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FIG. 1. Structural organization and amino acid sequence comparison of L. rhamnosus GG MBF protein. (A) A schematic illustration (not to
scale) of the domain organization for MBF protein is based on the deduced primary structure of the LGG_02337 ORF from L. rhamnosus GG.
Amino acid sequences for the N-terminal secretion signal (SS; gray box) and the C-terminal cell wall-anchoring domain (black box) beginning with
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FIG. 2. Adherence of L. rhamnosus GG MBF protein to human
intestinal mucus. The binding of 50-pmol amounts of '*I-labeled re-
combinant MBF protein and SpaC pilin to intestinal mucus was carried
out according to methods described in Materials and Methods. The
mucus adherence of 50 pmol radioiodinated ovalbumin represented
the background level of binding to mucus. All binding data represent
means * standard deviations for four to six measurements and the
differences between data (P = 0.05) are considered significant. Addi-
tional details about the statistical analysis are described in Materials
and Methods.

protein, are annotated as an internalin J (InlJ) protein. How-
ever, despite displaying a reasonable amount of amino acid
sequence similarity with the four Pfam-MucBP repeats in the
Imo2821 ORF-encoded InlJ from the L. monocytogenes
EGD-e strain (18) (Fig. 1B), neither of the two L. rhamnosus
MBF OREFs encode a sequence for the internalin domain, an
N-terminal canonical structural feature consisting of ~15 leu-
cine-rich repeat domains and one immunoglobulin (Ig)-like
interrepeat domain (6). Because the internalin domain is im-
plicated in the functionality of InlJ for mediating protein-
protein interactions during the infection process of L. mono-
cytogenes (10), it seems unlikely that MBF would have a similar
role, let alone be a member of the internalin protein family,
without the presence of this important functional domain in
the primary structure. Consequently, we suggest that the likely
primary role of MBF is for cell-mediated mucosal adhesion
and that the renaming of this LPXTG-like surface protein and
its gene (designated mbf) is appropriate.

L. rhamnosus GG MBF adheres to human intestinal mucus.
With the aim of providing physical evidence for the predicted
role of L. rhamnosus GG MBF as a mucus-binding adhesin, we
used purified recombinant MBF protein to assess its adherence
to human intestinal mucus by utilizing a microtiter plate-based
assay method developed previously for radioiodinated recom-
binant-produced pilin protein (21, 41). As demonstrated in the
mucus-binding profile shown in Fig. 2, recombinant MBF read-
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ily adhered to intestinal mucus, although the amount of bind-
ing was about 2-fold less than that of the pilus-derived SpaC
protein (positive control). Expectedly, mucus binding for re-
combinant MBF and SpaC both exceeded the measured back-
ground (ovalbumin) level by 3- and 6-fold, respectively (Fig. 2).
Taken together, these results indicate that the ability of L.
rhamnosus GG MBF protein to bind to a mucosal surface is
fully consistent with a predicted function based on shared
primary structural homology with a known mucus adhesion
domain (see previous section).

Cell surface localization of MBF in L. rhamnosus GG. Im-
muno-electron microscopy. To determine the availability of the
MBF for cell-mediated adherence to the intestinal mucosa, we
used electron microscopic means for demonstrating its local-
ization as a cell wall-associated surface protein. However, de-
spite several attempts to show the presence of MBF proteins
on the cell surface of L. rhamnosus GG, we were unable to do
so convincingly with the WT strain by immunogold TEM using
antiserum directed against recombinant MBF protein. Our
TEM experiments revealed that MBF proteins are not easily
visible on the surface of L. rhamnosus GG cells, which was
apparent from the absence of observed gold particles (Fig. 3,
left). Nonetheless, given the high degree of sequence similarity
between MBF and its homolog from L. rhamnosus LC705 and
the likelihood for shared recognition of both proteins by L.
rhamnosus GG-derived MBF antiserum, we also examined the
L. rhamnosus LC705 strain to assess the functionality of the
MBF-specific antibodies. In contrast to L. rhamnosus GG or
when preimmune serum was used (data not shown), a high
number of gold particles was observed on the cell surface of L.
rhamnosus LC705 (Fig. 3, center). This not only indicated that
the MBF antiserum was functional but also provided visual
evidence for the surface localization of the MBF homolog in
this related L. rhamnosus strain. Since these two genetically
similar L. rhamnosus strains have been reported to differ in the
composition of their EPS layers (21, 23), we suspected that the
longer galactose-rich EPS repeating units found in L. rhamno-
sus GG, but not in L. rhamnosus LC705, might be the reason
for the observed difference in surface-localized MBF protein.
To test this possibility, we examined the uncovered surface of
an inactivated EPS knockout mutant of L. rhamnosus GG
(CMPG5351), which was used previously for establishing the
EPS layer as a potential shield of certain surface adhesins (23).
As shown in Fig. 3 (right panel), but not when using preim-
mune serum (data not shown), gold particles were visibly found
throughout the exposed surface of the EPS-deficient mutant
cell, providing suggestive evidence that MBF is a frequently
occurring surface component of L. rhamnosus GG.

the LPNTN motif (underlined) are depicted. Four regions in the primary structure with homology to the Pfam-MucBP domain repeats (MucBP;
white box) determined previously (21) are shown. (B) The multiple-amino-acid sequence alignment of L. rhamnosus GG MBF protein
(LGG_02337) with the MBF homolog from L. rhamnosus LC705 (LC705_02328 ORF) and the InlJ protein (Imo2821) from L. monocytogenes
EGD-e was performed using the MultAlin program (12) (http://multalin.toulouse.inra.fr/multalin/multalin.html) and formatted with the GeneDoc
program (27) (http://www.nrbsc.org/gfx/genedoc/index.html). The location of domains for 15 leucine-rich repeats (LRR), one Ig-like interrepeat
(Ig-like), and four Pfam-MucBP repeats (MucBP) in L. monocytogenes InlJ protein are shown, and the corresponding sequences are indicated
according to results described previously (34). Amino acids that are similar between the sequences for the L. rhamnosus GG and LC705 MBF
proteins (gray shading) and for the L. rhamnosus MBF proteins and the L. monocytogenes InlJ protein (black shading) are indicated.
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CMPG5351

FIG. 3. Visualization of cell surface-localized MBF in L. rhamnosus GG. Immunogold labeling with anti-MBF serum and electron microscopy
analysis of the WT L. rhamnosus GG (GG; left) and LC705 (LC705; center) strains and the L. rhamnosus GG EPS-deficient welE mutant strain
(CMPGS5351; right) were carried out as described in Materials and Methods. Arrows randomly identifying small dark dots indicate gold particle
labeling of MBF protein. The scale bar in each panel represents 0.2 pm. An inset shows an enlarged view of cells from the panels of the L.

rhamnosus 1L.C705 and L. rhamnosus GG welE mutant strains.

Immunoblotting. To confirm whether the L. rhamnosus GG
EPS layer is merely shielding the MBF epitopes and that com-
parable amounts of cell wall-bound MBF protein are produced
in L. rhamnosus GG and its EPS-deficient mutant derivative
(CMPG5351), mutanolysin-extracted cell wall proteins were
recovered from the WT and CMPG5351 strains and then ex-
amined for the presence of the MBF by immunoblotting with
anti-MBF serum. Cell wall proteins extracted from the L.
rhamnosus LC705 strain were included as a control. Mature or
fully processed monomeric MBF protein, which lacks the res-
idues of the N-terminal secretion signal and the C-terminal
region after the cleavage site in the LPXTG-like motif, and
recombinant-produced MBF could be expected to correspond
to predicted molecular weights of 38.2 and 39.8 kDa, respec-
tively. As shown in Fig. 4, protein bands of similar intensity
migrating just below the 40-kDa marker were detected for the
WT (lane 1) and EPS-deficient mutant (lane 2) L. rhamnosus
GG strains. As anticipated, similar-sized bands for the L.
rhamnosus LC705 strain (Fig. 4, lane 3) and purified recombi-
nant MBF protein (Fig. 4, lane 4) were also apparent on the
immunoblot. Unexpectedly, but in part due to an inexact frac-
tionation process, we also observed in these three strains ad-
ditional bands that likely represent MBF during the different
stages of protein processing and peptidoglycan anchoring. For
example, based on calculated sizes, we consider the band mi-
grating near the 50-kDa molecular size marker to be com-
pletely unprocessed MBF (~46 kDa) that still contains the N-
and C-terminal signaling domains, whereas the faint diffuse
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FIG. 4. Production of cell wall-associated MBF in L. rhamnosus
GG. Immunoblotting with anti-MBF serum of mutanolysin-extracted
cell wall proteins from normalized cultures of WT L. rhamnosus GG
(lane 1), the L. rhamnosus GG EPS knockout mutant (CMPG5351)
(lane 2), and WT L. rhamnosus LC705 (lane 3) was performed as
described in Materials and Methods. Purified recombinant MBF pro-
tein was included as a control (lane 4). The positions of unprocessed
(UP), partially processed (PP), and fully processed (FP) forms of MBF
protein are indicated on the right. Molecular weight markers and their
positions are indicated on the left.

band found just above 40 kDa likely represents a partially
processed form of MBF (~42 kDa) with an intact C-terminal
membrane-spanning domain.

We interpret the above findings by suggesting that the more
extended repeating units of carbohydrate associated with the
surrounding L. rhamnosus GG EPS layer, while initially allow-
ing the recognition of cell wall-bound MBF protein by anti-
body molecules to occur, might later form a physical obstruc-
tion that limits the accessibility of the immunoglobulin Fc
region to which the protein A-gold particles normally bind.
However, even so, our electron microscopic observations,
which revealed that MBF is scattered regularly throughout the
cell surface of both L. rhamnosus GG and LC705, corroborate
the predicted localization of this mucus adhesin as a cell wall-
anchored surface protein.

MBF-mediated adhesion of L. rhamnosus GG and LC705 to
intestinal mucus. To associate the physical availability of sur-
face-localized MBF proteins with cell-mediated mucosal adhe-
sion, we investigated if this cell wall-associated adhesin con-
tributes to the mucus-binding capacity of L. rhamnosus GG
and LC705 cells by performing antibody-mediated inhibition
experiments. Using SpaC pilin-specific antiserum to remove
the contribution of SpaCBA pili to mucosal adhesion in WT L.
rhamnosus GG, we were able to normalize the level of mucus
binding for L. rhamnosus GG and LC705, thereby allowing a
comparative assessment of MBF-mediated adherence between
these two strains. As shown in Fig. 5, WT L. rhamnosus GG
cells that were antibody untreated or pretreated with anti-
SpaC serum adhered to mucus much in the same way as was
reported previously (21, 41), such that SpaC-specific antibody
binding to SpaCBA pili blocked a large portion of L. rhamno-
sus GG-mediated adherence to mucus. Interestingly, when L.
rhamnosus GG (anti-SpaC serum-pretreated) and L. rhamno-
sus LC705 (non-SpaCBA-piliated) cells were treated with anti-
MBEF serum, we found that the blocking action of the antibod-
ies had caused a relatively modest but statistically significant
reduction in mucus binding for each strain (Fig. 5). As these
results would imply, MBF proteins are responsible for medi-
ating a low level of mucosal adhesion in L. rhamnosus GG and
LC705 cells. Consequently, whereas MBF likely represents one
of the key mucus adhesins on the cell surface of the less
adhesive L. rhamnosus LC705 strain, this surface-localized
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FIG. 5. MBF antibody-mediated inhibition of mucus adhesion in L. rhamnosus GG and LC705. Metabolically labeled (*H) cells from
normalized cultures of the WT L. rhamnosus GG and LC705 strains were pretreated with the corresponding antiserum, and their capacity for
mucus adhesion was determined according to the method described in Materials and Methods. The binding data are means = standard deviations
for at least three measurements, and the differences between data are considered significant (P = 0.05). Further information about the statistical

analysis is described in Materials and Methods.

protein accounts for only a small fraction of the total mucus-
binding capacity in L. rhamnosus GG. For that reason, MBF
protein in SpaCBA-piliated L. rhamnosus GG, much like
MabA protein described previously (29), will likely have a
lesser adhesive role in establishing intimate interactions with
intestinal cells.

Intriguingly, even with its inherent EPS layer (23), which was
recently reported to wield a shielding effect against host pro-
tective factors (24), WT L. rhamnosus GG cells are apparently
able to mediate mucosal adhesion through the surface-local-
ized MBF. This might reflect the need for a closely interwoven
association between the L. rhamnosus GG cell surface and the
mucosal layer so that MBF proteins can bind optimally to
mucus-related molecules. In keeping with the binding strate-
gies of proposed adhesion models for various other piliated
Gram-negative and Gram-positive bacteria, we suggest that
only after the elongated mucus-specific pilus fibers make their
initial contact and attach L. rhamnosus GG cells to the mucosal
surface will MBF proteins be in such close proximity that their
binding also becomes a possibility. However, unlike Gram-
negative pili, which, due to the structural elasticity of their
subunit constituents, would be able to retract reversibly and
pull microbes closer to the host cells (17, 20, 26), pili from
Gram-positive bacteria appear to consist of inextensible pilin
subunits (2), making them more rigid and less apt to function
in a similar manner. Consequently, the SpaCBA pilus-medi-
ated binding in L. rhamnosus GG that brings LPXTG-like
surface adhesins (e.g., MBF and MabA) closer to the mucus
layer could expectedly be less dynamic and more arbitrary,
possibly relying on the “zipper-like” mechanistic explanation
of adhesion in piliated Gram-positive pathogens described pre-
viously (38). On the other hand, collectively, such a multiplicity
of adhesive interactions, including those of MBF, will undoubt-
edly allow L. rhamnosus GG to be better embedded in the
intestinal mucosa for what can be regarded as its increased
capacity of persistence in the intestine. In comparison, L.

rhamnosus LC705, by being demonstratively less adhesive to
mucosal surfaces (39), due likely to the absence of mucus-
binding pili, is more susceptible to the washout conditions of
the intestine and is a less persistent strain (21).

Conclusions. In our present study, we have now provided
evidence that an additional LPXTG-like protein, which we
renamed the mucus-binding factor, participates as another sur-
face-exposed component in the interaction between adherent
L. rhamnosus GG and the human intestinal mucosa. As an
allochthonous probiotic, L. rhamnosus GG is incapable of
forming a lifelong association with the intestinal host. How-
ever, based on our findings about MBF, together with those
from previous studies on the SpaCBA pilus (21) and MabA
(29), we put forward the idea that in L. rhamnosus GG, at least
these three different surface-localized components are part of
a protein-mediated adhesion mechanism, whose collective net-
work of mucus-binding interactions might contribute to the
increased capacity of this probiotic strain to survive as a com-
paratively more persistent and less stringent allochthonous in-
testinal inhabitant.
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