strains. Moreover, the adhesion of LGG
involving MBF is thought to be influenced by extracel-
lular polysaccharides and pili.'""” Recently, an extensive
genomic analysis of the L. rhamnosus species demon-
strated that the production of functional Spa pili is sig-
nificantly more prevalent in human isolates than in
dairy product isolates.” Thus, further analysis is
required to confirm the localization of an extracellular
polysaccharide and pilus on the cell surface of FSMM
strains.

To summarize, we have provided experimental evi-
dence demonstrating that MBF promotes the attach-
ment of L. rhamnosus to mucin and ECM proteins.
The bacterial cell surface proteins that bind to ECM
proteins have been termed MSCRAMMSs (microbial
surface cell recognition adhesion matrix molecule).>”
Many MSCRAMMs have been found in gram-positive
pathogenic bacteria, including Cna from Staphylococ-
cus aureus, and Enterococcus faecalis,3 132 and Aaa
from S. aureus.> Moreover, the interaction between
these MSCRAMMSs and ECM proteins exhibited sub-
micromolar K, values. We propose that MBF is a
member of the MSCRAMM family because MBF is
cell-wall anchored protein and binds to several ECM
proteins. In Lactobacillus spp., MBF might play an
important role in the colonization in the intestinal
lumen and the activation of certain probiotic effects,
such as pathogen exclusion.’*** Because ECM com-
ponents are thought to be available for interaction only
after disruption of the epithelial barrier, such as during
trauma, infection, or inflammation, the in vivo signifi-
cance of the adhesion function is not yet clear.*~%*?
Therefore, we intend to perform in vivo L. rhamnosus
strain colonization studies to elucidate further the
MBF-mediated adhesion processes and probiotic
effects.
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