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The bacterial S-layer forms a regular structure, composed of a monolayer of one (glyco)protein, on the
surfaces of many prokaryotic species. S-layers are reported to fulfil different functions, such as attachment
structures for extracellular enzymes and major virulence determinants for pathogenic species. Lactobacillus
acidophilus ATCC 4356, which originates from the human pharynx, possesses such an S-layer. No function has
yet been assigned to the S-layer of this species. Besides the structural gene (slp4) for the S-layer protein
(S-protein) which constitutes this S-layer, we have identified a silent gene (slpB), which is almost identical to
slpA in two regions. From the deduced amino acid sequence, it appears that the mature S;-protein (44,884 Da)
is 53% similar to the S ,-protein (43,636 Da) in the N-terminal and middle parts of the proteins. The C-terminal
parts of the two proteins are identical except for one amino acid residue. The physical properties of the deduced
S-proteins are virtually the same. Northern (RNA) blot analysis shows that only the slp4 gene is expressed in
wild-type cells, in line with the results from sequencing and primer extension analyses, which reveal that only
the sipA gene harbors a promoter, which is located immediately upstream of the region where the two genes are
identical. The occurrence of in vivo chromosomal recombination between the two S-protein-encoding genes will

be described elsewhere.

Up to 300 different species of eubacteria and archaebacteria
have been reported to be covered with a regular structure, the
S-layer. This S-layer is built up entirely of one species of
(glyco)protein known as the S-layer protein (S-protein) (for
reviews, see references 2 and 23). Despite the common prop-
erty of forming a regular layer on the outside of the bacteria,
not much overall similarity between the primary structures of
S-proteins can be identified. No general function seems to be
associated with the presence of an S-layer, as S-layers of dif-
ferent species are reported to have different functions, e.g., as
a cell shape determinant in Thermoproteus tenax (41), a phage
receptor-masking layer in Aquaspirillum serpens (15), a major
determinant for virulence in Aeromonas salmonicida (13), and
an attachment structure for amylase in Bacillus stearother-
mophilus (11).

Several but not all species of the genus Lactobacillus possess
an S-layer (21). The S-proteins of Lactobacillus helveticus (19)
and Lactobacillus buchneri and Lactobacillus plantarum (24)
have been characterized, and the genes of two Lactobacillus
species, Lactobacillus brevis (38) and Lactobacillus acidophilus
ATCC 4356 (5), have been cloned and sequenced. Lactobacilli
are gram-positive bacteria which play a major role in human
and animal food production. For many years it has been be-
lieved that some Lactobacillus strains in the gastrointestinal
and female urogenital tracts have a beneficial effect on human
and animal health and thus may be used for therapeutic pur-
poses. Several explanations for this effect are possible, e.g.,
stimulation of production of immunoglobulins G and A (18,
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27), acidification of the local environment (44), production of
H,O, (22), hypocholesteremic effects (12), binding of muta-
genic compounds (26), production of bacteriocins (14) or spe-
cific or nonspecific adherence onto mucosal surfaces, which
prevents the epithelium from being invaded by pathogenic
bacteria such as Salmonella typhimurium, Escherichia coli, Yer-
sinia pseudotuberculosis, Neisseria gonorrhoeae, and Gardnerella
vaginalis (7,9, 44). Various environmental conditions are faced
by the Lactobacillus strains, as they are found throughout the
whole gastrointestinal and female urogenital tracts of different
mammals. It is of interest to know the effect, if any, of the
presence of an S-layer on the surface of lactobacilli on adher-
ence and colonization of mucosal surfaces.

Previously we have reported on the properties of the S-
protein and on the cloning and sequencing of the correspond-
ing S-protein-encoding gene (slpA) of L. acidophilus ATCC
4356, the type strain of L. acidophilus, which was originally
isolated from a human pharynx (5). In this paper we describe
the identification, cloning, and sequencing of an open reading
frame which is not expressed and which presumably codes
for a different S-protein. This gene, named sipB, encompasses
two regions that have almost complete similarity to the cor-
responding regions of the slpA gene; these regions are in-
terspaced with a region that has reduced similarity. The
involvement of the 5’ similarity regions of these genes in chro-
mosomal recombination in vivo will be described in a subse-
quent paper.

MATERIALS AND METHODS

Strains and plasmids. The neotype strain L. acidophilus ATCC 4356 was
obtained from the American Type Culture Collection and was cultivated anaer-
obically in MRS broth (Difco) at 37°C. E. coli IM109 or DH5« was used for
transformation with derivatives of the pUC19 (43), pBluescript IISK+ (Strat-
agene), or pGEM-T (Promega) vector. Plasmid pBK-1 is a pUC19 derivative
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containing the whole slp4 gene on a 4.0-kb fragment, while plasmid pBK-13 is a
deletion derivative of pBK-1 containing the coding region for the N-terminal
one-third of the S-protein and the adjacent 1.0-kb 5" region (5).

Chromosomal DNA isolation. An exponentially growing culture of L. acidophi-
lus ATCC 4356 (500 ml; optical density at 600 nm [ODg,o] = 0.7 to 1.5) was
harvested by centrifugation (10 min at 5,000 X g), washed once with 50 ml of 20
mM sodium maleate (pH 6.2), and resuspended in 40 ml of 20 mM sodium
maleate (pH 6.2)-0.6 M lactose-20 mM magnesium chloride-80 mg of lysozyme
(Boehringer Mannheim). After incubation for 15 min at 37°C, protoplasts were
harvested by centrifugation for 10 min at 3,000 X g and resuspended in 20 ml of
20 mM Tris (pH 8.2). After addition of 4.4 ml of 0.5 M EDTA, 5.5 ml of a 5%
Sarkosyl solution and then 3.3 ml of 5 M NaCl were added. The final suspension
was extracted with phenol, phenol-chloroform-isoamyl alcohol (25:24:1), and
chloroform-isoamyl alcohol (24:1). Chromosomal DNA was separated from the
liquid phase after the addition of 2 volumes of ethanol (20°C) with a glass stirring
rod. Chromosomal DNA was solubilized in 5 ml of 0.1X SSC (1x SSCis 0.15M
NaCl plus 15 mM sodium citrate), 0.4 ml of a 10-mg/ml RNase solution was
added, and the mixture was incubated for 20 min at 37°C. Subsequently, 0.8 ml
of a 20-mg/ml solution of proteinase K (Boehringer Mannheim) was added, and
the mixture was incubated for 40 min at 65°C; this was followed by the addition
of 0.7 ml of 5 M NaCl, and repeated phenol-chloroform extractions as described
above were performed. Chromosomal DNA was isolated by standard ethanol
precipitation (31) and dissolved in 2 ml of 0.1X SSC.

Southern blot analysis. Restriction enzyme-digested chromosomal DNA was
separated on a 1% agarose gel and transferred to a Hybond filter (Amersham)
essentially as described by Southern (36). Specific oligonucleotides for the sipA
region were used to generate the 5" region I, 5" region II, and C-terminal probes
with the PCR technique and pBK-1 as a template. The internal and 3’ region
probes are specific restriction fragments derived from pBK-1. Both the PCR-
based and the restriction fragment-based probes were purified by gel electro-
phoresis and isolated from the agarose gel with Geneclean II (Bio 101, Inc., La
Jolla, Calif.). The probes were labelled with [a-**P]JdATP by the nick translation
method (31). Prehybridization, hybridization, and washing were all performed at
65°C. As the most stringent washing buffer, 0.5X SSC-0.1% sodium dodecyl
sulfate (SDS) was used.

Cloning and sequencing of the sipB region. Chromosomal DNA of L. acido-
philus ATCC 4356 was digested with a combination of the restriction enzymes
Asel and HindIII and separated on an agarose gel. The sizes of the restriction
fragments of the slpB region which hybridized with probes derived from the sipA
region were determined by the Southern blot technique. These fragments were
purified from the gel with Geneclean II and ligated with Ndel- and HindIII-
digested pUC19. Competent E. coli cells were transformed with the ligation
mixture by electroporation, and recombinant clones with the desired fragments
were identified in a colony hybridization experiment with slp4 probes. Recom-
binant plasmids pBK-97, containing the 5’ region of the slpB gene, and pBK-98,
containing the 3’ region of the sipB gene, were purified and used for sequence
determination on both strands by the dideoxy chain termination method (32).
Primers specific for the cloned regions (A-4 and B-2MF [see Fig. 2]) were used
to amplify the fragment which was located between the two cloned regions by
using chromosomal DNA as template. Two independent PCRs on chromosomal
DNA were performed, and the products generated were cloned in the pPGEM-T
vector, yielding pBK-99.1 and pBK-99.2. The sequence of the intervening
HindIII fragment was determined on both strands for both plasmids, yielding the
same sequence. The region 5’ to pBK-97 was cloned by using the inverse PCR
technique. Chromosomal DNA of L. acidophilus ATCC 4356 was digested which
the restriction enzyme HindlIl and separated on an agarose gel. Fragments of
the expected size were isolated and ligated, and a PCR with primers A-10 and
B-2EF (see Fig. 2) was performed. The extension product was checked by using
restriction enzymes, which yielded the expected fragment sizes, and cloned in
pBluescript (pBK-100). The nucleotide sequences of the 5’ regions of both the
slpA and slpB genes were determined on both strands by using pBK-13 and
pBK-100, respectively, and sequence-specific primers.

Protein analysis. L. acidophilus ATCC 4356 cells (500 ml; ODgy, = 0.7 in
MRS broth) were harvested by centrifugation at 5,000 X g for 15 min at 4°C. The
cells were washed twice with an equal volume of ice-cold water and were resus-
pended in 10 ml of 4.0 M guanidine hydrochloride (pH 7.0). The bacteria were
incubated for 60 min at 37°C in this solution and then centrifuged at 18,000 X g
for 15 min. The supernatant, in which the S-protein is the predominant protein,
was extensively dialyzed against water at 4°C and analyzed on an SDS-polyacryl-
amide gel. The N-terminal amino acid sequence of the mature S,-protein (0.8
nmol) was determined with a Procise 494 (Applied Biosystems) protein se-
quencer. Electrospray ionization mass spectrometry was carried out with a
FISONS Platform quadrupole mass spectrometer coupled to a VG Masslynx
data system. The S 5-protein (10 .l of a 20-pmol/ul solution) was introduced into
the source via a valve-loop system and a Cole Palmer model 74900 syringe pump,
using 50% acetonitrile-50% water plus 0.2% formic acid with a flow rate of 5
rl/min.

Isolation of total RNA. Exponentially growing cells (100 ml; ODgy, = 0.2 to
0.4) of L. acidophilus ATCC 4356 were cooled on ice, harvested by centrifugation
(5,000 X g for 10 min at 4°C), washed with 1 ml of 20 mM Tris (pH 8.0, 0°C), and
collected in Eppendorf tubes. The cells were incubated for 5 min at 37°C after
being resuspended in 0.25 ml of 20 mM Tris (pH 8.0, 0°C) and after addition of
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0.5 ml of 24% polyethylene glycol (molecular weight = 20,000; 0°C) and 0.25 ml
of 20 mM Tris (pH 8.0, 0°C) with 5 mg of lysozyme. The Eppendorf tube was
cooled on ice and centrifuged for 3 min at 10,000 X g. The pellet was resus-
pended in 0.4 ml of 0.2 M sodium acetate (pH 5.2)-10 mM Na,EDTA (0°C), and
40 pl of 10% SDS (0°C) was added and mixed. The solution was repeatedly
extracted with phenol-chloroform as described under “Chromosomal DNA iso-
lation” above, with intervening periods of incubation on ice. The aqueous phase
after the phenol-chloroform extractions was mixed with 40 pl of 3.0 M sodium
acetate (pH 5.2) and 1.2 ml of ethanol (—20°C). The RNA was harvested by
centrifugation for 15 min (10,000 X g, 4°C) and resuspended in 0.2 ml of
RNase-free water. Phenol-chloroform extraction and precipitation were re-
peated until the OD,4,/OD g ratio of the total RNA solution was over 1.5.

Northern (RNA) blot analysis. Total RNA was separated in a 1X TBE (10X
TBE is 108 g of Tris, 55 g of boric acid and 10 g of Na,EDTA) agarose gel
without ethidium bromide. The gel was soaked two times for 20 min each in 0.2
M sodium acetate (pH 5.0) and transferred to a Hybond filter by blotting with the
same solution. The RNA was cross-linked to the filter by short-wavelength UV
light for 5 min, and the filter was washed with 5X SSC. Prehybridization and
hybridization of both the RNA and control DNA filters were performed in 5 ml
of 5X SSC-5x Denhardt solution (31) (0.1% SDS-0.1 mg of sonicated salmon
sperm DNA per ml) at 65°C. Washing was done two times with 2X SSC-0.1%
SDS and three times with 0.1X SSC-0.1% SDS at 65°C. An autoradiogram was
made after air drying of the Hybond filters. Probes were labelled with
[«-*?P]dATP by random primer labelling with hexamer primers (31). Probes A
and A/B are restriction fragments from pBK-13 (probe A, nucleotides [nt] 466 to
640; probe A/B, nt 141 to 466 [slpA region; see Fig. 3]) purified from agarose gels
with Geneclean II. Probe B is an agarose gel-purified PCR fragment obtained by
using the oligonucleotides B-2MF (5'TTC.ATC.AGT.TGC.TGG.TG3') and
B-2MR (5'GGA.GTT.GAA.ACA.ACA.ACA.CCT.G3') and pBK-97 as a tem-
plate.

Primer extension analysis. The primer extension reaction was carried out with
5 pg of total RNA and 0.25 fmol of primer A-10 (5'CTT.CCC.GGG.GTC.TTT.
TCC.TCC3'; complementary to the coding sequence in the region of the sip4
start codon) in 10 pl of reaction buffer (50 mM Tris [pH 8.3], 125 mM KCl, 5 mM
MgCl,). The RNA was denatured by heating the sample at 85°C for 10 min. The
sample was gradually cooled to 42°C and held at that temperature for 1 h. Ten
units of Superscript (Gibco BRL Life Technologies) was added, and the reaction
buffer (20 pl) was adjusted to 50 mM Tris (pH 8.3), 125 mM KCl, 5 mM MgCl,,
10 mM dithiothreitol, 1 mM dGTP, 1 mM dCTP, 1 mM dTTP, and 0.165 mM
[«->2P]dATP. The extension reaction was carried out at 37°C for 10 min, and 1
wl of a 20 mM dATP solution was added and incubated at 37°C for another 40
min. The reaction was stopped by adding 1 .l of a 0.5 M Na,EDTA-1.0% SDS
solution, and 5 pl of layer mix (31) was added. The final solution (5 pl) was
analyzed on a denaturing 6% polyacrylamide gel next to the four sequence
reactions (32) with the same primer and pBK-1 as template.

Pulsed-field gel electrophoresis. Exponentially growing cells of L. acidophilus
ATCC 4356 (see “Chromosomal DNA isolation” above) were harvested and
washed twice in 20 mM Tris-HCI (pH 8.2) to neutralize the acidic environment
of the cells before they were embedded in low-melting-point agarose. Lysis of the
cells and digestion of chromosomal DNA were done essentially as described by
Leblond et al. (17), with incubation for 3 h at 37°C with lysozyme (Sigma).
Chromosomal DNA fragments were separated for 24 h by using a contour-
clamped homogeneous electric field DRII (Bio-Rad) apparatus under the con-
ditions described by Roussel et al. (30). The slp genes were detected after
Southern blotting, using the specific probes for the sip4 and slpB regions as
described for the Northern blot analysis. The length of the hybridizing fragment
was estimated by using the DNA length marker Delta 39 Lambda (Promega) and
the results of Roussel et al. (30).

Nucleotide sequence accession number. The EMBL accession number of the
slpB region is X89376. The sequence of the sipA region has been updated as a
result of the sequence determination in the 5" and 3’ untranslated regions and
has accession number X89375.

RESULTS

Detection of sipB region. On the basis of the restriction map
of the slpA region of the L. acidophilus type strain, we selected
five different DNA probes. These probes, which span the whole
coding region of sipA and up- and downstream regions (Fig.
1a), were used in a Southern blot analysis of the chromosomal
DNA of this strain. The result of a Southern blot of chromo-
somal DNA digested with endonuclease EcoRI is shown in Fig.
1b. To our surprise, the hybridization pattern was not the same
for all of the probes used. All five probes hybridize with a
4.3-kb fragment, while only the 5’ region II, internal, and
C-terminal probes hybridize with a fragment of 6.5 kb. From
restriction analysis of a plasmid which contains the sipA4 region
(pBK-1), we know that no EcoRI restriction site is present in
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FIG. 1. Detection of the slp regions. (a) Schematic drawing of the probes (black bars), which are derived from the sip4 region. EcoRlI sites of the sipA4 region are
shown, and the direction of transcription of the slp4 gene is indicated by a horizontal arrow. (b) Autoradiogram of a Southern blot of EcoRI-digested chromosomal
DNA of L. acidophilus ATCC 4356 with the probes indicated in panel a. Sizes of marker DNA fragments (wild-type N digested with restriction endonuclease BstEII)

are indicated on the right.

the region which is spanned by the five probes used (Fig. 1a).
We thus expected to find one band of the same size to hybrid-
ize with the five probes when we used EcoRI-digested chro-
mosomal DNA. The 4.3-kb fragment is the slpA region, as
could be concluded from Southern blot analysis involving a
combination of EcoRI with other restriction enzymes which
have recognition sites within the sipA4 gene (PstI and Spel; data
not shown). On the basis of the hybridization of the 6.5-kb
fragment with probes derived from the slpA region, we have
named this fragment the slpB region. The L. acidophilus type
strain does not contain any plasmids (30), so both slp regions
must be located on the chromosome. From pulsed-field gel
electrophoresis analyses of Apal-digested chromosomal DNA
of L. acidophilus ATCC 4356, it appeared that the sip4 and
sipB genes are located on the same 125-kb chromosomal frag-
ment, which is about 7% of the length of the chromosome
(reference 30 and data not shown).

The intensities of the hybridization signals of the sip4 and
slpB regions are about the same for the 5’ region II and C-
terminal probes, indicating that both sequences are highly sim-
ilar in these two regions. The intensity of the hybridization
signal of the sipB region is less than that of the sipA region
when the internal probe is used, indicating that the two se-
quences are related but are less similar than the flanking se-
quences. The absence of a hybridization signal at 6.5 kb when
the 5’ region and 3’ region probes are used indicates that there
is hardly any similarity between the up- and downstream re-
gions of sipA and sipB.

Cloning and sequencing of the slpB region. To be able to
identify the sequence on the sipB region showing the high
degree of similarity with the slp4 region, we have cloned this
region. Our first approach to clone a DNA fragment which
contains the slpB region involved the screening of the lambda
EMBL3 library of chromosomal DNA of this strain, which had
been used to identify and clone the sipA region. Although we

have performed extensive searches, we have not been able to
identify recombinant phages containing sequences derived
from the sipB region. The second approach to clone the sipB
region involved the cloning of DNA fragments containing the
entire slpB region in a plasmid vector. After several attempts
which did not yield clones with the desired fragments, we
decided to use a third approach, which involved the cloning of
two smaller fragments of the slpB region (see Materials and
Methods), each containing a region which had a high degree of
similarity with a part of the slp4 region. Using this approach,
we were able to clone and sequence two specific fragments of
the sipB region (pBK-97 and pBK-98) (Fig. 2). The presence of
11 direct repeats of at least 10 nucleotides in the sequences of
this gene might be the reason for the difficulties in cloning.
Cloning in E. coli of transcriptionally active S-protein genes
from different sources, including L. acidophilus (5), L. brevis
(38), Bacillus brevis (42), B. stearothermophilus (16), Bacillus
sphaericus (1), and A. salmonicida (8), has been reported to
involve structural instability of the plasmids or inviability of
transformed E. coli cells. For B. stearothermophilus and A.
salmonicida, it was found that the direct repeats in the nucle-
otide sequences of the structural S-protein genes are involved
in rearrangements of the cloned sequence.

A PCR with chromosomal DNA was performed to deter-
mine whether the cloned fragments were adjacent. From re-
striction analysis of this PCR fragment, it appeared that the
two fragments were not adjacent on the chromosome, as the
fragment contained two HindIII restriction sites. The sequence
of this intervening HindIIl fragment was determined after
cloning of the PCR fragment (pBK-99 [Fig. 2]). To be able to
determine the nucleotide sequence of the 5’ region of the sipB
region, which was not present on the cloned fragments, we
performed an inverse PCR (25) and determined the nucleotide
sequence of the cloned fragment which was generated with this
technique (pBK-100 [Fig. 2]).
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FIG. 2. Schematic drawing of the cloning and sequencing strategy used to determine the nucleotide sequence of the sipB region. Specific oligonucleotides used for
sequencing and PCR amplification are indicated. Universal sequencing primers (M13) were used when appropriate. The plasmids pBK-99 and pBK-100 were generated
by cloning PCR-amplified fragments of the specific regions, using the indicated primers and chromosomal DNA of L. acidophilus ATCC 4356 as a template (see

Materials and Methods).

Similarity between the slp genes and deduced S-proteins.
The nucleotide sequence of the sipB region is aligned with the
sequence of the slpA region in Fig. 3. Several regions with
different degrees of similarity can been found in this alignment.
The far-upstream regions (nt 1 to 100; Fig. 3) show no detect-
able similarity. The region from nt 100 to 381 (slpA region; Fig.
3), which overlaps the start codon of the sipA gene, shows
almost complete similarity (99%). The region from nt 381 to
1220 (sipA gene; Fig. 3) shows on the average 55% similarity
when several gaps are introduced. The region from nt 1220 to
1648 (sipA gene; Fig. 3), which overlaps the two stop codons of
the slpA sequence, again shows almost complete similarity
(98%). The similarity between the two slp sequences in the
region where the stem-loop transcription terminator (AG =
—58.6 kJ/mol) of sipA is located is reduced. Despite this re-
duced similarity, a stem-loop structure (AG = —49.4 kJ/mol)
can also be identified in the slpB sequence at the same position
as in the slpA4 sequence. There is no detectable similarity be-
tween the two sequences just after this stem-loop structure.
The codon in the sipB region which aligned with the start
codon of the slpA4 gene appeared to be the start codon of an
open reading frame (1,371 nt) named sipB, which presumably
codes for an pre-S-protein (47.7 kDa), named Sg-protein. The
deduced amino acid sequences of the slp4 and slpB genes are
aligned in Fig. 4.

The first attempt to sequence the mature S,-protein at the
N-terminal site had not been successful (5). The sequence of
the mature S,-protein, as predicted by the Von Heijne rules
(39), was different from the amino acid sequences of the ma-
ture S-proteins of two L. helveticus strains, despite extensive
similarity between the proteins in this region (Fig.
5). The molecular mass of the S,-protein of L. acidophilus
ATCC 4356 was determined by electrospray ionization mass
spectroscopy, yielding a value of 43,639 + 6 Da (see the leg-
end to Fig. 4). This means that the prediction of the cleav-
age site of the pre-S ,-protein is not correct and that the actual
cleavage site will be between amino acids 30 and 31, yielding
a calculated molecular mass for the mature S,-protein of
43,636 Da. The observed molecular mass is the same as the
calculated molecular mass, which means that the N terminus
of this protein cannot be modified and that no glycosylated
amino acid residues are present, in contrast to what was sug-
gested before (3). Determination of the N-terminal amino acid
sequence of the S ,-protein, using another sequencer appara-
tus, did indeed yield the expected sequence: ATTINAS. The
similarity between the amino acid sequences of the N-terminal

two-thirds of the two mature S-proteins of L. acidophilus
ATCC 4356 is 53% (identity, 40%). The sequences in the
C-terminal parts (about one-third) of the proteins are identi-
cal, except for one residue. The amino acid compositions of the
mature S,- and Sg-proteins are very similar (data not shown).
Only the percentage of serine is higher in the Sg-protein
(10.8%) than in the S 5-protein (7.5%), while the percentage of
threonine is higher in the S,-protein (12.8%) than in the
Sg-protein (9.6%). Other computer-predicted (MacProMass)
physical properties, such as molecular mass (S,-protein,
43,636 Da; Sg-protein, 44,884 Da), isoelectric point (S,-pro-
tein, 10.4; Sg-protein, 10.3), and hydrophilicity pattern (data
not shown), are also very similar. The codon usages of the two
genes are almost identical (data not shown) and are typical for
highly expressed Lactobacillus genes (29).

Expression of the slp genes. The gene for the S-protein is
transcribed into a monocistronic mRNA (4a). To investigate
which of the slp genes is actively transcribed, we performed a
Northern blot analysis. Three different probes were used in this
experiment: probe A, which is specific for the slp4 gene and its
mRNA; probe B, which is specific for the slpB gene and its
mRNA; and probe A/B, which will recognize both the slpA4 and
sipB genes and their mRNAs (Fig. 6a). A strong signal is found
when an slpA-specific probe is used (Fig. 6c), proving that the
sipA gene is indeed the structural gene for the production of
the S-protein (S,-protein) of L. acidophilus ATCC 4356. A
very faint signal can be seen in the Northern blot when the
probe specific for slpB mRNA is used. This signal can be
explained in several ways (see Discussion).

Determination of transcription start point. A primer exten-
sion reaction was performed to determine the transcription
start point of the slp4 gene (Fig. 7a). The result of the prim-
er extension reaction is combined with the nucleotide se-
quence analysis of the 5" region of the sipA gene in Fig. 7b. A
promoter structure with sequences and spacings similar to
those of the consensus —35 and —10 hexamers found in other
gram-positive bacteria (28) is found upstream of the transcrip-
tion start point of the sipA gene. The alignment of slp4 and
sipB shows that the promoter of the slp4 gene is located im-
mediately upstream of the region where the similarity between
the two slp genes begins. Computer analysis of the slpB re-
gion corresponding to the region of the promoter sequences of
sipA did not show any similarity with known promoter struc-
tures.
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’IGC’I'I‘G'IGGGGTAAGCGGTAGG’I’GAAATA’I'I‘ACAAATAGTA'I'I'I'I'I‘CGGTCA’I'I'I'I‘AAC’I"IGCTA'I'I‘TC’I‘IGAAGAGG'I'I‘AGTACAATATGAATCG’I’GGTﬁG’fﬁ’ﬁ\ﬁ?TI'IYi‘vl Hii ' i ' | 125
TAGAGAAAAAGTAATATAAGTTACAATTTTTACATCTAACCACGTTTATTTTAAATTTTGAAAATTTGCACAATATAACCCCCCACCTTCCACCCAAGACAATTAATAGGACGCGCTTCAGGC 125

TGTACGCATGCTG. C 'I‘C CCTATGGCC 250
IIIIIIIIIIIIIIIIIIIIIIIIIIIII |I III|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CTACCTCA TGAACCTATGGCCTA 250
CATTTTTTTATATTTCAAGG.  AAGAAAAATTT: AATCGTTAGCGCTGCTGCTGCTGCTTTAL 375
IIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
A . TTTTTTATATTTCAAGG. 371
CGCTGC. ... .. TACTACT?ﬂMCTCM?mﬁﬁTM T??A’f)lx(l:(II??CACTAATGCTMGT}’\(':G}I\TGTRIE?T?T?ACTTCT?GTGTT'{?NﬁTWTﬁCMT??}G?TﬁCﬁ.CA 491
111 i
CGCTGCCGCTGTTAATGCTATTGCTGTTGGCGGTTCAGCTACCCCATTACCAA . . .. v v v e v v Wt ACAACTCAGATGTA. . . CAAATTAGTTCATCAGTTGCTGGTGTAACTACTARGAATGG 479
. ATTGCCGGTAACCTTACTGGTACTATTTCAGCAAGTTACAATGGTAAGACTTATACTGCTAACTTAAAGGCAGATACTGAAAATGCCACTATTACTGCTGCTGGTAGCACTACTG 614
III IIII | | IIIII II IIIII IIII L AL O o A o A o I d 11 I H P
TCAAGCTACACTAACGGTA TATCAACGCTTCTTACAACGGTACAAGCTATTCAGCAAACTTTAGTTCATCAAATGCAGGTGTTGTTGTTTCAACTCCAG GCCATACTG 601
CCGTTAAACCTG.CTGAATTAGCTG. . . ..... CAGGTG TTACACTGTAACTG GGTAAGACTGTTACCCTTGGTTCAGCT 727
11 1l IIIII | I 1 III L 1] I I I I IIIIIIIIIIIIIII IIIIII IIIII [ O
AACTTAGTGGTGAACAAARTTAACGGTCTTGAACCAGGTAGTGCTGTAACTGTTACTTTAAGAGA' TGCTAACAAGACTATTACTTTAGCATTICCA 726
AA...... 'I'I‘CACCGGTACAAACAG’XGA’I‘AATCAAAC T...GAAACTAATGTTTCT. ........ ACTTTG TTAGAC! TTGCTTCACTTACTAA 834
1] III |I o1 IIII 11 OO O | 11 IIIIIIII 11 IIIIIIIIII |
AAGAACGTATCAGCTGCTGGTTTAGCTGATGC CAAGGTTTCAGCTACTTCAGAAACTTCAGTTGATGCAGGCAAGACTATCCAAGTTAAGACTGACAA! GGTGTTGTAAGCTTCGGTTC 851
TGTTTCAA' 'I'I'GCAAACGTATACGCAA’I"I‘AACAC’I‘AC’IGATAACAGTAACGTAAAC’I'I‘CTACGACGTAACTAG’IGG’IGCTAC'IGTAACTAAC AATGCTGATAACCAAGGTC 959
| | I| [N 1 [ ] | 1111 IIIIII IIIIII I IIIII I IIIII | N
AGCACAAG' AACGTTAAGGTTGTTGAAACTAGCGACGTTAGAGCTGTTTCATTCTACGACATCCAAACTGGTAAGAL! TTGCTGGTTCTRACGCAC 976
TGTTGCAAACGTAGTTG! AAAATACTTTGCAGCACAAT...... ACGCAGATAAGAAGTTAAATACTCGT AC'IGCTAATAC'IGAAGATGCTA’I'I‘AAGGCAGCC 1075
|IIII oI IIIIIII IIIIII ] IIIII L F L i IIII O |
G"I'GCTAACGTACAAGAAATC TTAACGCATTTAACGCTAAGTACCAAGCTTC TCAATTGAACAACGCTAACAGCAATGCTAACGTTCGTTTGAC CAACAACGCTCAAGCTGTTGCTACTATG 1101
TTAAAGGACCAAAAGATTGATGTAAACTCAGT: "ACTTCAAAGCACCTCATACTTTCACTGTTAACGTTAAAG 'I'I'CAAATACTAA‘IGG’I‘AAGTCAGCTAC T!'!GCCAGTAG'I'IG'I'I‘A 1200
PLLE L H pat 11 IIIIIIIIIII IIIII [ 5 A O O N N 1 A O O I A Y o IIII
TTAAGAGCTCAAAACATTGATGTTGATGCACAA ACTTCACTGCACCAGCTTCATTGAGCTTAACTTTCCACGCAGAATCAACTCAARACAATGAAACTGCACAATTACCAGTAACTG! 1226
TGTTCCTA......... TGTTGCTGAGCCAACTGTAGC TTATGCACAACGCATACTACTACGACAAGGACGCTAAGCG CA 1316
Il I 11 IIIIIIIII IIIIIIIIIIIIIII |IIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
AGTAACTAACGGTAAGGARGTTACTCC GTAAGC. AATGCATACTACTACGACAAGGA! CA 1351
TCAGTAAGCGTATTG! CAAACACTACTACTATCAACGGTAAGAC’I'I‘ACTA CAA TAGTTG: TGGTACTAAGCGTACT 1441
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIII IIIIIIIIIIIIIIII IIIII IIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIII
TCGATGGTACTAAGCGTACT 1476
CACAACGCTTACH AAGGGTGAAGTTGTAACTACTTACGGTGCTTCATAL A 1566
IIIIIII IIIII IIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
TTGAAGCA! TCATCAAAGAAACG' A 1601
> <
CACTGACAAGACTTACGTT: GATAATAAGTC! CAAAATGAAAAAGGCAGAGCGAAAGCTCTGTCTTTTTTITGTGTTTTAA 1691
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII [HTHLLL FHE DL L
..... AAAAAGGC . GAGACTTCGGTCTCGCTTTTCTTTTGGGTAAA 1720
- emmeme acee > Cmmmmmmn—an -

ATTTTTATTTCACTTCTAAACATACAGTTCTAATAGGATCTTCTG 1736
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FIG. 3. Aligned (Bestfit; Italgenetics) nucleotide sequence of the sipA4 region (upper sequence) and the sipB region (lower sequence). The nucleotide sequence
determination of the slpA4 region has been extended in the 5’ and 3’ regions to allow comparison of the sequences of the slp regions and to detect the promoter sequence
(see Materials and Methods). Identical nucleotides are marked with a vertical line. Several gaps (represented by dots) were introduced to optimize the overall similarity.
The horizontal line above the slpA region marks the open reading frame which codes for the S ,-protein. The potential stem-loop transcription terminator structures

are indicated with arrows in both sequences.

DISCUSSION

This paper describes, for the first time, the occurrence of a
silent gene which encodes a surface layer protein in a lactic
acid bacterial strain. In a Southern blot analysis of chromo-
somal DNA of L. acidophilus ATCC 4356, probes derived from
the slpA region yielded not only a signal representing the sipA
region but also a signal representing another chromosomal
locus, named the slpB region. Since probes derived from dif-
ferent parts of the slp4 region hybridized with the sipB region
with different intensities, it was clear that this region was not
just a duplication of the s/pA region. To be able to address the
questions of the function of the slpB region and whether it
contains an open reading frame which encodes a (S-)protein,
we have cloned and sequenced this region.

The C-terminal parts (about one-third) of the two S-proteins

are the same except for one amino acid residue (Fig. 4). The
protein which is encoded by the sipB gene has all of the char-
acteristics of an S-protein, such as almost no sulfur-containing
amino acids, a high content of threonine and serine, and a high
content of hydrophobic amino acids. The amino acid compo-
sitions and physical properties of the deduced mature S ,- and
Sg-proteins are very similar. The corresponding genes are al-
most identical in two areas, which makes it very likely that the
sipB gene, like the slpA gene, indeed encodes an S-protein. It
is tempting to speculate that the conserved C-terminal part of
the S,- and Sg-proteins is important for proper functioning,
e.g., for attachment of the S-protein to the underlying cell wall
or for interaction between individual S-proteins to form the
regular structure. The N-terminal and middle parts (about
two-thirds) of the S-protein could in this scenario be involved
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FIG. 4. Amino acid sequence alignment (Bestfit) of the pre-S,- and pre-Sg-
proteins. Vertical lines indicate identical amino acid residues. Dots between two
amino acid residues in the different sequences indicate residues with similar
properties. Dots within a sequence indicate a gap introduced to optimize the
overall similarity. The horizontal line above the pre-S,-protein sequence indicates
the secretion leader. The molecular mass of the mature S,-protein was determined
by electrospray ionization mass spectroscopy. This molecular mass determination is
based on 10 different m/z values, yielding a final value of 43,639 = 6 Da.

in functions of the S-layer which might be different for the two
S-layers, e.g., physical properties of the outside of the bacte-
rium, antigenic variation, or properties related to interaction
with intestinal cells.

L. brevis DSM 20556
L. helveticus ATCC 12046
L. helveticus CNRZ32 ...

L. acidophilus ATCC 4356 (Sa)
L. acidophilus ATCC 4356 (Sp)

SILENT S-LAYER PROTEIN GENE OF L. ACIDOPHILUS
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The slpA gene was originally identified by using antibodies
raised against purified S-protein. The isolation of the gene by
using antibodies makes it very likely that the cloned gene is the
gene which is expressed. A Northern blot experiment was per-
formed to analyze the expression of both genes in exponen-
tially growing bacteria. Probes specific for one slp gene and its
corresponding mRNA (probe A and probe B) and a probe
recognizing both genes and mRNAs (probe A/B) were simul-
taneously used in Northern and Southern blot analyses to
detect the expression of the two slp genes. Probe A, which is
specific for sipA, cross-reacts with a very low affinity with the
slpB gene, as can be seen in the Southern blot with this probe
(Fig. 6b). The same is true for probe B, as a faint signal can be
seen at the position of the sip4 gene in the Southern blot. The
cross-reaction of probes A and B is probably due to the simi-
larity of short sequences in the two slp genes in the regions of
these probes. The Northern blot analyses (Fig. 6¢) reveal that
slpA is indeed the actively transcribed gene, as a strong signal
was found when the slpA-specific probe was used and a very
faint signal was found when the slpB-specific probe was used.
We are not sure whether the faint signal in the Northern blot
with probe B really represents mRNA derived from the sipB
gene, as the probe specific for the slpB gene cross-reacts with
a low affinity with the slp4 gene in the Southern blot. Two
explanations are possible if this faint signal is really due to slipB
mRNA. (i) The sipB gene could be transcribed at a very low
level compared with the slpA gene. An argument against this
explanation is that the codon usage of the slpB gene is virtually
the same as that of the slpA gene. The codon usages of both sip
genes are representative of proteins which are expressed at a
very high level (29), so it seems unlikely that the sipB gene,
whose mRNA has the codon usage of a highly expressed pro-
tein, is transcribed at a very low level. (ii) The preparation of
mRNA could be derived from a mixed culture: in the majority
of bacteria, the S,-protein is expressed at a high level, while a
small minority express the Sg-protein at a high level.

The regions upstream of the start codons of the slp4 and
sipB genes are almost identical for 186 nt. From Northern blot
analysis we conclude that the slpA gene is actively transcribed.
These arguments make it very unlikely that a promoter se-
quence is present in this region of high similarity, as this would
imply that the same promoter is present in front of the slipB
gene, which would lead to the production of mRNA from this
gene. Primer extension analysis revealed that mRNA for the
S-layer protein has an untranslated upstream sequence of 191
nt, which implies that the promoter sequence is indeed located
upstream of the high-similarity region. A promoter sequence
strongly resembling promoter sequences in other lactobacilli

MQSSLKKSLYLGLAALSFAGVAAVSTTASAKSYATAGAYSTLKT

....................... ATTINADS AINAN

FELTELEE T

aaaaLLAVAPIAATAMP VNAATTINADS AINAN

boe AP T

AAAAALLAVAPVAASAVSTVSAATTINASSSAINTN

" AAAALLAVAPVAASAVSTVNAAAVNATAVGGSATP

FIG. 5. N-terminal sequences of the (pre-)S-proteins of the Lactobacillus strains for which sequence data are available. The secretion leader sequences are given
in boldface. Dots between two amino acid residues of different sequences indicate residues with similar properties. The sequences of the mature L. brevis DSM 20556
and L. helveticus ATCC 12046 S-proteins have been published before (19, 38). The nucleotide sequence of part of the S-protein gene of L. helveticus CNRZ 32 was
determined after PCR amplification of a part of this gene, using oligonucleotides specific for the sip4 gene of L. acidophilus ATCC 4365. One of the oligonucleotides
used is complementary to the sequence encoding part of the secretion leader of the S-protein (shown in lowercase letters in the L. helveticus CNRZ 32 sequence).
The cleavage sites of the secretion leaders of the Sg-protein and the S-protein of L. helveticus CNRZ 32 are based upon sequence homology, as the actual cleavage
sites are unknown. The cleavage site of the pre-S ,-protein predicted with the Von Heijne rules (indicated with an arrow) differs from the actual cleavage site of the
pre-S,-protein as determined by N-terminal sequence analysis and deduced from the results of the mass spectroscopy analysis.
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FIG. 6. Detection of the actively transcribed slp gene in a Northern blot. (a)
Schematic drawing of the probes used. Vertical bars indicated the regions where
the two genes are almost identical. (b) Results of Southern blot analysis of
EcoRI-digested chromosomal DNA with the probes indicated in panel a. (c)
Results of a Northern blot analysis of total, nondenatured RNA with the probes
indicated in panel a. The Southern and Northern blot analyses were performed
simultaneously with the same probes.

(28) is found upstream of the transcription start point in the
sipA region (Fig. 7b). Four mismatches are present in the 5’
region of high similarity (280 nt). The first two mismatches are
found very close to the 5" end of this region. The third mis-
match is found in a nucleotide repeat: there are seven adjacent
T’s in the slpA region and six adjacent T’s in the s/pB region.
Nucleotide repeats are known for a greater occurrence of
mistakes during DNA replication, leading to a reduced or
increased number of nucleotides in such a repeat. It is possible
that this difference is the result of slippage during replication
of either the slpA or sipB region in E. coli or of slippage
replication in L. acidophilus. The difference in the length of the
T tract is found in the region which corresponds to the 5’
untranslated region of the mRNA. The fourth difference in this
high-similarity area is found in the beginning of the coding

J. BACTERIOL.

regions of the two genes. A repeat of five adjacent alanine
residues, all encoded by the codon GCT, is present in the
alpha-helix part of the secretion leader of the S,-protein. In
the sequence of the sipB gene, one of these GCT codons is
missing, leading to a secretion leader alpha-helix which is one
residue shorter. Only one of the eight differences between the
sipA and slpB genes in the 3’ region of high similarity leads to
an altered amino acid residue in the Sg-protein compared with
the S,-protein (S,-protein Thr-359—Sg-protein Ala-372).
Similarity between the two slp sequences is absent beyond the
last functional genetic structure, i.e., the transcription termi-
nator. The homology between the two stem-loop transcription
terminator structures is already reduced, possibly as a result of
the absence of a nucleotide-specific selection pressure, as
found in the amino acid-encoding regions.

The cleavage site of the pre-Sg-protein is most likely at the
same position as that in the pre-S,-protein, leading to a ma-
ture Sg-protein with an N-terminal amino acid sequence dif-
ferent from those of the S,-protein and the S-protein of L.
helveticus (Fig. 5). The secretion of the pre-Sg-protein is not
likely to be affected by shortening of the alpha-helix sequence
of the secretion leader from 13 to 12 residues compared with
the secretion leader of the pre-S,-protein, as an alpha-helix
sequence of 8 to 10 residues in the secretion leader is enough
to direct secretion in gram-positive bacteria (35).

Recently, a domain (the S-layer homology domain) has been
identified in some prokaryotic proteins that are secreted and
noncovalently linked to the cell wall, such as pullulanase and
endoxylanase (20). Several, but not all, S-proteins of gram-
positive bacteria contain a repeat of this S-layer homology
domain in either the N- or C-terminal part of the protein. The
S-layer homology domain was postulated to be the S-protein
determinant for interaction with the underlying peptidoglycan
layer. A structure showing similarity to the S-layer homology
domain cannot be found in either the S ,-protein, the deduced
Sg-protein, or the S-protein of L. brevis ATCC 12046.

It has been shown that B. stearothermophilus NRS 2004/3a
irreversibly changes the expressed S-protein after the oxygen
pressure is increased during pH-controlled growth in a fermen-
tor. This change of the S-protein is claimed to be due to
chromosomal recombination (33, 34). Besides L. acidophilus,
two other bacterial species have been reported to possess silent
S-protein genes. In addition to the structural gene for the
125-kDa S-protein of B. sphaericus WHO 2362, a silent gene
encoding a 80-kDa S-protein which has extensive similarity
with the structural S-protein gene was discovered (6). Chro-
mosomal recombination between at least two, but presumably
more, S-protein genes has been reported for the pathogenic
bacterium Campylobacter fetus. This chromosomal recombina-
tion leads to the expression of different S-proteins, resulting in
an S-layer with altered symmetry, which helps this bacterium to
circumvent the immune response of the infected host, a phe-
nomenon known as antigenic variation (4, 37, 40). The S-
protein genes of C. fetus are all located on a 93-kb chromo-
somal fragment, which is less than 8% of the total length of the
chromosome (10). The same organization of the slp genes
seems to occur in L. acidophilus, as the two slp regions are
located on a fragment which constitutes 7% of the L. acidophi-
lus chromosome. Preliminary data concerning PCR analysis of
the slp regions of L. acidophilus reveal that the 5’ similarity
regions of the two slp regions are, just as found for C. fetus
strains, involved in in vivo chromosomal recombination, plac-
ing the slpB gene under control of the promoter of the sipA
gene.
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CATTTTAACT TGCTATTTCT TGAAGAGGTT AGTACAATAT GAATCGTGGT 100
= TTAGCACCA
4
T AAGTAATAGG ACGTGCTTCA GGCGTGTTGC CTGTACGCAT GCTGATTCTT 150
A
_)g CAGCAAGACT ACTACCTCAT GAGAGTTATA GACTCATGGA TCTTGCTTTG 250
A
C AAGGGTTTTG TACATTATAG GCTCCTATCA CATGCTGAAC CTATGGCCTA 250
C RBS —> (pre)S-protein
A TTACATTTTT TTATATTTCA AGGAGGAAAA GACCAC ATG AAG AAA AAT 298
M K K N>
TTA AGA ATC GTT AGC GCT GCT GCT GCT GCT TTA CTT GCT GTT 340
L R I V 8 A A A A A L L A WV
GCT CCA GTT GCT GCT TCT GCT GTA TCT ACT GTT AGC GCT GCT 382
A P V A A 8 A V S T V S AAA

FIG. 7. Determination of the transcription start point of the sip4A mRNA. (a) Autoradiogram of the result of the primer extension reaction next to the four
sequencing reactions. PE, primer extension reaction; T, thymine; C, cytosine, G, guanine; A, adenine. (b) Nucleotide sequence of the upstream region of the sjp4 gene.
The start of the mRNA for the S,-protein on the basis of the primer extension reaction is indicated (double-strand sequence). A putative promoter sequence (—35
and —10 sequences) is present upstream of the transcription start point. The nucleotides which are identical in the sip4 and slpB regions are underlined. RBS, potential
ribosome binding site. The deduced amino acids of the N-terminal part of the pre-S,-protein are given in boldface below the nucleotide sequence.

ACKNOWLEDGMENTS

We thank Ed Dudley for providing L. helveticus CNRZ 32 and Ton
Muijsers and Henk Dekker for performing the protein analysis.

REFERENCES

1. Belland, R. J., and T. J. Trust. 1987. Cloning of the gene for the surface array
protein of Aeromonas salmonicida and evidence linking loss of expression
with genetic deletion. J. Bacteriol. 169:4086-4091.

. Beveridge, T. J. 1994. Bacterial S-layers. Curr. Opin. Struct. Biol. 4:204-212.

. Bhowmik, T., M. C. Johnson, and B. Ray. 1985. Isolation and partial char-
acterization of the surface protein of Lactobaccilus acidophilus strains. Int. J.
Food Microbiol. 2:311-321.

4. Blaser, M. J., E. Wang, M. K. R. Tummuru, R. Washburn, S. Fujimoto, and
A. Labigne. 1994. High-frequency S-layer protein variation in Campylobacter
fetus revealed by sapA mutagenesis. Mol. Microbiol. 14:453-462.

4a.Boot, H. J. Unpublished data.

5. Boot, H. J., C. P. A. M. Kolen, J. M. van Noort, and P. H. Pouwels. 1993.
S-layer protein of Lactobacillus acidophilus ATCC 4356: purification, expres-
sion in Escherichia coli, and nucleotide sequence of the corresponding gene.
J. Bacteriol. 175:6089-6096.

6. Bowditch, R. D., P. Baumann, and A. A. Yousten. 1989. Cloning and se-
quencing of the gene encoding a 125-kilodalton surface-layer protein from
Bacillus sphaericus 2362 and of a related cryptic gene. J. Bacteriol. 171:
4178-4188.

7. Catalanotti, P., F. Rossano, P. De Paolis, A. Baroni, G. Buttini, and M. A.
Tufano. 1994. Effects of cetyltrimethylammonium naproxenate on the ad-
herence of Gardnerella vaginalis, Mobiluncus curtisii, and Lactobacillus aci-
dophilus to vaginal epithelial cells. Sex. Transm. Dis. 21:338-344.

8. Chu, S., S. Cavaignac, J. Feutrier, B. M. Phipps, M. Kostrzynska, W. W.
Kay, and T. J. Trust. 1991. Structure of the tetragonal surface virulence array
protein and gene of Aeromonas salmonicida. J. Biol. Chem. 266:15258—
15265.

9. Coconnier, M.-H., M.-F. Bernet, S. Kernéis, G. Chauviere, J. Fourniat, and
A. L. Servin. 1993. Inhibition of adhesion of enteroinvasive pathogens to
human intestinal Caco-2 cells by Lactobacillus acidophilus strain LB de-
creases bacterial invasion. FEMS Microbiol. Lett. 110:299-306.

10. Dworkin, J., M. K. R. Tummuru, and M. J. Blaser. 1995. A lipopolysaccha-
ride-binding domain of the Campylobacter fetus S-layer protein resides within
the conserved N terminus of a family of silent and divergent homologs. J.
Bacteriol. 177:1734-1741.

11. Egelseer, E., I. Schocher, M. Sara, and U. B. Sleytr. 1995. The S-layer from
Bacillus stearothermophilus DSM 2358 functions as an adhesion site for a
high-molecular-weight amylase. J. Bacteriol. 177:1444-1451.

12. Fernandes, C. F., K. M. Shahani, and M. A. Amer. 1987. Therapeutic role of

W N

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

dietary lactobacilli and lactobacillic fermented dairy products. FEMS Micro-
biol. Rev. 46:343-356.

Ishiguro, E. E., W. W. Kay, T. Ainsworth, J. B. Chamberlain, R. A. Austen,
J. T. Buckley, and T. J. Trust. 1981. Loss of virulence during culture of
Aeromonas salmonicida at high temperature. J. Bacteriol. 148:333-340.
Klaenhammer, T. R. 1993. Genetics of bacteriocins produced by lactic acid
bacteria. FEMS Microbiol. Rev. 12:39-86.

. Koval, S. F., and R. G. E. Murray. 1986. The superficial protein arrays on

bacteria. Microbiol. Sci. 3:357-361.

Kuen, B., U. B. Sleytr, and W. Lubitz. 1994. Sequence analysis of the sbs4
gene encoding the 130-kDa surface-layer protein of Bacillus stearothermophi-
lus strain PV72. Gene 145:115-120.

Leblond, P., F. X. Francou, J.-M. Simonet, and B. Decaris. 1990. Pulsed-field
gel electrophoresis analysis of the genome of Streptomyces ambofaciens
strains. FEMS Microbiol. Lett. 72:79-88.

Link-Amster, H., F. Rochat, K. Y. Saudan, O. Mignot, and J. M. Aeschli-
mann. 1994. Modulation of a specific humoral immune response and
changes in intestinal flora mediated through fermented milk intake. FEMS
Immunol. Med. Microbiol. 10:55-64.

Lortal, S., J. van Heijenoort, K. Gruber, and U. B. Sleytr. 1992. S-layer of
Lactobacillus helveticus ATCC 12046: isolation, chemical characterization
and re-formation after extraction with lithium chloride. J. Gen. Microbiol.
138:611-618.

Lupas, A., H. Engelhardt, J. Peters, U. Santarius, S. Volker, and W.
Baumeister. 1994. Domain structure of the Acetogenium kivui surface layer
revealed by electron crystallography and sequence analysis. J. Bacteriol. 176:
1224-1233.

Masuda, K., and T. Kawata. 1983. Distribution and chemical characteriza-
tion of regular arrays in the cell walls of strains of the genus Lactobacillus.
FEMS Microbiol. Lett. 20:145-150.

McGroarty, J. A. 1993. Probiotic use of lactobacilli in the human female
urogenital tract. FEMS Immunol. Med. Microbiol. 6:251-264.

Messner, P., and U. B. Sleytr. 1992. Crystalline bacterial cell-surface layers.
Adv. Microb. Physiol. 33:213-275.

Moschl, A., C. Schaffer, U. B. Sleytr, and P. Messner. 1993. Characterization
of the S-layer glycoproteins of two lactobacilli, p. 281-284. In T. J. Beveridge
and S. F. Koval (ed.), Advances in bacterial crystalline surface arrays. Ple-
num Press, New York.

Ochman, H., M. M. Medhora, D. Garza, and D. L. Hartl. 1990. Amplifica-
tion of flanking sequences by inverse PCR, p. 219-227. In M. A. Innis, D. H.
Gelfand, J. J. Sninsky, and T. J. White (ed.), PCR protocols. Academic Press,
Inc., San Diego.

Orrhage, K., E. Sillerstrom, J.-A. Gustafsson, C. E. Nord, and J. Rafter.
1994. Binding of mutagenic heterocyclic amines by intestinal and lactic acid
bacteria. Mutat. Res. 311:239-248.



7230

27.

28.

29.

30.

31

32.

33.

34.

35.

BOOT ET AL.

Perdigon, G., M. Medici, M. E. Bibas Bonet de Jorrat, M. Valverde de
Budeguer, and A. Pesce de Ruiz Holgado. 1993. Immunomodulating effects
of lactic acid bacteria on mucosal and tumoral immunity. Int. J. Immuno-
therapy IX:29-52.

Pouwels, P. H., and R. J. Leer. 1993. Genetics of lactobacilli: plasmids and
gene expression. Antonie Leeuwenhoek 64:85-107.

Pouwels, P. H., and J. A. M. Leunissen. 1994. Divergence in codon usage of
Lactobacillus species. Nucleic Acids Res. 22:929-936.

Roussel, Y., C. Colmin, J. M. Simonet, and B. Decaris. 1993. Strain charac-
terization, genome size and plasmid content in the Lactobacillus acidophilus
group (Hansen and Mocquot). J. Appl. Bacteriol. 74:549-556.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467.
Sara, M., D. Pum, S. Kiipcii, P. Messner, and U. B. Sleytr. 1994. Isolation of
two physiologically induced variant strains of Bacillus stearothermophilus
NRS 2004/3a and characterization of their S-layer lattices. J. Bacteriol. 176:
848-860.

Sara, M., and U. B. Sleytr. 1994. Comparative studies of S-layer proteins
from Bacillus stearothermophilus strains expressed during growth in contini-
ous culture under oxygen-limited and non-oxygen-limited conditions. J. Bac-
teriol. 176:7182-7189.

Simonen, M., and L. Palva. 1993. Protein secretion in Bacillus species. Mi-
crobiol. Rev. 57:109-137.

36.

37.

38.

39.

40.

41.

42.

43.

44.

J. BACTERIOL.

Southern, E. M. 1975. Detection of specific sequences among DNA frag-
ments separated by gel electrophoresis. J. Mol. Biol. 98:503-517.
Tummuru, M. K. R,, and M. J. Blaser. 1993. Rearrangements of sapA
homologs with conserved and variable regions in Campylobacter fetus. Proc.
Natl. Acad. Sci. USA 90:7265-7269.

Vidgrén, G., I. Palva, R. Pakkanen, K. Lounatmaa, and A. Palva. 1992.
S-layer protein gene of Lactobacillus brevis: cloning by polymerase chain
reaction and determination of the nucleotide sequence. J. Bacteriol. 174:
7419-7427.

Von Heijne, G. 1986. A new method for predicting signal sequence cleavage
sites. Nucleic Acids Res. 14:4683-4690.

Wang, E., M. M. Garcia, M. S. Blake, Z. Pei, and M. J. Blaser. 1993. Shift
in S-layer protein expression responsible for antigenetic variation in Campy-
lobacter fetus. J. Bacteriol. 175:4979-4984.

Wildhaber, 1., and W. Baumeister. 1987. The cell envelope of Thermoproteus
tenax: three-dimensional structure of the surface layer and its role in shape
maintenance. EMBO J. 6:1475-1480.

Yamagata, H., T. Adachi, A. Tsubio, M. Takao, T. Sasaki, N. Tsukagoshi,
and S. Udaka. 1987. Cloning and characterization of the 5’ region of the cell
wall protein gene operon in Bacillus brevis 47. J. Bacteriol. 169:1239-1245.
Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage
cloning vectors and host strains: nucleotide sequences of M13mp18 and
pUC19 vectors. Gene 33:103-109.

Zheng, H.-Y., T. M. Alcorn, and M. S. Cohen. 1994. Effects of H,O,-pro-
ducing lactobacilli on Neisseria gonorrhoeae growth and catalase activity. J.
Infect. Dis. 170:1209-1215.



