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The cell surfaces of several LactobaciUus species are covered by a regular layer composed of a single species
of protein, the S-protein. The 43-kDa S-protein of the neotype strain Lactobacilus acidophilus ATCC 4356,
which originated from the pharynx of a human, was purified. Antibodies generated against purified S-protein
were used to screen a A library containing chromosomal L. acidophilus ATCC 4356 DNA. Several phages
showing expression of this S-protein in Escherichia coi were isolated. A 4.0-kb DNA fragment of one of those
phages hybridized to a probe derived from an internal tryptic fragment of the S-protein. The sipA gene, coding
for the surface layer protein, was located entirely on the 4.0-kb fragment as shown by deletion analysis. The
nucleotide sequence of the sipA gene was determined and appeared to encode a protein of 444 amino acids. The
first 24 amino acids resembled a putative secretion signal, giving rise to a mature S-protein of 420 amino acids
(44.2 kDa). The predicted isoelectric point of 9.4 is remarkably high for an S-protein but is in agreement with
the data obtained during purification. The expression of the entire S-protein or of large, C-terminally truncated
S-proteins is unstable in E. coli.

Regular structures on the outsides of bacteria have been
found in archaebacteria and in gram-negative and gram-
positive eubacteria and are known as S-layers. Such S-layers
are composed of one (glyco)protein known as S-protein that
has a molecular mass of between 40 and 200 kDa. Surface
layer proteins crystallize into a two-dimensional layer on the
outside of the bacterial cell wall (for reviews, see references
3 and 29). Several reports have appeared in which functions
of S-layers are described or assumed; examples of these
functions are a protective sheath against hostile environmen-
tal agents (21), a cell shape determinant for archeabacteria
(24), and a sheath to mask properties of the underlying cell
wall, such as charge (27) and phage receptors (12).
For bacteria in their natural environment, the presence of

an S-layer must provide a selective advantage because
maintenance of the S-layer requires a large energy input;
S-protein can constitute up to 10% of the total protein of
cells in the exponential growth phase. Under artificial con-
ditions, e.g., when bacteria are cultivated in laboratory
media, S-layer-deficient mutants can outgrow the wild-type
strain (15).
The intestinal tracts of animals and humans are inhabited

by a variety of microorganisms, including species of Lacto-
bacillus. Some Lactobacillus strains can adhere to and form
a layer of bacteria on the epithelial cells of the gastrointes-
tinal tract. Lactobacilli are thought to benefit the host by
exerting adjuvant properties (9). Lactobacillus acidophilus
strains, isolated from humans or animals, which belong to
the DNA homology groups A are reported to possess an
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S-layer, while the strains which belong to the DNA homol-
ogy groups B appear not to have an S-layer (13, 19, 20). The
influence of the S-layer, which covers the underlying cell
wall completely, on the adherence ofLactobacillus strains to
epithelial cells of the intestinal tract is at present unclear.
There are reports that the S-layer ofAeromonas salmonicida
influences the adhesion of these bacteria to the epithelial
cells of the salmon (7). An S-layer-deficient mutant of A.
salmonicida is no longer virulent for salmon (12).
To gain more knowledge about the structure and function

of S-layers and S-proteins of the genus Lactobacillus, we
have started an investigation aimed at the characterization of
S-protein of L. acidophilus ATCC 4356 and of the mode of
expression of this protein. In this paper we describe the
purification of S-protein of L. acidophilus ATCC 4356, the
isolation and nucleotide sequence of the S-protein-encoding
gene, and its expression in Escherichia coli.

MATERIALS AND METHODS

Strains. The neotype strain L. acidophilus ATCC 4356 was
obtained from the American Type Culture Collection and
was cultivated in ILS medium (8) under anaerobic conditions
at 37°C. E. coli JM109 was used for all transformations with
derivatives of pUC19 (35) or pBluescript II SK+ (Strata-
gene) vectors. E. coli NM538 and NM539 were used to grow
wild-type and recombinant A EMBL3 (10), respectively.

Isolation of S-protein. The S-layer protein of L. acido-
philus ATCC 4356 was isolated after inoculation of an
overnight culture into 500 ml of fresh medium and cultivated
until the optical density at 695 nm (OD695) had reached 0.7.
Cells were harvested by centrifugation at 15,000 x g for 15
min at 4°C. The cells were washed twice with 500 ml of
ice-cold water. Cells were resuspended in 10 ml of 4.0 M
guanidine hydrochloride (pH 7.0), kept for 1 h at 37°C, and
centrifuged at 18,000 x g for 15 min. The supernatant was
dialyzed against water at 4°C. The dialyzed material was
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freeze-dried and resuspended in 1.0 ml of 8.0 M urea-50 mM
Tris (pH 7.5) (Q buffer).

Purification of S-protein. S-protein was purified from the
crude cell extract by use of a cation-exchange column
(Econo-Pac S cartridge; Bio-Rad). The crude extract was
loaded onto the column, which had been equilibrated in Q
buffer. S-protein was eluted with a gradient of 0.0 to 1.0 M
NaCl in Q buffer at a flow rate of 2 ml/min. Fractions (5 ml)
containing the S-protein were separately dialyzed against 50
mM Tris (pH 7.5) at 4°C, freeze-dried, dissolved in 50 mM
Tris (pH 7.5), and stored at -20°C until further use.

Antibodies. Female BALB/c mice (12 to 14 weeks old)
were immunized twice with a 4-week interval between
immunizations. Purified S-protein (10 ,ug per dose) solubi-
lized in phosphate-buffered saline (pH 7.2) was administered
in a 200-p,l volume intraperitoneally and was emulsified
(11/9, vol/vol) in Freund complete adjuvant (Difco Labora-
tories) for priming and in Freund incomplete adjuvant (Difco
Laboratories) for a booster immunization. Serum samples
were collected 5 and 7 days after each immunization.
Amino acid analysis. Purified S-protein was hydrolyzed

under HCI vapor at 112°C for 24 h and derivatized with
phenylisothiocyanate for determination of the amino acid
composition. The resulting phenylthiocarbamyl-amino acids
were quantitated at 250 nm by reversed-phase high-perfor-
mance liquid chromatography (HPLC) as previously de-
scribed by Van Noort et al. (31). Tryptic peptide fragments
of purified S-protein were generated by digestion of 200 Fg of
S-protein in 100 pl of 100 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid) (pH 7.4) with 2 ,ug of
trypsin (N-tosyl-L-phenylalanine chloromethyl ketone treat-
ed; Boehringer Mannheim), with incubation at 37°C for 24 h.
The reaction was stopped by addition of acetic acid to 50%
(vol/vol). Preparative reversed-phase HPLC was performed
by using a Superpak PepS column (Pharmacia/LKB) for the
purification of the total tryptic digest. Peptide fragments
were eluted by a linear gradient of 10 to 70% buffer B (70%
aqueous acetonitrile, 0.1% trifluoroacetic acid) in buffer A
(5% aqueous acetronitrile, 0.1% trifluoroacetic acid) during
40 min with a flow rate of 1.0 ml/min. TheA214 of the effluent
was monitored.

N-terminal amino acid sequences of purified S-protein and
of four tryptic peptide fragments of S-protein were deter-
mined with an Applied Biosystems model 470A protein
sequencer on-line equipped with a model 120A phenylthio-
hydantoin analyzer. Analyses were performed at the SON
sequencing facility, State University Leiden.

Isolation of genomic DNA. ILS medium (100 ml) was
inoculated with an overnight culture (5.0 ml) which was then
cultivated to an OD695 of 1.0, centrifuged for 5 min at 4°C
and 3,000 x g, resuspended in 10 ml of 20 mM Tris (pH 8.2),
centrifuged for 15 min at 4°C and 3,000 x g, and resuspended
in 2.5 ml of Tris (pH 8.2). Five milliliters of 24% polyethyl-
ene glycol 20000 and 2.5 ml of lysozyme (Boehringer Mann-
heim) solution (4 mg/ml) were added and mixed, and the
mixture was incubated at 37°C for 60 min. After incubation,
5.0 ml of 0.2 M Na2EDTA was added and mixed, and the
mixture was centrifuged at 4°C and 3,000 x g for 15 min. The
cells were resuspended in 10 ml of 20.0 mM Tris (pH 8.2) and
lysed by addition of 1.5 ml of 9% Sarkosyl and 3.0 ml of 5.0
M NaCl. Chromosomal DNA (1.7 mg) was prepared from
the lysate by ethanol precipitation, repeated phenol extrac-
tions, and RNase and proteinase K treatments as described
by Lokman et al. (17).

Immunological detection of S-protein. The X library of the
genome of L. acidophilus ATCC 4356 was screened as

described by Sambrook et al. (25) by using anti-SP(LA4356)
as the first antiserum and anti-mouse immunoglobulin G-al-
kaline phosphatase conjugate (Promega) (0.2 ,ug/ml) as a
second antiserum. Isolated recombinant phages were re-
screened until a pure phage was obtained. S-protein of L.
acidophilus ATCC 4356 or S-protein expressed in recombi-
nant E. coli strains was detected by Western blotting (im-
munoblotting) with the same procedure.

Cloning procedures. Chromosomal DNA of L. acidophilus
ATCC 4356 was partially digested with restriction endonu-
clease Sau3AI and separated on a 0.8% (wt/vol) low-melting-
point agarose gel. Chromosomal DNA of 9 to 23 kb was
recovered from the gel after 3-agarase I (New England
Biolabs) treatment according to the manufacturer's instruc-
tions and was ligated in A EMBL3 which was previously
digested with the restriction endonucleases BamHI and
EcoRI (10). The molar ligation ratio of A EMBL3 arms to the
chromosomal DNA fragment was 2:1 to minimize the chance
of two chromosomal DNA fragments in one recombinant
phage. The Gigapack II gold packaging kit (Stratagene) was
used for in vitro packaging of recombinant phage DNA,
yielding 5.0 x 105 recombinant phages. The 4.0-kb HindIII-
SalI fragment of phage SP-IV (see Fig. 2) was ligated in
pUC19 and pBluescript, which were previously digested
with the restriction endonucleases HindIII and Sall and
precipitated with isopropanol to remove the short linker
fragment, yielding pBK-1 and pBK-2, respectively. pBK-1
and -2 were used to construct a subset of overlapping
deletion clones by using the Erase-a-Base kit (Promega).
pBK-1 was cut with restriction endonucleases KIpnl and
XbaI; pBK-2 was cut with restriction endonucleases SstI
and HindIII (see Fig. 5). Religated deletion plasmids were
transferred by electroporation to competent E. coli cells.
Deletion plasmids from transformants were screened for
length, as determined by agarose gel electrophoresis, and for
the presence of the restriction endonuclease sites.

Southern blotting. Southern blotting of digested phage
SP-IV DNA was performed essentially as described by
Southern (30), with 33°C as the hybridization temperature
and 6x SSC-0.1% sodium dodecyl sulfate (SDS) (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate) as the washing
buffer (25). Probe 3-c (5'-TGG CAA TAC GCT TAC TGA-
3') was designed according to the amino acid sequence
SVSVLP and appeared to match the DNA sequence of the
slpA gene exactly (see the underlined sequence in Fig. 6).

Nudeotide sequence analysis. Nucleotide sequencing was
performed by the dideoxy chain termination method of
Sanger et al. (26), partially by using a 373a DNA sequencer
(Applied Biosystems) with a dye terminator kit and partially
by using an S2 Bio-Rad gel electrophoresis system with the
T7 DNA polymerase sequencing system (Promega) and
[a-35SJdATP (Amersham). The M13 universal and reverse
primers (Boehringer Mannheim) and sequence-specific prim-
ers were used for the sequence reactions.

Nucleotide sequence accession number. The EMBL data
library accession number of the DNA fragment shown in
Fig. 6, which contains the slpA gene ofL. acidophilus ATCC
4356, is X71412.

RESULTS

Purification of S-protein. Surface proteins of L. acido-
philus ATCC 4356 were extracted by treatment of whole
cells with 4 M guanidine hydrochloride. When this extract
was analyzed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), one dominant band of 43 kDa (which is known
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FIG. 1. Purification of the S-protein of L. acidophilus ATCC
4356. (a) Surface proteins of L. acidophilus ATCC 4356 were
extracted as described in Materials and Methods. S-protein was

purified from the extract with a cation-exchange column, which was
eluted with a gradient of 0.0 to 1.0 M NaCl in Q buffer. The A278 of
the different fractions was measured. The A278 for fractions 5 to 38
was multiplied by 5. The A278 of S-protein is rather low, as this
protein contains no tryptophan (see Fig. 6). (b) SDS-PAGE gel (10 to
15% polyacrylamide) of fractions from the cation-exchange column,
which were dialyzed against 50 mM Tris (pH 7.5). The amount of
protein loaded in each lane was 0.1% of the amount of protein in the
corresponding column fraction. The gel was stained with Coomassie
blue. M, protein markers (Pharmacia); S, starting material. Lane
numbers correspond to fraction numbers in panel a.

as the S-protein [20]) and a few faint bands were visible (Fig.
lb, lane S). The S-protein was purified by use of a cation-
exchange column to homogeneity as shown by Coomassie
blue staining (Fig. 1). The amino acid composition was
determined; it closely resembles the amino acid composition
of the S-protein of L. acidophilus ATCC 4357 (20) (Table 1).
Highly purified S-protein of L. acidophilus ATCC 4356 was
used to raise antibodies in mice as described in Materials and
Methods. Purified S-protein was also used for determination
of the N-terminal amino acid sequences of the whole protein
and of tryptic fragments of the protein (see below).

Cloning of the sipA gene. Chromosomal DNA of L. acido-
philus ATCC 4356 was used to make a library in A EMBL3.
Recombinant phages (5.0 x 104) were plated and screened
with antiserum against S-protein, which yielded approxi-
mately 60 positive recombinant phages. Several phages were
isolated and rescreened until pure phages were obtained.
DNA was isolated from four phages (phages SP-I to SP-IV)

TABLE 1. Amino acid compositions of S-proteins of
L. acidophilus strains

mol% in:

Amino acid L. acidophilus L. acidophilus ATCC 4356
ATCC 4357
(determined)a Determinedb Deducedc

Asp 4.76
Asn 12.14
Asx 16.4 17.27
Glu 1.90
Gln 1.90
Glx 5.2 4.19
Ser 6.7 8.05 7.86
Thr 10.8 12.16 12.86
Gly 6.4 6.27 5.48
Pro 2.2 2.19 1.90
Ala 13.3 13.01 13.33
Val 10.7 11.52 12.38
Cys 0.2 __d 0.00
Met 0.5 0.10 0.24
Ile 3.7 3.68 3.57
Leu 3.9 3.32 3.10
Tyr 6.2 3.93 5.48
Phe 2.3 2.62 2.14
Trp 0.00
His 0.9 0.77 0.71
Lys 8.8 9.10 8.57
Arg 1.8 1.80 1.67

a From reference 20.
b As described in Materials and Methods.
c Predicted mature S-protein as deduced from the DNA sequence of the

stpA gene (Fig. 6).
d _, not determined.

which remained positive after successive rescreening. The
insert length of L. acidophilus ATCC 4356 chromosomal
DNA in those four recombinant phages varies from 13.6 to
15.5 kb. The orientations of the inserts are the same, and
they all contain the same 12.1-kb fragment (Fig. 2). The
DNA of phage SP-IV was digested with restriction endonu-
clease Sall or HindIII and with a combination of both
enzymes. A Southern blot of this DNA with a probe derived
from a tryptic fragment of the S-protein is shown in Fig. 3.
The 4.0-kb HindIII-SalI fragment, which gave a positive
signal in the Southern blot, was ligated in pUC19 and
pBluescript, yielding pBK-1 and pBK-2, respectively. Pro-
tein samples obtained from recombinant E. coli strains
containing these plasmids were separated by SDS-PAGE. A
protein with a molecular weight slightly higher than that of
S-protein from L. acidophilus ATCC 4356 was observed in a
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FIG. 2. DNA map of phage SP-IV. The black bar represents the
12.1-kb DNA fragment of L. acidophilus ATCC 4356, which was

present in the same orientation in all four phages (phages SP-I to
-IV). XR and XL represent the right and left arms of A EMBL3,
respectively. The open and stippled boxes represent DNA originat-
ing from L. acidophilus ATCC 4356. The stippled box represents
DNA which gave a positive signal in a Southern blot with probe 3-c
(see Fig. 3) and which was subcloned to yield plasmids pBK-1 and
pBK-2.
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FIG. 3. DNA of phage SP-IV was digested with different restric-
tion endonucleases, separated on a 1% agarose gel and transferred
to nitrocellulose. Lanes 1 to 3, agarose gels with corresponding
autoradiograms of Southern blots which were incubated with
[-y-32P]dATP-labelled probe 3-c. Lane M, marker DNA (wild-type
digested with restriction endonuclease BstEII). Phage SP-IV was
digested with HindIlI (lane 1), SalI (lane 2), or HindIII and SalI
(lane 3).

Western blot using anti-SP(LA4356) serum (compare lane 1
with lanes 2 and 3 of Fig. 4). Recombinant E. coli strains
containing plasmid pBK-1 or -2 have a reduced growth rate
(data not shown). The expression of S-protein by these
recombinant E. coli cultures was frequently lost, indicating
that these plasmids have a reduced stability.

Sequence analysis. Plasmids pBK-1 and -2 were used to
create a set of overlapping clones by using the Erase-A-Base
kit from Promega. By creating such a set, we could use
universal oligonucleotides for sequence analysis. We suc-
ceeded only partially in creating an overlapping deletion set
(Fig. 5). Protein samples from E. coli strains which contain
deletion plasmids originating from pBK-1 were analyzed by
SDS-PAGE followed by Western blotting with antiserum
against S-protein of L. acidophilus ATCC 4356. Proteins of
decreasing molecular weight were detected as the deleted
DNA was increased (Fig. 4). By using this data, the position
and orientation of the gene for the S-protein on plasmid
pBK-1 could be deduced (Fig. 5).
The complete gene for the S-protein of L. acidophilus

ATCC 4356, designated sipA, was sequenced in both direc-
tions, partially by using deletion plasmids and partially by
using sequence-specific oligonucleotides when no deletion
plasmids could be used (Fig. 5). The sequence revealed one
large open reading frame (ORF), which consists of 1,332
nucleotides. A putative ribosome binding site, AGGAGG, is
located 9 bases upstream of the ATG start codon of this
ORF. The ORF ends with two adjacent stop codons
(TAATAA) (Fig. 6). All of the more than 50 known Lacto-
bacillus genes end with one stop codon, except for the
S-protein genes of L. acidophilus ATCC 4356 and Lactoba-
cillus brevis ATCC 8287 (32), both of which end with two
stop codons (TAATAA). Having two adjacent stop codons
may provide a stronger stop signal, necessary to diminish
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FIG. 4. Western blot of SDS-PAGE gel (12.5%, homogeneous)
with protein samples from L. acidophilus ATCC 4356 and recombi-
nant E. coli cultures. Lanes: M, prestained protein markers (Strat-
agene); 1, L. acidophilus ATCC 4356; 2 to 8, E. coli containing
plasmids pBK-1, -2, -11, -12, -13, -14, and -15, respectively. Over-
night cultures were spun down and resuspended in water (L.
acidophilus) or 10 mM Tris (pH 7.8)-0.1 mM EDTA-0.1 mM
dithiothreitol (E. coli). Cultures were diluted (1:1) with 2x sample
buffer (25), kept at 95°C for 5 min, and loaded on the gel. Total cell
protein from a 3.75-,ul E. coli cell culture (OD695 = 1.0, 1-cm path
length), or an equivalent amount when the OD695 was different, was
loaded in each lane. The Western blot was developed as described in
Materials and Methods, using anti-SP(LA4356) serum.

readthrough of these probably very efficiently transcribed
genes. A Rho-independent transcription terminator (AG,
-16.3 kcal [ca. -68.2 kJ]/mol) is found 25 bp downstream of
these two stop codons by the method of Brendel and
Trifonov (5). The stem of the hairpin consists of seven AU
pairs, five GC pairs, and two GU pairs. The loop of the
hairpin consists of four unpaired bases. The hairpin is
followed by an AU-rich region.
The surface layer protein. The determination of the N-ter-

minal amino acid sequence of the mature protein gave no
positive result. Treatment of purified S-protein with trypsin
generated several peptide fragments which were separated
by reversed-phase HPLC. The N-terminal amino acid se-
quences of four purified peptides were determined; results
for two peptide fragments gave unique sequences, which
fully agree with parts of the amino acid sequence as deduced
from the nucleotide sequence analysis of the slpA gene (Fig.
6, underlined sequences).
As deduced from the nucleotide sequence, the protein

encoded by the slpA gene has in its N-terminal part a
characteristic prokaryotic signal sequence, consisting of
positively charged region (M-K-K-N-L-R) followed by a
hydrophobic region of 13 amino acids (which is predicted to
fold into an a-helix [6]) which ends with a proline. By the
method of Von Heijne (33), the cleavage of the signal
sequence is predicted to occur five amino acids after this
proline (i.e., after serine 24). From this prediction, the
mature S-protein consists of 420 amino acids, yielding a
protein of 44.2 kDa, which is in good agreement with the
molecular mass of 43 kDa estimated by SDS-PAGE (Fig. 1).
The protein has a charge of +15, which yields an isoelectric
point of 9.40 as predicted by computer analysis (MacVec-
tor). The amino acid compositions determined by amino acid
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slpA gene
(1 332 bp)
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FIG. 5. Strategy for nucleotide sequence determination of the slpA gene of L. acidophilus ATCC 4356. The stippled box represents the
same HindIII-SalI DNA fragment as the stippled box in Fig. 2. The black box represents the 1,332-bp open reading frame of the slpA gene
(see Fig. 6 for sequence), and the open arrow indicates the transcription direction. Arrowheads within lines indicate nucleotides determined
with universal primers and deletion plasmids; arrows indicate nucleotides determined with sequence-specific primers and pBK-1 as the
template.

analysis and predicted by the DNA sequence are given in
Table 1.

DISCUSSION

Although the primary sequences of S-proteins are known
for only a few bacteria, S-proteins display some common
characteristic features. The hydrophobic amino acid content
of these proteins is high (in most cases up to 45%), the
hydroxy amino acid content is in most cases higher than
15%, and sulfur-containing amino acids are very rare or
absent. For a long time it was believed that S-proteins are
acidic proteins (11, 14, 23, 28), but a positively charged
45-kDa S-protein of L. brevis ATCC 8287 has recently been
described (32). This 45-kDa S-protein has an isoelectric point
of 9.37 (predicted with MacVector). In this article we
describe the positively charged S-protein of L. acidophilus
ATCC 4356, which has a predicted isoelectric point of 9.40.
The high isoelectric point is in agreement with the data we
obtained during purification of the S-protein of L. acido-
philus ATCC 4356. The protein binds to a cation-exchange
column at pH 7.5 when solubilized in 8 M urea-50 mM Tris.
The S-proteins of L. brevis ATCC 8287 and L. acidophilus
ATCC 4356 are the only Lactobacillus S-proteins for which
the DNA sequence is currently known. Whether other
Lactobacillus strains or strains from other genera harbor a
positively charged S-protein needs to be established. A fast
and convenient method for purifying a positively charged
S-protein is described in Materials and Methods.
A genomic library of DNA of L. acidophilus ATCC 4356

was made in A EMBL3. S-protein-encoding fragments could
be subcloned on multicopy plasmids. The presence of the
slpA gene on recombinant phages or plasmids could be
assessed by immunoscreening using anti-SP(LA4356) serum.
A protein of the expected size was observed, indicating that
the entire sipA gene had been cloned. The promoter of the
slpA gene must be active in E. coli, as no promoter is present
for the transcription of inserted DNA in A EMBL3 and no
induction of the lac promoter with isopropyl-3-D-thiogalac-
topyranoside (IPTG) was used in pBK-1 and -2. Derivatives
of pBK-1 containing deletions of increasing size expressed
truncated S-proteins of decreasing size, suggesting that the
deletions went from the C-terminal end towards the N-ter-

minal end of S-protein. This result was confirmed by nucle-
otide sequence analysis.
For DNA sequence analysis a set of overlapping clones

was constructed. The preparation of this set of clones
succeeded only partially. The earlier time points of the
exonuclease reaction of plasmid pBK-1 yielded mainly plas-
mids containing small deletions, as was revealed by agarose
gel electrophoresis (data not shown). After religation and
electroporation of competent E. coli cells, transformants
containing plasmids with only larger deletions were ob-
tained. At later time points the sizes of the plasmids isolated
from E. coli transformants corresponded to those of the
plasmid DNA molecules after exonuclease treatment. Trans-
formants which gave a positive signal in an immunoscreen-
ing appeared to have a plasmid encoding a truncated S-pro-
tein of approximately 25 kDa or less, as was concluded from
a Western blot containing protein samples from those trans-
formants. Since nucleotides are removed from the S-protein-
encoding strand in the 3'-to-5' direction in pBK-1, the
truncated proteins represent the N-terminal part of the
S-protein. Apparently, E. coli transformants containing plas-
mids with larger deletions, leading to the expression of
truncated S-protein smaller than 25 kDa, are preferentially
found if the ligation mixture contains deletion plasmids of
different sizes. A similar phenomenon was observed with the
deletion clones made from plasmid pBK-2. In this plasmid
the S-protein-encoding strand is degraded in the 5'-to-3'
direction. The smallest deletion plasmids that could be
recovered from E. coli transformants contained a deletion
which extended into the N-terminal region of S-protein. The
selection against deletion plasmids which code for large
(>25-kDa) S-protein or the entire (pre-)S-protein is probably
a result of the expression of those (pre-)S-proteins in E. coli
transformants.

In several studies involving the cloning of S-protein genes
from different bacterial species, structural instability or even
inviability of E. coli transformants with S-protein genes has
been observed (these species include Acetogenium kivui
DSM 2030 [22], A. salmonicida [2], Bacillus brevis 47 [34],
Bacillus sphaenicus 2362 [4], Halobacterium halobium [16],
and L. brevis ATCC 8287 [32]). An explanation for the
difficulties in cloning DNA encoding (pre-)S-proteins in E.
coli on multicopy plasmids might involve the efficiency with
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RBS 30 45 60 75 90 105 120
TTTATATTTCAAGGA GGAAAAGACCACATG AAGAAAAATTTAAGA ATCGTTAGCGCTGCT GCTGCTGCTTTACTT GCTGTTGCTCCAGTT GCTGCTTCTGCTGTA TCTACTGTTAGCGCT

M K K N L R I V S A A A A A L L A V A P V A A SIA V S T V S A

135 150 165 180 195 210 225 240
GCTACTACTATTAAC GCAAGTTCATCAGCA ATCAATACCAACACT AATGCTAAGTACGAT GTTGATGTAACTCCT AGTGTTTCTGCAGTT GCTGCAAATACTGCT AACAACACTCCAGCT
A T T I N A S S S A I N TNT N A K Y D V D V T P S V S A V A A N T A N N T P A

255 270 285 300 315 330 345 360

ATTGCCGGTAACCTT ACTGGTACTATTTCA GCAAGTTACAATGGT AAGACTTATACTGCT AACTTAAAGGCAGAT ACTGAAAATGCCACT ATTACTGCTGCTGGT AGCACTACTGCCGTT
I A G N L T G T I S A S Y N G K T Y T A N L K A D T E N A T I T A A G S T T A V

375 390 405 420 435 450 465 480

AAACCTGCTGAATTA GCTGCAGGTGTGGCT TACACTGTAACTGTT AACGATGTTTCATTT AACTTCGGTTCAGAA AATGCAGGTAAGACT GTTACCCTTGGTTCA GCTAACTCAAATGTA
K P A E L A A G V A Y T V T V N D V S F N F G S E N A G K T V T L G S A N S N V

495 510 525 540 555 570 585 600

AAATTCACCGGTACA AACAGTGATAATCAA ACTGAAACTAATGTT TCTACTTTGAAAGTT AAGTTAGACCAAAAC GGTGTTGCTTCACTT ACTAATGTTTCAATT GCAAACGTATACGCA
K F T G T N S D N Q T E T N V S T L K V K L D Q N G V A S L T N V S I A N V Y A

615 630 645 660 675 690 705 720

ATTAACACTACTGAT AACAGTAACGTAAAC TTCTACGACGTAACT AGTGGTGCTACTGTA ACTAACGGTGCCGTT TCAGTTAATGCTGAT AACCAAGGTCAAGTT AATGTTGCAAACGTA
I N T T D N S N V N F Y D V T S G A T V T N G A V S V N A D N Q G Q V N V A N V

735 750 765 780 795 810 825 840

GTTGCAGCAATTAAT TCAAAATACTTTGCA GCACAATACGCAGAT AAGAAGTTAAATACT CGTACTGCTAATACT GAAGATGCTATTAAG GCAGCCTTAAAGGAC CAAAAGATTGATGTA
V A A I N S K Y F A A Q Y A D K K L N T R T A N T E D A I K A A L K D Q K I D V

855 870 885 900 915 930 945 960

AACTCAGTAGGTTAC TTCAAAGCACCTCAT ACTTTCACTGTTAAC GTTAAAGCAACTTCA AATACTAATGGTAAG TCAGCTACTTTGCCA GTAGTTGTTACTGTT CCTAATGTTGC1TGAG
N S V G Y F K A P H T F T V N V K A T S N T N G K S A T L P V V V T V P N V A E

975 990 1005 1020 1035 1050 1065 1080

CCAACTGTAGCCAGC GTAAGCAAGAGAATT ATGCACAACGCATAC TACTACGACAAGGAC GCTAAGCGTGTTGGT ACTGACAGCGTTAAG CGTTACAACTCAGTA AGCGTATTGCCAAAC
P T V- A S V S K R I M H N A Y Y Y D K D A K R V G T D S V K R Y N S V S V L P N

3-c
1095 1110 1125 1140 1155 1170 1185 1200

ACTACTACTATCAAC GGTAAGACTTACTAC CAAGTAGTTGAAAAC GGTAAGGCTGTTGAC AAGTACATCAACGCT GCAAACATCGATGGT ACTAAGCGTACTTTG AAGCACAACGCTTAC
T T T I N G K T Y Y Q V V E N G K A V D K Y I N A A N I D G T K R T L K H N A Y

1215 1230 1245 1260 1275 1290 1305 1320

GTTTACGCATCATCA AAGAAGCGTGCTAAC AAGGTTGTATTGAAG AAGGGTGAAGTTGTA ACTACTTACGGTGCT TCATACACATTCAAG AACGGCCAAAAGTAC TACAAGATCGGTGAC
V Y A S S K K R A N K V V L K K G E V V T T Y G A S Y T F K N G Q K Y Y K I G D>

1335 1350 1365 1380 1395 1410 1425 1440

AACACTGACAAGACT TACGTTAAGGTTGCA AACTTTAGATAATAA GTCGTAGCACTAACG CTAACAAAATGAAAA AGGCGACAOGTTCTGTC T G7=TAAATNTTAT
N T D K T Y V K V A N FR - -

1455 1470 1485
TTCACTTCTAAACAT ACAGTTCTAATAGGA TCTTCTGATACTTCG

FIG. 6. DNA sequence of the slpA gene of L. acidophilus ATCC 4356 and deduced amino acid sequence. The N-terminal amino acid
sequences of two tryptic peptides are underlined, and the ribosome binding site (RBS) is indicated. The predicted cleavage site after Ser-24
is indicated with a vertical arrow. Horizontal arrows indicate an inverted repeat.

which these proteins are normally produced. Efficient pro-
duction of such S-proteins in E. coli, if not accompanied by
correspondingly efficient processing (including degradation)
or secretion, might result in a reduced growth rate or even in
lethality.
The S-protein of L. acidophilus ATCC 4356 expressed in

E. coli carrying pBK-1 or -2 is slightly larger than the native
S-protein of L. acidophilus ATCC 4356 (Fig. 4). This differ-
ence in molecular mass might be due to a lack of or incorrect
cleavage of pre-S-protein in E. coli. The predicted leader has
a molecular mass of 2.3 kDa, which means that a protein of
46.6 kDa would result if cleavage of the pre-S-protein did not
occur. The truncated (pre-)S-proteins which are encoded by
deletion plasmids pBK-11 to -13 are less stable than the
entire (pre-)S-protein in E. coli. This can be concluded from
Fig. 4, since hardly any degradation products can be found in
the cases of pBK-1 and -2 but degradation products are
abundant in the cases of pBK-11 to -13. A less stable protein

may be less deleterious for E. coli, thus providing a selective
advantage for E. coli transformants containing larger dele-
tions, as was observed. Although a small N-terminal part (85
amino acids) of the (pre-)S-protein is encoded by pBK-14
and is likely to be expressed by the E. coli transformant
containing this plasmid, no polypeptide or degradation prod-
uct could be found in a Western blot using anti-SP(LA4356)
serum (Fig. 4). Whether the absence of a positive signal is
due to rapid degradation of this small polypeptide or whether
this small polypeptide is not recognized by the polyclonal
anti-SP(LA4356) serum is at present unclear.
The first 23 amino acids of the S-protein of Lactobacillus

helveticus ATCC 12046 have been determined (18) and
appear to be nearly identical to those of L. acidophilus
ATCC 4356 (Fig. 7). Homology searches comparing the
S-protein of L. acidophilus ATCC 4356 with a protein library
(SWISSPROT) revealed similarities over the entire 420
amino acids with the 125-kDa S-protein (42.5%) and a
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1 31

(LA) AVSTVSAATTINASSSAINTNTNAKYDVDVT

IlI .I I I 1I 1I 1I I1
(LH) ATTINAD-SAINANTNAKYDVDVT

1 23

FIG. 7. N-terminal amino acid sequences of S-proteins of L.
acidophilus ATCC 4356 (LA) and L. helveticus ATCC 12046 (LH).
The N-terminal sequence of the mature S-protein of L. acidophilus
ATCC 4356 was predicted by the method of Von Heijne (33) from
the DNA sequence of the slpA gene as presented in Fig. 6. The
N-terminal sequence of the S-protein of L. helveticus ATCC 12046
is based on N-terminal amino acid analysis (23 amino acids) and was
published by Lortal et al. (18). Numbers indicate the amino acid
residue numbers, counted from the N-terminal side. Vertical lines
indicate identical amino acids, dots indicate conserved replace-
ments, and the horizontal line indicates a gap.

cryptic 80-kDa S-protein (38.3%) of B. sphaericus 2362 (4)
and with the S-protein of L. brevis ATCC 8287 (35.7%) (32).
The similarity between the S-proteins of L. acidophilus
ATCC 4356 and L. helveticus ATCC 12046 is probably much
greater, as the N termini of these S-proteins are nearly
identical. We are currently screening several Lactobacillus
species with the anti-SP(LA4356) serum to see whether
related Lactobacillus species possess related S-proteins.
S-proteins are expressed at a high level. For B. brevis 47 it
was shown that three promoters probably are used for the
production of S-protein mRNA. These promoters are used at
different efficiencies during different growth phases (1, 34).
We are presently elucidating the DNA sequence upstream of
the slpA gene of L. acidophilus ATCC 4356. Further studies
will be aimed at determination of the transcription initiation
site(s) and control of gene expression during different growth
phases.
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