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The surface (S)-layer protein of Lactobacillus brevis was isolated, purified, and characterized. The S-layer
protein is the major protein of the cell, with an apparent molecular mass of 46 kDa in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Immunogold electron microscopy with polyclonal
antiserum against the isolated 46-kDa protein was used to confirm the surface location of this protein.
N-terminal amino acid sequences of the intact 46-kDa protein and its tryptic peptides were determined. The
gene of the S-layer protein was amplified from the genome of L. brevis by polymerase chain reaction with
oligonucleotides, synthesized according to the N-terminal amino acid sequences, as primers. The polymerase
chain reaction fragments containing the entire S-layer gene and its regulatory regions were sequenced. Nucleic
acid sequence analysis revealed one open reading frame with a capacity to encode a protein of 48,159 Da. From
the regulatory region of the gene, two subsequent promoters and a ribosome binding site, showing typical
features of prokaryotic consensus sequences, were found. The coding region contained a characteristic
gram-positive-type signal peptide of 30 amino acids. Removal of the signal peptide results in a polypeptide of
435 amino acids, which is in excellent agreement with the size of the S-layer protein determined by SDS-PAGE.
The size and the 5’ end analyses of the S-layer transcripts confirmed the monocistronic nature of the S-layer

operon and the functionality of the two promoters found.

Regular crystalline arrays of proteinaceous subunits form-
ing surface layers (S layers) have been commonly found in
bacteria, and their morphological and chemical characteris-
tics and assembly have been extensively studied (3, 31). In
most cases, the S layer consists of a single protein or
glycoprotein subunit ranging from 40 to 200 kDa in size, and
the subunits are arranged on the cell surface with repeating
hexagonal, tetragonal, or linear symmetry (31). In some
microbes, such as Bacillus brevis, more than one S-layer
protein has been found (1, 39). Although the functional
significance of S-layer proteins is not yet fully elucidated, the
S layers are assumed to have an important role in nature,
because a substantial part of the synthetic capacity of the
cell is used for their production (33). The following functions
have been shown or presumed for S layers: (i) protective
barrier against environmental hazards, (ii) control of the
transfer of nutrients and metabolites, (iii) promoter for cell
adhesion and surface recognition, and (iv) maintenance of
cell shape and envelope rigidity (32). The knowledge of the
primary structure of S-layer proteins is still limited, and,
thus far, genes of S-layer proteins from only a few species,
including B. brevis strains (6, 35), Halobacterium halobium
(14), Deinococcus radiodurans (23), Caulobacter crescentus
(7), Aeromonas salmonicida (4), and Acetogenium kivui (24),
have been isolated and analyzed. The degrees of amino acid
sequence homology of S layers among these species vary
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from total unrelatedness to partial similarity (6, 24, 25). The
S-layer proteins commonly contain a large proportion of
acidic, hydrophobic, and hydroxyl-containing amino acids
and are low in sulfur-containing amino acids (24, 32).

In addition to being important structural units in prokary-
otes, S layers also possess substantial potential for biotech-
nological applications. The requirement of large numbers of
S-layer subunits per cell implies highly efficient synthesis and
transport. In fact, with the promoters and signal sequence of
the B. brevis surface protein, efficient syntheses of several
heterologous proteins have been demonstrated (40, 41).

In Lactobacillus brevis (ATCC 8287), the S layer is
composed of tetragonally arranged subunits, which are com-
posed of a protein with a molecular weight of about 51,000
(16). The subunits dissociate from the cell wall with guani-
dine hydrochloride, and they can be reassembled into a
native-like array (17).

In the present study, we have purified the L. brevis S-layer
protein, amplified its gene by polymerase chain reaction
(PCR), and sequenced the structural and regulatory regions
of the S-layer gene. Our special emphasis was to analyze the
expression and secretion signals of this protein in order to
study its synthesis and regulation.

MATERIALS AND METHODS

Bacterial strains. L. brevis, designated herein GRL1, was
obtained from the German Collection of Microorganisms
(DSM/20556 = ATCC 8287) and cultivated in MRS broth
(Oxoid) without shaking at 37°C.

Purification of the S-layer protein. GRL1 cells grown in
MRS broth were collected by centrifugation at 10,000 X g for



7420  VIDGREN ET AL.

5 min and washed once with 50 mM Tris-HCl, pH 7.5. The
pellet, equivalent to 1 ml of culture, was dissolved directly in
200 pl of Laemmli sample buffer and applied to a preparative
polyacrylamide gel (10%). Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed by
the method of Laemmli (13). After electrophoresis, the gel
was treated with 1 M KCl to visualize protein bands. The
band corresponding to the S-layer protein was excised and
cut into pieces. The protein was eluted from the gel pieces in
1.5 ml of 6 M guanidine hydrochloride-0.5 M Tris-HCI-2
mM EDTA, pH 7.5, by incubating in an end-over mixer at
room temperature for 10 h. The eluate was dialyzed against
10 mM Tris-HCI, pH 8.5, at +4°C for 10 h and freeze-dried.

To separate the S-layer protein for NH,-terminal amino
acid sequence analysis, SDS-PAGE with a 12% separation
gel and a 5% running gel was used. From the gel the protein
was transferred electrophoretically onto a polyvinylidene
difluoride membrane (19).

Digestion and separation of peptides. The freeze-dried
protein was suspended in 300 pl of distilled water, and 500 ng
of lysylendopeptidase (WAKO, Dallas, Tex.) was added.
The mixture was incubated at 35°C for 6 h, and the resulting
peptides were separated by reversed-phase chromatography
on a Vydack 218 TPBS column (0.46 by 15 cm) connected to
a Varian 5000 liquid chromatograph. The peptides were
eluted with a linear gradient of acetonitrile (0 to 60% for 90
min) in 0.1% trifluoroacetic acid.

NH,-terminal sequence analysis of the purified protein and
peptides. For NH,-terminal amino acid sequence analysis,
the S-layer protein was degraded in a gas-pulsed-liquid
sequencer (9) after transfer onto a polyvinylidene difluoride
membrane. The peptides were sequenced after application
on Polybrene (2 mg)-pretreated fiberglass filters.

Immunological procedures. S-layer protein was isolated
from the intact GRLI1 cells by preparative SDS-PAGE. The
protein band was eluted from gel slices as described above.
Ten micrograms of dialyzed protein was used for inmuniza-
tion of rabbits by standard procedures (National Public
Health Institute, Helsinki, Finland). The antiserum was
designated KH1225 and used in immunogold labelling elec-
tron microscopy.

Isolation and purification of DNA. Chromosomal DNA
from GRL1 was isolated as follows. Cells were grown in 200
ml of MRS broth to mid-logarithmic growth phase (Klett
[filter 66] = 80), collected by centrifugation at 8,000 X g for
S min at room temperature, and suspended in 3 ml of 6 M
guanidine hydrochloride solution. After incubation for 20
min at room temperature, the cells were collected by cen-
trifugation, washed once with 0.15 M NaCl-0.1 M EDTA
solution, and suspended in 7 ml of the same solution. Twenty
milligrams of lysozyme (Sigma), 200 pl of mutanolysin
(15,000 U/ml; Sigma), and 3 pl of 1 M CaCl, were added, and
the cells were incubated for 2 h at 55°C. After the addition of
8.75 ml of SDS, followed by incubation for 10 min at 65°C,
2.2 ml of 5 M sodium perchlorate was added and the cell
lysate was extracted with chloroform-isoamylalcohol (24:1).
The water phase was removed after centrifugation and
precipitated with ethanol. The chromosomal DNA was col-
lected around a glass rod. DNA was dissolved in 10 mM
Tris-HCI-150 mM NaCl, pH 7.5. DNA fragments generated
by PCR were purified after synthesis by proteinase K
treatment (5) and agarose gel electrophoresis.

Oligonucleotide synthesis. The oligonucleotides were syn-
thesized with an Applied Biosystems model 381A DNA
synthesizer. Deoxyinosine was utilized for primers synthe-
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sized according to the N-terminal amino acid sequences of
the S-layer protein and its peptides.

Amplification of DNA by PCR. The S-layer DNA was
amplified by PCR as follows. The first PCR mixtures con-
sisted of 250 ng of L. brevis GRL1 chromosomal DNA; 100
pmol of primers with deoxyinosine at the third unknown
position; 0.2 mM each dATP, dCTP, dGTP, and dTTP; 1.5
mM MgCl,; and 5 U of AmpliTaq DNA polymerase (Perkin-
Elmer Cetus) in 100 pl of reaction buffer recommended by
the manufacturer. Each amplification cycle included three
reaction steps, i.e., 0.5 min at 95°C for denaturation, 1 min at
46°C for annealing, and 1.5 min at 72°C for extension. All
together, 30 cycles were carried out for each sample by using
a Perkin-Elmer Cetus DNA thermal cycler. Other PCRs
were performed with Vent DNA polymerase (BioLabs)
according to the manufacturer’s instructions, using 3.5 mM
MgSO, and 1 U of Perfect Match Enhancer (Stratagene).
The template DNA for the PCRs, used to amplify the
upstream and downstream regions of the S-layer gene with
primers specific for the pBR322 vector and the S-layer gene
(PCR2 and PCR3; see Fig. 3A), were generated as follows.
GRL1 chromosomal DNA was digested with EcoRI, and the
2.5-kb fraction, carrying the S-layer gene, was isolated from
agarose gel, treated with kinase, and ligated with EcoRI-
BamHI-digested pBR322 at the molar ratio of 1:1 by stan-
dard methods (26). The amount of ligated template in the
PCRs was 30 ng in 50 pl of reaction volume.

Sequencing of the DNA. PCR fragments were sequenced
by the dideoxy-chain termination method (527) by using the
Sequenase kit (U.S. Biochemical) with a->>S-dATP (Amer-
sham).

RNA isolation, Northern (RNA) blot, and primer extension.
Total RNA was isolated from L. brevis GRL1 cells grown to
logarithmic growth phase essentially as described for Bacil-
lus subtilis (21) with mutanolysin (Sigma) and lysozyme
(Sigma) at concentrations of 900 U/ml and 5 mg/ml, respec-
tively. RNA gel electrophoresis and Northern blot were
performed as described previously (21). Hybridization
probes were labelled with [a-*?P]dCTP (>3,000 Ci/mmol;
Amersham) by using the protocol of the random-prime DNA
labelling kit (Boehringer Mannheim). The 5’ ends of the
S-layer mRNAs were determined by primer extension as
described previously (10).

Electron microscopy. GRL]1 cells were collected with glass
rods from the MRS plates to the fixatives described below.

For immunoelectron microscopy, the cells were fixed
either with 2.5% glutaraldehyde (Electron Microscopy Sci-
ences, Washington, Pa.) in 0.1 M phosphate buffer (pH 7.5)
or with 3.5% paraformaldehyde and 0.05% glutaraldehyde
dissolved in 0.1 M phosphate buffer. Fixations were carried
out at room temperature for 1 h. The cells were washed three
times in the same buffer. The cells were then dehydrated in
a series of ethanol concentrations (50, 60, 70, and 90%) and
treated with 90% ethanol and LR White (London Resin) at a
dilution of 2:1 for 1 h and at a dilution of 1:1 for 1 h before the
final embedding in LR White. Resin (20) was polymerized for
24 h at 60°C. Thin sections were mounted on nickel grids
which were placed on droplets of the following solutions for
the indicated times: blocking solution (Tween 20 plus 1%
bovine serum albumin [TBST-B]) for 10 min, antibody
solution (1:200) for 2 h, blocking solution for 10 min, and a
solution of protein A-gold (10-nm diameter; Zymed) diluted
1:200 in TBST-B for 1.5 h. The sections were then washed
twice in Tween 20 for 10 min. Grids were extensively
washed with distilled water on a shaker. After drying, the
sections were stained with uranyl acetate and lead citrate
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FIG. 1. SDS-PAGE analysis of L. brevis GRLL1 proteins. Lanes:
1, intact cells; 2, culture medium. Numbers on the left are molecular
size markers.

(Carlsberg’s System; LKB). The preimmune serum of the
same rabbit was used as a control.

Both of the micrographs were taken with a JEOL 1200EX
transmission electron microscope at 60 kV.

Computer analysis. The DNA and the predicted protein
sequences were analyzed with the PC/GENE set of programs
(Genofit). With the FASTA program (22), the SWISSPROT,
NBREF, and GenBank data bases were used for searching for
homologous protein and nucleic acid sequences.

Nucleotide sequence accession number. The GenBank ac-
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cession number of the 1,763-bp PCR fragment which con-
tains the S-layer gene is Z14250.

RESULTS

Characterization of the S-layer protein. When intact cells
of L. brevis GRL1 were boiled in Laemmli sample buffer and
analyzed by SDS-PAGE, only one major band, with an
apparent molecular mass of 46 kDa, was detected (Fig. 1).
To confirm that this 46-kDa protein corresponded to the
S-layer protein of L. brevis, the cells were treated with the
antiserum (KH1255) raised against the isolated 46-kDa pro-
tein and analyzed by immunoelectron microscopy. The
KH1255 antibody detected antigens which were mainly
located in the outermost part of the cell wall. Only a few gold
particles were found in the inner part of the cell wall or in the
cytoplasm (Fig. 2A). In the control cells treated with preim-
mune serum (Fig. 2B), no gold particles could be seen either
in the cell wall structures or in the cytoplasm. The postem-
bedding immunoelectron microscopy clearly showed that
the S-layer protein is heavily enriched in the outermost part
of the cell wall of L. brevis GRL]1 cells.

For sequence analysis of the 46-kDa S-layer protein, the
GRL1 cells were boiled in Laemmli sample buffer. The
solubilized S-layer protein was separated by SDS-PAGE,
transferred to a polyvinylidene difluoride membrane, and
degraded in a gas-pulsed-liquid sequencer. The N-terminal

46-kDa protein and 10-nm colloidal gold particles. (B) Postembedding labelling of the same cells with preimmune serum and 10-nm colloidal

gold particles. Bars = 0.2 pm.
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TABLE 1. Peptide sequences of the S-layer protein®

Peptide no. Sequence
) N Ala-Tyr-His-Tyr-Thr-Tyr-Thr-Tyr-Asn-Lys
2 Ser-Ala-Asp-Tyr-Phe-Arg-Ala-Tyr-Gly-Val-Lys
K PR Tyr-Arg-Gly-Tyr-Val-Tyr-Gly-Gly-Lys
L . Thr-Thr-Asn-Arg-Gly-8er-Val-Tyr-Tyr-Arg-Val-Val-Thr-Met
S eteeeeteetereneretterita i tettsees st sat st rartassnsanseaseaneans Ser-Tyr-Ala-Thr-Ala-Gly-Ala-Tyr-Ser-Thr-Leu-Lys

@ For details, see Materials and Methods.

sequence of the intact S-layer protein was NH,-Lys-Ser-
Tyr-Ala-Thr-Ala-Gly-Ala-Tyr-Ser. For peptide analysis, the
purified S-layer protein was subjected to lysylendopeptidase
digestion and the resulting peptides were separated by
reversed-phase chromatography. Five peptides were chosen
for sequence analysis (Table 1). Peptide 5 was found to be
the NH,-terminal peptide of the S-layer protein without the
NH,-terminal lysine residue that was most probably re-
moved in the lysylendopeptidase digestion.

Isolation of the S-layer gene. The S-layer gene was isolated
by PCR since the gene detected from a L. brevis gene library
in lambda gt10 turned out to be unstable in Escherichia coli.
The first PCR fragments were generated by using oligonu-
cleotide primers corresponding to the N-terminal amino acid
sequence of the S-layer protein and its peptides (Table 1).
These PCR oligonucleotide primers mostly contained deoxy-
inosine at the third position of each codon. The largest
fragment generated was 1.2 kb (Fig. 3A, PCR1), and it was
shown to be colinear with the chromosomal S-layer gene by
Southern blotting (data not shown). The 1.2-kb fragment
covers approximately 80% of the DNA that encodes the
mature part of the S-layer protein, but it lacks both the 5’ and
3’ ends of the intact gene. To obtain these unknown frag-
ments, Southern blot analysis of the GRL1 chromosomal
DNA with various restriction enzymes was performed by
using the 1.2-kb PCR fragment 1 (PCR1) as the hybridization
probe (data not shown). As a result, one 2.5-kb EcoRI band
was shown to cover all of the relevant regions. The 2.5-kb
EcoRlI fragment pool was isolated from a gel, ligated to the

@ PCR6

PCR 1
PCR2 . PCR3

PCR4

PCRS

FIG. 3. PCR amplification of the L. brevis GRL1 S-layer gene
and sequencing strategy. (A) PCR fragments produced from GRL1
DNA by using oligonucleotides listed in Table 2. (B) Sequenced
fragments. Between panels A and B, the physical map of the S-layer
region with relevant restriction enzyme sites is shown. The open
arrowheads refer to the endpoints of the DNA sequence shown in
Fig. 4. .

pBR322 vector linearized with EcoRI and BamHI, and
amplified by PCR. The S-layer gene and pBR322-specific
oligonucleotides were used as primers to generate PCR2 and
PCR3 (Fig. 3A) covering the missing upstream and down-
stream regions. Furthermore, additional PCRs with se-
quence-specific primers of the S-layer gene were performed
directly from chromosomal GRL1 DNA to overlap the
S-layer gene region and to confirm the sizes of the previous
PCR fragments (Fig. 3A). The oligonucleotide sequences
used for generation of the essential PCR fragments are listed
in Table 2.

Nucleotide sequence of the S-layer gene. Sequencing of the
S-layer gene region was performed from the PCR fragments
shown in Fig. 3A by the strategy shown in Fig. 3B. Both
strands of the PCR fragments were sequenced by Sanger’s
dideoxy method. Altogether, sequence information was
gatheted from a 2.3-kb DNA region of the L. brevis GRL1
genome, of which approximately 1.76 kb is shown in Fig. 4.
The sequence contains only one open reading frame and
covers the complete S-layer gene. The open reading frame
starts with ATG at nucleotide position 247, which is followed
by six other codons before the next ATG. Since the only
obvious ribosome binding site locates between these two
possible initiation codons, the N terminus of the protein
most likely starts from the second ATG at position 268 (Fig.
4). Thus, the gene has coding capacity for a protein of 48,159
Da. The first 90 nucleotides of the structural gene encode a
characteristic gram-positive signal peptide of 30 amino acid
residues (36). At the 5’ region of the signal sequence are
codons for two positively charged amino acids (K). The
central part encodes hydrophobic amino acids and is fol-
lowed by codons for a typical signal peptidase recognition
site, alanine-serine-alanine. Removal of the putative signal
peptide results in a polypeptide of 435 amino acids which
corresponds well to the 46-kDa size of the S-layer protein
analyzed by SDS-PAGE (Fig. 1).

The putative ribosome binding site (Fig. 4, GGAGGA
[RBS]) of the S-layer gene is located 9 bases upstream of the
initiation codon and resembles typical prokaryotic ribosome
binding sites (29, 34). Since the sequence information of 16S
rRNAs of Lactobacillus species is still very limited, the
complementarity of the ribosome binding site of S-layer
transcripts with the equivalent 3’ end of the 16S rRNA
cannot be determined. The sequence, however, matches
well with the 3’ end (3'-UCUUUCCUCCA-5’) of the 16S
rRNA from Lactococcus lactis and Bacillus subtilis (15, 30).

Approximately 163 and 77 nucleotides upstream of the
first codon, two putative promoter regions, P1 and P2, can
be found (Fig. 4). The —35 and —10 regions of P1 and P2 are
cTTGTAT-15 nucleotides—gcTATACT and tcTTAACA-15
nucleotides—gtTATACT, respectively, which closely resem-
ble the conserved prokaryotic —35 and —10 consensus
sequences, tcTTGACALt and tgnTATAAT, respectively (37).
In addition to the canonical hexanucleotides and some
conserved nucleotides adjacent to them, similarity with
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TABLE 2. Oligonucleotides used for synthesis of PCR fragments

Fragment

Primer sequence”®

Position® or

characteristic
PCR1 5'-TA T/C GCIACIGCIGGIGCITA T/C T/A C/G IACI T/C TIAA-3' 364-395
5'-TT A/G TT A/G TAIGT A/G TAIGT A/G TA A/G TG A/G TAIGC-3' 1541-1513
PCR2 5'-GTATCACGAGGCCCT-3' pBR322 specific
5'-TAGTCAGCTGACTTCTTTGAAGAAG-3' 536-512
PCR3 5'-ACAACTGACTTGACTGGTGA-3' 1398-1418
5'-GTATCACGAGGCCCT-3' pBR322 specific
PCR4 5'-CCTGAGTTATAGTGGCGTG-3’ —-376--358
5'-TAGCATCTGCAGCATTAGGGTTAG-3' 1198-1175
PCRS 5'-AACGACTACTAAGGCTGATATGCC-3’ 675-698
5'-CGTATTCTCCTCCAATGAAGC-3' 1972-1951
PCR6 5'-CCTGAGTTATAGTGGCGTG-3' -376--358
5'-CGTGTTCTCCTCCAATGAAGC-3' 1972-1951

“ The two primer sequences for each PCR fragment correspond to the coding and complementary strands. “‘I’’ refers to deoxyinosine, and T/C and A/G, etc.,

refer to the mixture of the two nucleotides.
® Position of the primer sequences at the S-layer region (Fig. 4).

promoter regions of different gram-positive bacteria (8) can
be found in an A-rich region upstream of the —35 region of
promoter P2 and in the presence of adenosine at positions
—4 and -7 of P2 and -7 of P1.

By using PC/GENE programs, a putative transcription
terminator sequence can be found 24 nucleotides down-
stream from the two stop codons of the S-layer gene (Fig. 4).
The hairpin structure is AU rich and consists of a stem of 19
bp (11 UT pairs, 5 GC pairs, and 3 unpaired U’s and G’s) and
a loop of 6 bp (AG, —24.9 kcal/mol [1 cal = 4.184 J]). The
hairpin loop is followed by an AU-rich region (Fig. 4).
Approximately 460 bp upstream of the structural gene, a
typical rho-independent-type transcription terminator rich in
GC pairs (AG, —15.8 kcal/mol) can also be found (sequence
not shown), indicating that the S-layer gene is monocis-
tronic. .

Furthermore, in the coding region of the S-layer gene, 10
partly overlapping direct repeat sequences of 10 to 12
nucleotides can be found (Table 3). These DNA repeats
correlate at the protein level to repeating stretches of two to
four amino acids rich in threonine, alanine, glycine, and
serine residues (Table 3).

The codon usage of the S-layer protein is clearly biased
(Table 4) and resembles mostly that reported for highly
expressed B. subtilis proteins (28). The only striking differ-
ence in the codon usage of the S-layer protein from that of B.
subtilis proteins is the lysine codons. The ratios of AAA to
AAG codons in the L. brevis S layer and B. subtilis proteins
are 3:36 and 31:3, respectively.

The amino acid composition of the S-layer protein de-
duced from the DNA sequence is shown in Table 5. The
typical features of the amino acid composition are the large
number of hydrophobic amino acids, amino acids with
hydroxyl groups, and the absence of cysteine. The amount
of basic amino acids is larger than that of acidic amino acids,
which is a notable exception to the general features of other
characterized S-layer proteins (33).

Analysis of mRNA of the S-layer gene. The size of the
mRNA transcribed from the S-layer gene was analyzed by
Northern blotting with PCR1 (Fig. 3A) as the hybridization
probe. The probe detected a 1.5-kb transcript (Fig. 5A). The
size of the S-layer mRNA is in good agreement with the size

of the S-layer gene, thus further confirming the DNA se-
quence analysis and the monocistronic nature of the S-layer
operon. The primer extension mapping of the 5’ ends of the
S-layer mRNA revealed two 5’ ends with a size difference of
86 bases (Fig. 5B). These start sites of the S-layer transcripts
locate immediately downstream from the two putative pro-
moter regions deduced from the DNA sequence (Fig. 4),
thus confirming the existence and functionality of the found
promoters. The primer extension was done with total RNA
isolated from exponentially growing cells. The intensities of
the RNA bands from the primer extension are similar,
suggesting that both promoters are used with roughly equal
efficiency at this growth phase.

DISCUSSION

In this work, we have analyzed the gene encoding the
S-layer protein of L. brevis. The gene was amplified by PCR
as separate, overlapping pieces and as a full-length fragment.
Amplification was followed by DNA sequencing. For most
PCRs, Vent polymerase was used to minimize the error
frequency of the in vitro synthesis (12, 18). The DNA
sequence of 2.3 kb revealed only one complete open reading
frame, of which 1,395 bp encodes the structural part of the
S-layer protein. Thus, the S-layer gene has the capacity to
encode a protein of 48,159 Da. The NH,-terminal sequence
analysis of the intact protein indicates that the mature
S-layer protein starts with the lysine residue at position 30 of
the predicted amino acid sequence (Fig. 4). Removhl Sf the
signal peptide results in a polypeptide of 435 amino acids
with a calculated molecular mass of 45 kDa. This is in
excellent agreement with the apparent molecular mass of 46
kDa by SDS-PAGE analysis of the S-layer protein released
from the cell wall of GRL1 cells. Furthermore, all, five
peptide sequences of the isolated S-layer protein (Table 1),
which cover 12% of the whole amino acid sequence, can be
found from the deduced sequence (Fig. 4). This further
confirmed the correctness of the PCR fragments analyzed.
Also, the sizes of S-layer mRNA and the transcription start
sites (Fig. 5), as well as Southern blot analyses (data not
shown), are in excellent agreement with the DNA data. We
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1 GATTACAAAG GCTTTAAGCA GGTTAGTGAC GTTTTAGTTA TGTAACAATA ACATTACAGG ACACCCATAA TTGTTTCAAT CCAACGACAA TCAGAGCGTA

P1 -35 -10 v P2 -35
101 ATCCTTGTAT CTCCTTAAGG AAATCGCTAT ACTTATCTTC GTAGTTAGGG GATAGCTGAT CGGGTCCGCT AATGTTATGA AATAAAATTC TTAACAAAAG

- v RBS
201 CGCTAACTTC GGTTATACTA TTCTTGCTTG ATAAATTACA TATTTTATGT TTGGAGGAAG AAAGATTATG CAATCAAGTT TAAAGAAATC TCTTTACTTG
------- M Q@ s s L KKsS LY.L

301 GGCCTTGCCG CATTGAGCTT TGCTGGTGTT GCTGCCGTTT CAACGACTGC TTCAGCTAAG TCATACGCTA CTGCAGGTGC CTATTCAACG TTAAAGACGG
126 L AA L SF AGV AAVS TTA S$SAK SYAT AGA Y ST LKTTD
DR ==4-t-stttestsatemttotttt- DR2 [ ——— (5)

407 ACGCTGCTAC TCGTAACGTC GAAGCTACTG GTACTAACGC TTTATACACG AAGCCAGGTA CTGTTAAGGG TGCTAAGGTT GTCGCTTCTA AGGCTACTAT
44 A AT RNV EATG TNA LYT KPGT VKG AKYV VASK ATHM

501 GGCTAAGTTA GCTTCTTCAA AGAAGTCAGC TGACTACTTC CGTGCTTACG GTGTTAAGAC CACTAACCGT GGTTCAGTTT ACTACCGTGT TGTAACGATG
7 AKL A S SK KSA DYF RAY G VKT T WNR 6S VY YRV VTH
DR6 ~+-+—sstssresr+ DR7 ) (%)

601 GATGGCAAGT ACCGTGGTTA CGTTTATGGT GGCAAGTCTG ACACTGCCTT TGCTGGTGGT ATCAAGTCTG CTGAAACGAC TACTAAGGCT GATATGCCTG
112D 6 K ¥ R 6 Y VY 6 6K SD TAF AGG I KSA ETT T KA DMPA

701 CACGTACTAC TGGGTTCTAC TTAACTGACA CTTCAAAGAA CACTCTTTGG ACGGCTCCTA AGTACACTCA ATACAAGGCA AGTAAAGTTA GCCTTTATGG
%46 R T T 6 FY L TDT SKN TLW TAPK YTQ@ YKA SKVS LYG
DR7 —t=stts DR2 ===

801 TGTTGCTAAG GACACCAAGT TTACTGTAGA TCAGGCTGCT ACTAAGACTC GTGAAGGTTC ATTATACTAT CACGTAACTG CTACTAACGG TAGTGGTATT
79 VA K D TKF T VD Q@QAA TKTREGS LYY HVTA TNG SGI
R ] DR8 =t=tttts DR9 “——esesssesnsnsss DRE

901 AGTGGTTGGA TTTACGCTGG TAAGGGCTTC AGTACTACTG CTACTGGTAC ACAAGTACTT GGTGGTCTGT CAACTGATAA GTCAGTTACA GCAACCAACG
2128 6 W I Y A G K GF S TTA TGT @VL GGLS TDK SVT ATND
DR10 DR4

1001 ATAACAGTGT TAAGATTGTT TACCGTACGA CTGATGGCAC TCAAGTTGGT TCTAACACTT GGGTAACTTC AACTGATGGT ACAAAGGCAG GTTCTAAGGT
26 N SV K I V YRTT DGT QVG S$NTW VTS TDGE TKAG S KV

1101 AAGCGATAAG GCCGCCGATC AAACTGCTCT TGAAGCCTAC ATCAATGCTA ACAAGCCTAG CGGTTACACT GTAACTAACC CTAATGCTGC AGATGCTACC
279 S D K A ADQ T AL EAY I NAN KPS GYT VTNP NAADAT

1201 TATGGTAACA CAGTTTACGC TACTGTTTCC CAAGCAGCTA CTTCTAAGGT CGCTTTGAAG GTCTCAGGGA CTCCTGTTAC TACTGCATTG ACTACAGCTG
32Y G N T VYA TVS @QAAT SKV ALK VSGET PVT TAL TTAD

DR3 +t-tttetttots

1301 ATGCTAATGA TAAGGTTGCA GCTAACGATA CCACTGCTAA TGGTAGTTCT GTTGCAGGCT CAACAGTCTA TGCTGCTGGT ACTAAGTTGG CTCAATTAAC
346 A ND K VA ANDT TAN GSS VAGS TVY AAG TKLAO QLT

DRS =+=t=t=ttets

1401 AACTGACTTG ACTGGTGAAA AGGGTCAAGT TGTCACATTA ACTGCCATCG ATACTGATTT GGAAGACGCT ACGTTCACTG GAACTACGAC TTACTATTCA
379 T DL T GEK G@V VTL TAID TDL EDA TFTGE TTT Y YS

1501 GATCTTGGTA AAGCATACCA CTACACTTAC ACTTACAATA AGGACAGTGC TGCTTCTTCA AATGCAAGTA CCCAATTTGG TTCAAACGTC ACTGGTACTT
412D L G K A Y H Y T Y T Y N K DSA ASS NAST QFG SNV TG6TL
[§D] DR6

1601 TAACTGCTAC CCTTGTTATG GGTAAGTCTA CTGCTACTGC TAACGGTACT ACTTGGTTCA ACTAATAATT ATTATTTAGG TGAGCTTTGT TGATAAAAAG
46 T AT L VM GKST ATA NGT T WFN - - _—

DR9 4+ DR10

1701 GTCTTTTCAA CGTTTATGTT GGGGAGACCT TTTTATATTG AAAAAATTAG GCCTTTGTTA GGA

J. BACTERIOL.

FIG. 4. Nucleotide sequence of the L. brevis S-layer gene. The predicted —10 and —35 regions of promoters P1 and P2 are underlined,
and the 5’ ends of the transcripts found by primer extension (see Fig. 5) are marked with arrowheads. The cleavage site of the signal peptide
is between amino acids 30 and 31 (1). The N-terminal amino acid sequences of the intact S-layer protein and its tryptic peptides are
underlined and numbered from (1) to (5) (Table 1). The deduced transcription terminator is shown with arrows. RBS refers to the predicted
ribosome binding site. Direct repeats are marked with DR and a number and short continuous arrows.

thus conclude that the S-layer gene has been reliably syn-
thesized by PCR.

In accordance with some other S-layer proteins (24), a
special feature of the L. brevis S-layer protein is also a high
content of amino acids with hydroxyl groups (threonine, ty-
rosine, and serine) (Table 5). This might indicate the presence
of several inter- and/or intramolecular hydrogen bonds in the
miolecule. This is supported by the finding that S-layer protein
could be released from the cells by guanidine hydrochloride. In
some S-layer proteins, the hydroxyl-containing serine and
threonine are found in clusters of five to six residues (24),
whereas in the deduced sequence of the L. brevis S-layer
protein, hydroxy amino acids are randomly distributed and
only one cluster is present (TTTYYS at nucleotide position
1483). In our study, repeated stretches of two to four

amino acids rich in threonine, alanine, glycine, serine, and
tyrosine residues were found (Table 3). Some of them are
partly overlapping, forming thus longer continuous stretches
(Fig. 4). Many of the repeats are located partly or entirely at
the predicted B-turn structures of the protein. In fact, 22
amino acids of 31 involved in the formation of the deduced
B-turns are positioned at these repeats. The exact function of
these repeats is unknown, but some of them might be
involved in the formation of linkers between different
domains of the polypeptide (2). Furthermore, like other
S-layer proteins, the L. brevis S-layer protein contains no
cysteine residues, which is also typical for other gram-
positive exoproteins. In contrast to other S-layer proteins,
the L. brevis S-layer protein contains an unexpectedly large
amount of basic amino acid residues (lysine and arginine)
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TABLE 3. Direct repeats in the L. brevis S-layer gene
DR® Nucleotide sequence Position® Amino acid sequence® Position®
DR1 C TTT GCT GGT G 318 @ FAGMTM 18
648 (A) FAG (@ 128
DR2 T GGT GTT GCT 324 (A) GV A 20
798 O)ava 178
DR3 TAC GCT ACT G 364 YAT (A) 33
1216 YAT (VM) 317
DR4 GCT ACT GGT AC 424 ATGT 53
940 ATGT 225
DRS CT GAGT ACT AA 428 (T aGT (N 55
1376 (A) G T (K 371
DR6 GCT TCT TCA AA 511 A 8 8 (K) 82
1552 AS88 (N) 429
DR7 CT TCA AAG AA 515 (8) 8 K (k) 84
731 (T) 8 K () 156
DR8 CT GCT ACT AA 836 (A) AT (B 191
878 (TO AT () 205
DR9 TA ACT GCT AC 875 (MHTAT 204
1601 (LOTAT 446
DR10 CT ACT GCT ACT @G 935 (IO TAT (@ 224
1628 (8) TAT (A) 455

“ DR, direct repeat.
® Positions as shown in Fig. 4.

¢ In-frame amino acids corresponding to the nucleotide repeats. Amino acids in parentheses represent the uncomplete codons of the repeats.

(Table 5). According to the Chargpro program of PC/GENE,
the isoelectric point of the protein would be 9.88. A hy-
dropathy plot of the amino acid sequence shows no highly
hydrophobic or hydrophilic regions in the molecule. Accord-
ing to secondary structure prediction analysis (Garnier pro-
gram of PC/GENE), the S-layer protein is irregularly folded,
containing a-helix (27.7%), turn (6.6%), random coil (9.0%),
and extended (56.5%) structures in mixed order. An aperi-
odic structure has also been shown for other S-layer proteins
by infrared spectroscopy and circular dichroism (32). The
B-structure content of the L. brevis S-layer protein seems to

be somewhat higher than that of other S-layer proteins, for
which contents of around 30% have been found (24).
Protein and nucleic acid homology searches of the NBRF,
SWISSPROT, and GenBank data bases revealed no genu-
inely related sequences. Interestingly, weak similarity was
found between the S-layer protein and the serine proteinases
of L. lactis SK11 and Wg2 (11, 38). The amino acids of the
S-layer protein from 95 to 357 and from 159 to 386 showed
21.5 and 19.6% identities to the PIII- and PI-type proteinases
of SK11 and Wg2, respectively. The overlapping S-layer
sequences matched to two different regions in the amino acid

TABLE 4. Codon usage of the L. brevis S-layer protein

Amino acid
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TABLE 5. Deduced amino acid composition of the L. brevis S-
layer protein

Amino acid No. % Amino acid No. %
Ala 67 14.4 Leu 25 5.3
Arg 8 1.7 Lys 38 8.1
Asn 21 4.5 Met 5 1.0
Asp 24 5.1 Phe 9 1.9
Cys 0 0.0 Pro 6 1.2
Gln 10 2.1 Ser 43 9.2
Glu 6 1.2 Thr 83 17.8
Gly 43 9.2 Trp 4 0.8
His 2 0.4 Tyr 30 6.4
Ile 6 1.2 Val 35 7.5

sequences of these serine proteinases, indicating intramolec-
ular homology in these enzymes (38). Even if these similar-
ities between the S-layer protein and the Lactococcus pro-
teinases were found, their biological significance is not
obvious and more knowledge about the functions and evo-
lution of the L. brevis S layer would be required to evaluate
this result. It is also notable that no amino acid sequence
similarity to other S-layer proteins was found. Only a short,
68-bp overlap with 66.2% identity with the DNA sequence of
A. kivui was found. At the protein level, however, only
seven identical amino acid residues were discontinuously
present. The result is not entirely unexpected, since the
S-layer sequence information available comes from organ-
isms which are phylogenetically very distant. Previous ho-

®

kb ==
9.5
75 = Pl =
44 =
24 =— ‘
w —.
0.3 =
P2 =

FIG. 5. Analysis of the S-layer mRNA. (A) Northern blot anal-
ysis of transcripts. Total L. brevis GRL1 RNA denatured with
glyoxal and dimethyl sulfoxide was run in an 0.8% agarose gel with
10 mM phosphate buffer, pH 6.5, and then blotted to a Zetaprobe
membrane and hybridized. [a-*2P]dCTP-labelled PCR1 was used as
probe. The filter was washed in 0.5x% SSC (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-0.1% SDS at 50°C. RNA molecular
weight markers (Bethesda Research Laboratories) were used to
determine transcript size. (B) Analysis of mRNA transcripts after
the 5’-end-mapping experiment in a 6% sequencing gel. Approxi-
mately 5 pg of total RNA of L. brevis was hybridized to 200 pmol of
a 19-mer primer (5'-CTTAGCCATATGAGCCTTA-3’ [Fig. 4, posi-
tions 507 to 489]). After ethanol precipitation, primer extension of
the hybrids was performed in the presence of [a-*?P]dCTP, nonla-
belled nucleotides, avian myeloblastosis virus reverse transcriptase,
actinomycin C1, and RNasin. For determination of the lengths of the
extended products, sequencing reactions of PCR2 (see Fig. 3) were
performed with the same primer.

J. BACTERIOL.

mology comparisons have also revealed that no or only
partial sequence similarity can be found among the S layers
from D. radiodurans, B. brevis, and A. kivui (6, 24, 25).
The encompassing S layer on an average-size cell has been
estimated to consist of approximately 5 X 10° protein
monomers (32). Synthesis, transport, and assembly of such a
large amount of a single protein require highly efficient
expression and secretion signals, synthetic capacity, and
translocation machinery. The putative expression and secre-
tion signals characterized here from L. brevis show high
sequence similarity within the evolutionarily conserved re-
gions to those of other prokaryotes, especially of gram-
positive organisms. A distinctive feature of the L. brevis
S-layer operon is the presence of two functional RNA
polymerase binding sites, P1 and P2 (Fig. 4 and 5). A similar
multiple and tandem promoter region has been found, among
the S-layer operons, so far only from B. brevis strains (1, 6,
40). In B. brevis 47, there are several promoters upstream of
the cwp (cell wall protein gene) operon, of which the
promoters P2 and P3 play the most important role (1). P2 is
a constitutive promoter, whereas P3 is used only at the
exponential growth phase (1). In L. brevis, both promoters
are used, at least during the exponential phase of growth,
with similar efficiency (Fig. 5B). Whether there is selective
use of these promoters at other growth phases remains to be
seen. Inspection of secretion signals revealed that in L.
brevis, the S-layer protein is transported on the cell surface
by the aid of the putative 30-amino-acid signal peptide (Fig.
4). This is the first signal peptide described for Lactobacillus
species in the literature. The S-layer protein is not released
from the cell surface to culture medium (Fig. 1), indicating
that its synthesis and transport are tightly regulated. In some
other microbes, the transport and assembly of S layer are not
efficiently coordinated, resulting in a partial loss of the
protein to the surrounding medium (32, 33). The regulatory
mechanisms involved in the biosynthesis, transport, and
assembly of this S-layer proteins will be further elucidated.
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