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Depletion of the SlpA protein from the bacterial surface greatly reduced the adhesion of Lactobacillus brevis
ATCC 8287 to the human intestinal cell lines Caco-2 and Intestine 407, the endothelial cell line EA-hy926, and
the urinary bladder cell line T24, as well as immobilized fibronectin. For functional analysis of the SlpA surface
protein, different regions of the slpA gene were expressed as internal in-frame fusions in the variable region of
the fliCH7 gene of Escherichia coli. The resulting chimeric flagella carried inserts up to 275 amino acids long
from the mature S-layer protein, which is 435 amino acids in size. The expression of the SlpA fragments on the
chimeric flagella was assessed by immunoelectron microscopy and Western blotting using anti-SlpA antibod-
ies, and their binding to human cells was assessed by indirect immunofluorescence. Chimeric flagella harbor-
ing inserts that represented the N-terminal part of the S-layer protein bound to the epithelial cell lines,
whereas the C-terminal part of the S-layer protein did not confer binding on the flagella. The shortest S-layer
peptide capable of detectable binding was 81 amino acid residues in size and represented residues 96 through
176 in the unprocessed S-layer protein. The bacteria and the chimeric flagella did not show detectable binding
to erythrocytes, whereas the SlpA-expressing ATCC 8287 cells as well as the chimeric SlpA 96-245/FliC flagella
bound to immobilized fibronectin. The N-terminal SlpA peptide 96-176 or 96-200 fused to FliC was not
recognized in Western blotting or immunoelectron microscopy by a polyclonal serum raised against the S-layer
protein; the antiserum, however, reacted in immunofluorescence with the ATCC 8287 cells. In contrast, an
antiserum raised against the His-tagged peptide 96-245 of SlpA bound to the hybrid flagella with the N-
terminal SlpA inserts but did not react with ATCC 8287 cells. The results identify the S-layer of L. brevis ATCC
8287 as an adhesin with affinity for human epithelial cells and fibronectin and locate the receptor-binding
region within a fragment of 81 amino acids in the N-terminal part of the molecule, which in native S-layer
seems inaccessible to antibodies.

Bacterial adhesion to epithelial and subepithelial tissue is an
important initial event in successful colonization of the mam-
malian intestine and other tissue sites. Several adhesion mol-
ecules have been characterized for bacterial species that cause
infectious diseases in humans or animals (18, 29, 44). This is in
sharp contrast to our limited knowledge of the adhesins
present on the mammalian commensal genus Lactobacillus.
Species of Lactobacillus are major members of the indigenous
bacterial microbiota in the gastrointestinal and genital tracts of
humans and animals. Lactobacilli are considered beneficial to
their host organism and have a long history of use in humans
and animals to prevent or cure various minor illnesses. As
lactobacilli are members of the normal intestinal microbiota
and are food-grade organisms, their possible application as
carriers of oral vaccine antigens (28) or other medically im-
portant effector molecules (39) in the intestine has aroused
interest. Isolates of lactobacilli have been found to adhere to
the intestinal epithelial cell lines derived from their mamma-
lian hosts (9, 12, 16, 34), intestinal or gastric mucus (17),
extracellular matrix components (30, 41), and human platelets

(14) as well as uncharacterized mannoconjugates on intestinal
cells (1). Early studies suggested a critical role of lactobacillar
adhesiveness in determining host specificity of bacterial colo-
nization in the chicken (13), but later studies failed to demon-
strate such a role for lactobacilli isolated from humans (2). The
mechanisms by which lactobacilli adhere to and colonize hu-
man tissues have remained poorly characterized; to date, two
adhesion proteins of lactobacilli have been characterized on a
genetic level, an ABC transporter protein of Lactobacillus re-
uteri (30) and the CbsA S-layer protein of Lactobacillus crispa-
tus (36), both of which bind to collagens of pericellular tissue.

S-layers are paracrystalline surface protein arrays that are
commonly expressed by species of Eubacteria and Archaebac-
teria (3, 33). Most S-layers are composed of a single protein
species, the S-layer protein, greatly varying in size in different
bacterial genera. S-layers are hydrophobic and crystallize to
form a two-dimensional layer on the bacterial surface. The
genes encoding S-layers are efficiently transcribed, and the
S-layer protein is the dominant protein species, representing
10 to 20% of the total protein mass in the bacterial cell (7).
S-layers are commonly expressed by species of the genus Lac-
tobacillus (27). Their role in bacterial adhesiveness to chicken
epithelium has been suggested previously (35), and we recently
described a collagen-binding S-layer protein of L. crispatus
(36), but overall, the functions of lactobacillar S-layers have
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remained poorly characterized. The primary structures of the
few lactobacillar S-layer genes that have been determined pre-
dict proteins of 43 to 46 kDa with considerable sequence vari-
ability in the N-terminal half of the proteins (4, 5, 8, 43), which
could suggest differing functions and antigenic variation for
these proteins (36). In lactobacilli, S-layer proteins apparently
possess important cellular functions, as several laboratories,
including ours (6, 26; M. Kahala and A. Palva, unpublished
results), have failed to construct viable null mutants of the
S-layer genes. Thus, molecular display methods are a method
of choice for genetic analyses of S-layer functions.

Most S-layer proteins can reassemble in physiological buff-
ers to form a regular, insoluble array. Their adhesive proper-
ties have been analyzed by solid-phase assays using a soluble
ligand, which has remained a severe limitation in the functional
analysis of these abundant surface proteins of eubacteria and
archaea. Flagella of Salmonella enterica serovar Typhimurium
or Escherichia coli have successfully been applied to express
heterologous peptides in thousands of copies on the surface of
the filament, mainly for vaccination purposes (reviewed in ref-
erence 46). We have introduced a flagellum display system in
which adhesive peptides up to 300 amino acids in size are
expressed in a functional form (47). The flagellum display also
offers a system to express large hydrophobic adhesive peptides
in a soluble form, and we have applied it to analyze the colla-
gen-binding region in the S-layer-like YadA protein of Yersinia
enterocolitica (47). We report here the use of the flagellum
display to demonstrate and characterize an adhesive property
in the S-layer protein SlpA of Lactobacillus brevis, whose pri-
mary structure is known (43).

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strain ATCC 8287 of L. brevis
and its slpA gene have been described previously (43). The nucleotide sequence
for the slpA gene of L. brevis ATCC 8287 has been deposited in the GenBank
database under GenBank accession no. Z14250, and the amino acid sequence of
this protein can be accessed through the Swiss Protein Database under SwissProt
accession no. Q05044. The bacteria were grown overnight at 37°C in 20 ml of
static MRS broth. The extraction of the S-layer from the bacterial surface was
performed with 2 M guanidine hydrochloride (27), and the control cells were
treated with phosphate-buffered saline (PBS), pH 7.1, alone. For adhesion as-
says, the bacterial cells were suspended in the epithelial cell culture medium or
PBS (see below). To analyze the removal of the S-layer protein from the bacterial
surface, guanidine hydrochloride-treated and control cells were suspended in an
equal volume of the sample buffer used for sodium dodecyl sulfate (SDS) gel
electrophoresis (24), the suspensions were boiled for 10 min, and the solubilized
proteins were analyzed by SDS-polyacrylamide gel electrophoresis in 12% slab
gels. This treatment did not cause detectable cell lysis.

Bacterial adhesion assays. The human Intestine 407 (ATCC CCL6), the
Caco-2 (ATCC HTB-37), and the EA-hy926 (11) cell lines were cultivated to
confluence in RPMI 1640 medium (Life Technologies, Paisley, Scotland) sup-
plemented with fetal calf serum (PAA Laboratories GmbH, Linz, Austria),
L-glutamine, nonessential amino acids (for Caco-2 and Intestine 407 cells; Life
Technologies), and gentamicin. The T24 (ATCC HTB-4) cells were cultivated in
McCoy’s 5A medium with the same supplements. The Intestine 407, EA-hy926
and T24 cells were cultured for 2 days on diagnostic glass slides (Knittel Glass-
bearbeitungs GmbH, Braunschweig, Germany), and the Caco-2 cells were cul-
tured for 17 to 21 days in Lab-Tek eight-well chamber slides (Nunc, Roskilde,
Denmark). Before the adhesion assays, the cells were washed once with PBS.
The bacteria were suspended in the culture medium without supplements at cell
densities ranging from 5 � 107 to 1 � 109 cells/ml, 40 �l (300 �l for Caco-2 cells)
of the suspension per well was added to the epithelial cells, and the slides were
incubated for 1 h at 37°C in a moist chamber. The slides were washed five times
at room temperature with PBS for 5 min each and fixed for 10 min with meth-
anol. The epithelial cells with adherent bacteria were then examined in a Carl

Zeiss Jenaval microscope (Jena, Germany) directly by Nomarski interference
optics (for photography), or for quantitative analysis, the bacteria were stained
for 5 min with 10% (vol/vol) Giemsa stain (Oy Reagena Ltd., Kuopio, Finland)
or, in the case of Caco-2 cells, with crystal violet and iodine and were analyzed
by light microscopy. Because of difficulties in visualizing individual adherent
bacteria on the Caco-2 cell surface, we used fluorescein-tagged bacteria with
these epithelial cells, and the quantitation of adhesion was done as described
previously (20). The mean number of adherent bacteria � standard deviation
was quantitated from 20 epithelial cells or, in the case of Caco-2 cells, from 12
microscopic fields (field, 2.16 � 104 �m2). In inhibition assays, the SlpA 96-245/
FliC or the �FliCH7 flagella were added at the concentration of 120 �g of
FliC/ml (see below) with the bacteria (5 � 108 cells/ml) onto the Intestine 407
cells.

Bacterial adhesion to human plasma fibronectin (Becton Dickinson, Bedford,
Mass.) and type IV collagen (Sigma Chemical Co., St. Louis, Mo.) immobilized
on glass was tested essentially as described previously (45): the target proteins
were used at the surface concentration of 2.5 pmol, the slides were blocked with
5% (wt/vol) skim milk (Valio, Helsinki, Finland) in PBS, the incubation time
with bacteria in PBS was 2 h, and washing was performed with 0.05% skim milk
in PBS.

Hemagglutination assays with bacteria as well as treatment of human eryth-
rocytes with endo-�-galactosidase, neuraminidase, trypsin, or pronase were con-
ducted by routine procedures (22). We used human 01 and Resolve Panel B
(Ortho Diagnostic Systems Inc., Raritan, N.J.) red blood cells. In addition,
sheep, calf, goat, horse, dog, rabbit, mouse, cat, and pig erythrocytes were tested.
The chimeric flagella were tested at the concentration of 200 �g/ml, and the
agglutination was read by naked eye as well as under the microscope.

Flagellum display of SlpA fragments and production of His-SlpA 96-245. The
construction of chimeric SlpA/FliC flagella and their testing were performed
essentially as described previously (47). Fragments representing different parts of
the slpA gene were amplified by PCR with Pfu polymerase and with chromo-
somal DNA from the L. brevis strain ATCC 8287 as the template. The primers
were designed on the basis of the nucleotide sequence of slpA (43) and contained
an AccI restriction site at the 5� terminus. The primers amplified regions of slpA
encoding the peptide fragment 31-300, 31-245, 96-370, 96-245, 96-200, 96-176,
126-156, or 239-447, where the residue numbers include the 30-amino-acid-long
signal sequence of SlpA. The slpA fragments were cloned into the AccI site in the
plasmid pFliCH7� deleted for 174 bp in the variable region of fliC, and the
resulting plasmids were expressed in E. coli strain JT1, which is a fliC::Tn 10 and
fimA::cat derivative of E. coli C600 (47). The �FliCH7 flagella lacking an insert
were available from previous work, and the chimeric SlpA/FliC flagellar fila-
ments were isolated as described previously (47).

DNA isolation and manipulation were performed by routine procedures (32).
To express SlpA 96-245 as a His-tagged peptide, the corresponding region in slpA
was PCR amplified and cloned in the pQE-30 expression vector. The primers
were designed on the basis of the nucleotide sequence of slpA (43) and contained
in the forward primer a 5� BamHI restriction site and in the reverse primer a
HindIII restriction site and the stop codon. The fusion protein was expressed and
purified by affinity chromatography as described in the manufacturer’s instruc-
tions (Qiagen GmbH, Hilden, Germany).

Immunological methods. The flagellar or SlpA proteins were separated by
SDS gel electrophoresis (27) in 10% (wt/vol) slab gels and subjected to Western
blotting (42) with polyclonal antibodies against the H7 flagella (47), the SlpA
protein of L. brevis ATCC 8287 (43), or the His-SlpA 96-245 peptide as primary
antibodies and alkaline phosphatase-conjugated secondary antibodies. For im-
munoelectron microscopy (IEM), bacterial cells expressing flagellar constructs
were suspended in Luria broth and immobilized on copper grids coated with
Pioloform and carbon. After being washed with PBS containing 1 mg of bovine
serum albumin (BSA) in PBS/ml, the anti-H7, the anti-SlpA, or the anti-His SlpA
96-245 antiserum (diluted 1:300 in PBS containing 10 mg of BSA/ml) was added
and left to react with the flagella for 90 min at 20°C. The grids were washed in
PBS with 1 mg of BSA/ml, and bound antibodies were detected with Auro-
probeEM protein A conjugate (Amersham Pharmacia Biotech, Little Chalfont,
Buckinghamshire, England; diluted 1:40). Bacteria were negatively stained with
1% potassium tungstic acid, pH 6.5, for 1 min, and the grids were examined in a
JEOL JEM-100EX transmission electron microscope at an operating voltage of
60 kV.

Binding tests with chimeric flagella. The binding of the chimeric flagella to the
epithelial cells was assessed by indirect immunofluorescence essentially as de-
scribed previously (47). Briefly, the epithelial cells were washed at room tem-
perature with PBS, fixed with methanol for 10 min at �20°C, and then washed
with PBS at room temperature. The FliC concentration of each extract was
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adjusted to 20 �g/ml with the Tina (version 2.0) image analysis program (Raytest
Isotopenmessgeräte GmbH, Straubenhardt, Germany) and Coomassie blue-
stained SDS-polyacrylamide gels with the YadA 26-202/FliC chimeric flagella
(47) or BSA as internal standard. The flagellar extracts (40 �l, or 300 �l for
Caco-2 cells) were added to the cells, and the slides were kept for 5 h at 4°C.
After washing and a second fixing with methanol, the bound flagella were visu-
alized by staining with immunoglobulin G molecules from an anti-FliCH7 rabbit
antiserum and with fluorescein isothiocyanate-labeled secondary antibodies as
detailed previously (47). The control assays included staining of the epithelial
cells as described above but with the �FliCH7 flagella lacking an insert, or with
omission of the flagellar extract or the flagellar extract and the immunoglobulins.

Binding of chimeric flagella to immobilized plasma fibronectin (Becton Dick-
inson) was tested by an enzyme-linked immunosorbent assay as described in
reference 47. The coating of microwells was performed with fibronectin (11
�g/ml) or 1% (wt/vol) skim milk in PBS, quenching was performed for 2 h with
1% skim milk, and flagellar extracts were incubated overnight at 4°C at 0.8 to 25
�g/ml in 0.05% skim milk in PBS.

Homology searches. Protein and DNA sequence homology searches were
performed with the BLASTP2, the FASTA, and the Lalign programs available at
the website http://www.dna.affrc.go.jp/htdocs/Blast/fasta.html, as well as with the
ClustalW multiple sequence alignment program at http://pbil.ibcp.fr/cgi-bin
/align_clustalw.pl. The grand average hydropathy values were calculated by using
the program ProtParam at http://www.expasy.ch/cgi-bin/protparam.

RESULTS

Expression of slpA fragments as fusions to fliC. After an
initial screening of various lactobacillar isolates for adhesive-
ness to human small intestinal cell lines, we chose the strain L.
brevis ATCC 8287 on the basis that it showed highly efficient
adhesion to various human epithelial cell lines. Cells of L.
brevis ATCC 8287 were known to express the S-layer protein
SlpA as their major cell surface protein (43). We observed that
treatment of ATCC 8287 cells with guanidine hydrochloride,
which is the routine procedure to deplete cells of the S-layer
(38), completely abolished bacterial adhesion to the human
small intestinal cell line Intestine 407 (see below). We used the
flagellum display technology (47) to analyze the possible ad-
hesive function of SlpA. Fragments of slpA were cloned into
the AccI site in the plasmid pFliCH7�, which contains fliC with
a 174-bp deletion in the variable region, and the chimeric
flagella were prepared from the surface of the complemented
derivatives of E. coli JT1, whose genotype is fliC::Tn10 and

FIG. 1. (A) Schematic presentation of the SlpA fragments expressed as fusions to FliC. On top is shown the entire SlpA polypeptide of 465
amino acids; the arrow indicates the cleavage site of the signal sequence. The bars indicate the fragments expressed as fusions in FliC, and the
numbers on the left refer to N- and C-terminal amino acids in the SlpA peptide. The size of the amino acid insert in FliC is given after each
construct. Reactivity of each chimeric flagellum with the anti-SlpA as well as the anti-His-SlpA 96-245 peptide antibody was determined by Western
blotting (see below) and by IEM (Fig. 2). The binding of the chimeric flagella to the human Intestine 407 cells was tested by indirect
immunofluorescence (Fig. 3) and is indicated on the right. (B) Western blotting of the chimeric flagella with anti-FliCH7, anti-SlpA, and
anti-His-SlpA 96-245 peptide polyclonal antibodies. The flagella were SlpA 31-245/FliC (lane 1), SlpA 31-300/FliC (lane 2), SlpA 96-370/FliC (lane
3), SlpA 239-447/FliC (lane 4), SlpA 96-245/FliC (lane 5), �FliC lacking an insert (lane 6), SlpA 96-176/FliC (lane 7), SlpA 96-200/FliC (lane 8),
and SlpA 126-156/FliC (lane 9).
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fimA::cat. The fragments of SlpA that were expressed as a FliC
fusion are schematically presented in Fig. 1; the numbering of
amino acid residues refers to the unprocessed SlpA peptide,
which has a signal sequence of 30 amino acids. To confirm the
expression of the SlpA fragments in the FliC protein, the
chimeric flagella were analyzed by Western blotting using poly-
clonal anti-SlpA or anti-FliCH7 antibodies (Fig. 1B). The ap-
parent size of the chimeric flagellins, as estimated from the
Western blots stained with anti-FliCH7 antibodies, corre-
sponded to those predicted from the nucleotide sequence. The
�FliCH7 flagella lacking an insert did not react with the anti-
SlpA antibodies (lane 6 in Fig. 1B), whereas the SlpA 31-245/
FliC, the SlpA 31-300/FliC, the SlpA 96-370/FliC, and the SlpA
239-447/FliC flagella were recognized by the anti-SlpA anti-
bodies (lanes 1 through 4 in Fig. 1B). These chimeric flagella
carried an insertion of 215, 270, 275, or 209 amino acid resi-

dues, respectively. In contrast, the chimeric flagella SlpA 96-
245/FliC, SlpA 96-200/FliC, SlpA 96-176/FliC, and SlpA 126-
156/FliC, which carried SlpA inserts ranging in size between
150 and 31 amino acid residues and covering part of the N-
terminal region of the SlpA molecule, did not detectably react
with the anti-SlpA antibodies (lanes 5 and 7 through 9 in Fig.
1B). We also raised rabbit antibodies against His-tagged pep-
tide 96-245 of SlpA purified from the cytoplasm of recombi-
nant E. coli. These antibodies reacted in Western blotting with
the chimeric flagella carrying the N-terminal SlpA inserts but
not with the �FliCH7 or the SlpA 239-447/FliC flagella (Fig.
1B), which indicates that the chimeras indeed expressed the
shorter N-terminal SlpA inserts.

IEM with anti-SlpA antibodies and protein A-gold was also
used to analyze the chimeric flagella. As an example, Fig. 2
shows IEM of the SlpA 96-245/FliC, the SlpA 96-176/FliC, and

FIG. 2. (A to D) IEM of chimeric flagella. The staining was done with anti-SlpA (A to C) or anti-FliCH7 (D) antibodies and with protein A-gold.
The flagella were SlpA 96-245/FliC (A), �FliC lacking an insert (B), SlpA 96-176/FliC (C), and SlpA 96-245/FliC (D). Arrowheads indicate binding
of protein A-gold, and the arrow in panel A indicates the flagellar hook encoded by flgE. (E to I) Reactivities of antisera with SlpA and His-SlpA
96-245 proteins, L. brevis ATCC 8287 cells, and recombinant flagella. (E) Western blotting of the SlpA protein from ATCC cells (lanes a and c)
and the His-SlpA 96-245 peptide from recombinant E. coli (lanes b and d) with anti-His-SlpA 96-245 peptide (lanes a and b) and anti-SlpA (lanes
c and d) antibodies. Numbers at left indicate protein sizes in kilodaltons. (F) Indirect immunofluorescence staining of ATCC 8287 cells with
anti-SlpA antibodies. (H) Staining with anti-His-SlpA 96-245 antibodies. (G and I) Fields corresponding to panels F and H, respectively, under
light microscopy. Bars, 200 nm (A to D) and 5 �m (F to I).
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the �FliCH7 flagella with anti-SlpA antibodies as well as the
reactivity of the SlpA 96-245/FliC with anti-FliCH7 antibodies.
The SlpA 96-245/FliC flagella bound anti-SlpA antibodies
(Fig. 2A), whereas the �FliCH7 and the SlpA 96-176 flagella
were unreactive (Fig. 2B and C). The specificity of the reac-
tivity was further illustrated by a lack of the anti-SlpA antibody
binding to flagellar hooks encoded by the flgE gene (arrow in
Fig. 2A). The chimeric flagella SlpA 31-300/FliC, SlpA 31-245/
FliC, SlpA 96-370/FliC, SlpA 96-245/FliC, and SlpA 239-447/
FliC reacted with the anti-SlpA antibodies, whereas the other
chimeric flagella were unreactive. All the flagella reacted with
the anti-FliCH7 antibodies; Fig. 2D shows reactivity of the SlpA
96-245/FliC as an example, and the results are summarized in
Fig. 1A.

Binding of the SlpA/FliC flagella to Intestine 407 cells. We
initially tested the binding of chimeric flagella to the Intestine
407 cells because bacterial adhesion (see below) and the flagel-
lar binding to nonconfluent cell culture were easily evaluated.
The reactivity of the chimeric flagella with human Intestine 407
cells was assessed by indirect immunofluorescence using puri-
fied anti-FliCH7 immunoglobulin G and fluorescein isothiocya-
nate-conjugated secondary antibodies. Representative exam-
ples of the assays are shown in Fig. 3. The SlpA 31-300/FliC
(data not shown) and the SlpA 96-245/FliC flagella efficiently
bound to the Intestine 407 cells (Fig. 3A), whereas the con-
struct SlpA 239-447/FliC, carrying the C-terminal part of SlpA,
failed to bind (Fig. 3C). No binding was observed with the
�FliCH7 flagella lacking an insert (Fig. 3E). The granular pat-
tern of staining by the chimeric flagella probably results from

their organelle-like structure, and no significant aggregation of
the chimeric filaments was observed by electron microscopy
(data not shown).

The results shown in Fig. 3 suggested that the receptor-
binding region is located within the N-terminal part of the
SlpA molecule. In order to localize the binding site in more
detail, the fragments covering the N-terminal half of the SlpA
molecule were expressed in FliC and tested for binding. The
shortest SlpA fragment conferring detectable binding to Intes-
tine 407 cells was in the construct SlpA 96-176/FliC, which
contained an 81-amino-acid-long insert from SlpA (Fig. 1A).
The construct SlpA 126-156/FliC with an insert of 31 amino
acids did not exhibit detectable adhesiveness. When flagella
were tested at the concentration of 120 �g of FliC/ml and with
5 � 108 bacteria/ml, no inhibition of bacterial adhesion to
Intestine 407 cells was detected with the SlpA 96-245/FliC or
the �FliCH7 flagella.

Comparison of the reactivities of the anti-SlpA and anti-
His-SlpA 96-245 peptide antibodies. The His-SlpA 96-245 pep-
tide was aggregated and unsuited for binding tests; we there-
fore raised antipeptide antibodies in order to test their effect
on the adhesiveness of the strain ATCC 8287. We could not
detect any significant inhibition of bacterial adhesion by Fab

fragments prepared from immunoglobulins against the peptide
or the entire SlpA molecule (data not shown). The anti-SlpA
antibodies reacted in Western blotting or IEM with chimeric
flagella expressing the larger N-terminal regions of SlpA (sum-
marized in Fig. 1) but not with the His-SlpA 96-245 peptide
(Fig. 2E). The antibodies reacted with the ATCC 8287 cells in
indirect immunofluorescence (Fig. 2F and G). The anti-His-
SlpA 96-245 peptide antibodies, in contrast, recognized the
hybrid flagella with N-terminal SlpA inserts in Western blot-
ting and in IEM (Fig. 1), and no binding of the antibody to the
SlpA 239-447/FliC flagella or the �FliCH7 flagella (Fig. 1B)
was detected. However, the anti-His-SlpA 96-245 peptide an-
tibodies did not bind to ATCC 8287 cells (Fig. 2H and I).

Adhesion of S-layer-expressing and S-layer-depleted bacte-
ria to human cells. SlpA represents the single major protein in
ATCC 8287 cells (43), and we have not been able to produce
a viable slpA mutant strain. On the other hand, the peripheral
S-layer proteins can be extracted from the lactobacillar cell
surface with guanidine hydrochloride or SDS without disrupt-
ing the bacterial cells (38). Our results above suggested that
removal of SlpA from the ATCC 8287 cell surface should
abolish bacterial adhesiveness, and we next analyzed the ad-
hesion of native and guanidine hydrochloride-treated bacterial
cells as well as the binding of the SlpA 96-245/FliC, the SlpA
239-447/FliC, and the �FliCH7 flagella to human cell types.
The strain ATCC 8287 adhered to the Intestine 407, human
bladder T24, and endothelial EA-hy926 cells, as well as polar-
ized large intestinal Caco-2 cells (Table 1). For Intestine 407,
T24, and EA-hy926 cells, guanidine hydrochloride treatment
of L. brevis cells abolished bacterial adhesion, whereas only a
partial decrease in bacterial adhesion to Caco-2 cells was de-
tected. The SlpA 96-245/FliC flagella bound to all four epithe-
lial cell lines, whereas no binding of the SlpA 239-447/FliC or
the �FliCH7 flagella was detected (Table 1).

The L. brevis ATCC 8287 cells did not agglutinate human 01

erythrocytes or those in a commercial blood group typing
panel, nor did they react with erythrocytes from nine animal

FIG. 3. Binding of the chimeric flagella to the human Intestine 407
cells. The bound flagella were detected by indirect immunofluores-
cence using anti-FliCH7 immunoglobulin G and fluorochrome-conju-
gated secondary antibodies. (A) Binding of the SlpA 96-245/FliC chi-
meric flagella. (B) The corresponding field under light microscopy.
(C) Binding of SlpA 239-447/FliC. (E) Binding of the �FliC flagella
lacking an insert. (D and F) Light microscopic fields corresponding to
panels C and E, respectively. Arrows indicate cell contours. Bar, 20
�m.
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species. Bacterial binding to the erythrocytes was not induced
by treatment of human or animal erythrocytes with endo-�-
galactoside, neuraminidase, trypsin, or pronase, each of which
has been used to expose cryptic target sites on erythrocytes for
bacterial adhesion proteins (22). We did not detect any binding
of the SlpA 96-245/FliC or the �FliCH7 flagella to human 01

erythrocytes.
Bacterial adherence and binding of chimeric flagella to fi-

bronectin. Fibronectins have been shown previously to medi-
ate bacterial adherence to a number of epithelial cell types
(reviewed in reference 19), and we therefore tested whether
SlpA binds to human fibronectin. ATCC 8287 cells with intact
SlpA adhered to fibronectin, whereas removal of SlpA from
the cell surface abolished adherence (Fig. 4A). No adherence
to type IV collagen was detected. The SlpA 96-245/FliC fla-
gella bound to immobilized fibronectin, whereas binding of the
SlpA 239-447/FliC or the �FliC flagella was close to back-
ground level (Fig. 4B).

Sequence analysis of SlpA. We found in the GenBank,
EMBL, SwissProt, or PIR databases only sequences with a low
level of homology to the DNA sequence encoding the SlpA
96-176 region or to the corresponding amino acid sequence.
The identity of the SlpA sequence with other sequenced lac-

tobacillar S-layer proteins was 19 to 23%, with no regions
showing significant local identity. The grand hydropathy values
of the processed form of SlpA, the fragment SlpA 126-156, the
fragment SlpA 96-176, the fragment SlpA 96-245, and the
fragment SlpA 239-447 were �0.383, �0.300, �0.621, �0.489,
and �0.341, respectively.

DISCUSSION

Lactobacilli are important bacterial colonizers of intestinal
surfaces. Despite the high importance of lactobacilli as mem-
bers of intestinal normal microbiota and their potential for
biotechnological applications, the adhesion proteins of lacto-
bacilli have remained poorly characterized. Our present and
previous (36, 41) results establish S-layers as a class of lacto-
bacillar adhesins that exhibit affinity for different tissue targets.
We used the flagellum display technology to obtain direct
evidence for the adhesive function of SlpA and expressed frag-
ments of slpA as a fusion to the fliCH7� gene of E. coli. The
N-terminal region of SlpA conferred adhesiveness on the chi-
meric flagella SlpA 31-300/FliC, whereas no binding was ob-
served with the SlpA 239-447/FliC chimera expressing a C-
terminal SlpA insert or with the truncated �FliCH7 flagella
lacking an insert. Our finding that the adhesive character of
SlpA of L. brevis resides in the N-terminal region of the S-layer
protein is in accordance with the situation in the collagen-
binding S-layer protein CbsA of L. crispatus (36). This region
in lactobacillar S-layer proteins exhibits sequence variability
(36), which suggests functional diversity in lactobacillar S-layer
proteins, and indeed we did not observe any collagen binding
by SlpA.

Expression of the N-teminal SlpA fragments by the flagel-
lum display technology showed that the 81-amino-acid insert in
SlpA 96-176/FliC conferred adhesiveness on the flagella,
whereas the 31-amino-acid insert in SlpA 126-156/FliC failed
to do so. This indicates that the core epithelium-binding region
in SlpA is less than 100 amino acids in size. We found no
epithelium binding with the SlpA 239-447/FliC flagella, which,
according to the grand average hydropathy value, is more hy-
drophobic than are the N-terminal SlpA regions supporting
adhesion. Our finding that SlpA of L. brevis binds to various
human epithelial cell types but not to erythrocytes is in agree-
ment with the tissue distribution of fibronectins and fibronectin
receptors. Fibronectins are present on epithelial cell surfaces
as well as in a soluble form in circulation. They bind to human
�1 integrins that are present on numerous epithelial cells (15).
On the other hand, fibronectins bind to a number of bacterial

FIG. 4. Binding of SlpA to immobilized fibronectin. (A) Adhesive-
ness of L. brevis ATCC 8287 to fibronectin (circles) or type IV collagen
(inverted triangles) is shown before (closed symbols) and after (open
symbols) removal of SlpA by guanidine hydrochloride. Means and
standard deviations of bacterial numbers in 20 randomly chosen mi-
croscopic fields of 4.8 � 103 �m2 are shown. (B) Binding of chimeric
flagella to fibronectin (closed symbols) and skim milk proteins (open
symbols) is shown. The flagella were SlpA 96-245/FliC (circles), SlpA
239-447/FliC (inverted triangles), and �FliC (squares).

TABLE 1. Adhesion of L. brevis cells and binding of chimeric SlpA/FliC flagella to human epithelial cellsa

Human cell line
Adhesion (no. of bacteria/human cell) Binding of flagellum type:

� GnHCl � GnHCl SlpA 96–245/FliC SlpA 239–447/FliC �FliC

Intestine 407 264 � 66 4 � 2 � � �
Caco-2 297 � 90b 175 � 34b � � �
T24 56 � 18 3 � 2 � � �
EA-hy926 110 � 35 8 � 3 � � �

a Bacterial adhesion was assessed before and after removal of the S-layer by treatment with 2 M guanidine hydrochloride (GnHCl). The results are given as means
and standard deviations of values for adherent bacteria on 20 epithelial cells. The bacteria were tested at 5 � 108 cells/ml. The flagellar binding was tested by indirect
immunofluorescence (Fig. 3).

b For the confluent Caco-2 cell culture, the results are given as means � standard deviations for 12 microscopic fields (field, 2.16 � 104 �m2) of confluent cells.
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species and mediate bacterial adhesion to epithelial cells by
direct or bridging mechanisms (reviewed in reference 19).
While this study was in progress, we became aware of the
report by Kapczynski et al. (21) showing that adherence of
Lactobacillus to Intestine 407 cells correlates with fibronectin
binding. Our results agree with their data and identify ATCC
8287 S-layer as a surface structure mediating fibronectin bind-
ing by lactobacilli. It seems apparent that other fibronectin-
binding structures must also exist on lactobacilli (25, 37), and
their molecular natures remain to be established.

The crystalline S-layers bear morphological similarity to the
regular envelope structure of animal viruses, where structural
and immunological studies have demonstrated the so-called
canyon hypothesis (31). The receptor-binding pocket on the
viral surface is located within a conserved concave structure
surrounded by variable regions and is inaccessible to the anti-
gen-binding region of antibodies. Our results suggest a similar
organization in the S-layer of L. brevis ATCC 8287. The chi-
meric SlpA/FliC flagella reacted with anti-FliCH7 as well as
anti-His-SlpA 96-245 peptide antibodies in IEM and Western
blotting, whereas the N-terminal fragments of SlpA of 150
amino acids or less failed to give a detectable reaction with the
polyclonal anti-SlpA antibodies. This region in SlpA expressed
the epithelium-binding activity. The anti-SlpA antibodies that
we used recognize SlpA on the surface of L. brevis ATCC 8287
cells as well as in Western blots (43) (Fig. 2). In contrast,
antibodies raised against the His-SlpA 96-245 peptide failed to
bind to ATCC 8287 cells (Fig. 2H and I) but recognized the
SlpA epitope in the denatured form in Western blotting of
chimeric flagella and the His-tagged peptide (Fig. 1 and 2), as
well as in a nondenatured conformation in IEM of chimeric
flagella. These findings indicate that in the polymerized S-layer
the region 96-245 of SlpA is poorly accessible to the antigen-
binding regions of antibodies, whereas the region is exposed to
antibody binding in the chimeric flagella. Failure of anti-SlpA
antibodies to react with SlpA 96-245 and chimeric flagella with
shorter inserts also indicates that this region was poorly immu-
nogenic when complete S-layer protein was used as an im-
munogen. Another explanation for the behavior of the two
antisera could be that the flagellum inserts fold into a different
conformation than does the intact protein. Resolution of the
question whether the receptor-binding region in the L. brevis
SlpA indeed is in a concave pocket requires a structural model
of SlpA not currently available.

The adhesive chimeric flagella did not assemble into an
S-layer-like structure. We have recently observed that collagen
binding by CbsA of L. crispatus is optimal with regular poly-
meric S-layers (36) but can also be observed in a display system
where S-layer sheets are not formed (26). Our results indicate
that the binding region in SlpA represents a conformational
domain that is not critically dependent on a polymerized S-
layer. SlpA resembles the fibronectin-binding S-layer protein A
of Aeromonas salmonicida, where a soluble 35-kDa N-terminal
peptide from the 51-kDa A-layer protein retains the adhesive-
ness of the S-layer but does not assemble into a tetragonal
array (10, 40). Our attempts to inhibit the adhesion of L. brevis
to Intestine 407 cells with the chimeric flagella failed. This was
not surprising in light of the highly efficient adhesion of the
ATCC 8287 cells and the fairly low concentration of the chi-
meric flagella that we were able to use in the assays. Further-

more, we hypothesize that the efficiency of binding is lower
with the SlpA peptide than with the complete SlpA molecule
or with the intact S-layer on the surface of L. brevis cells, where
the binding epitope is exposed in thousands of regularly and
closely arranged copies.

We found that L. brevis ATCC 8287 carrying SlpA expressed
affinity for human intestinal, urinary bladder, and endothelial
cells but not for human or animal erythrocytes. Adhesion of
ATCC 8287 cells to Intestine 407, T24, and EA-hy926 cells was
abolished after removal of S-layer by guanidine hydrochloride
treatment of the bacteria. Extraction with guanidine hydro-
chloride or SDS, as used in this study, is a routine procedure to
remove S-layer proteins (38) and did not cause detectable lysis
of L. brevis cells. It is obvious that minor amounts of other cell
wall proteins also were removed by the extraction; the poor
adhesiveness of S-layer-depleted ATCC 8287 cells, however, is
in accordance with the notion that SlpA is an adhesin. The
adhesion of L. brevis ATCC 8287 to Caco-2 cells was reduced
but not abolished after the guanidine hydrochloride treatment,
although the SlpA 96-245/FliC flagella also bound to this cell
type. Caco-2 cells are recognized by a number of lactobacillar
isolates, including strains that do not express an S-layer protein
(12), and our ongoing work (37) has shown that a number of
S-layer-expressing lactobacillar isolates express adhesiveness
to Caco-2 cells after S-layer removal by guanidine hydrochlo-
ride. It is obvious that surface structures other than the S-layer
protein mediate adhesion of such strains. Such an adhesin(s)
has not, however, been identified so far. Expression of multiple
adhesins that bind to epithelial or nonepithelial surfaces is
common in bacterial pathogens (18, 23, 44). It is likely that L.
brevis ATCC 8287 expresses, in addition to SlpA, another ad-
hesin with affinity for Caco-2 cells and that this adhesin is not
removed from the cell surface or denatured by the guanidine
hydrochloride extraction. The importance of the SlpA-medi-
ated adhesion for lactobacilli awaits analysis of their non-S-
protein adhesins as well as further characterization of their
receptor-binding specificities.
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