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So far, the inability to establish viable Lactobacillus surface layer (S-layer) null mutants has hampered the
biotechnological applications of Lactobacillus S-layers. In this study, we demonstrate the utilization of Lacto-
bacillus brevis S-layer subunits (SIpA) for the surface display of foreign antigenic epitopes. With an inducible
expression system, L. brevis strains producing chimeric S-layers were obtained after testing of four insertion
sites in the sipA gene for poliovirus epitope VP1, that comprises 10 amino acids. The epitope insertion site
allowing the best surface expression was used for the construction of an integration vector carrying the gene
region encoding the c-Myc epitopes from the human c-myc proto-oncogene, which is composed of 11 amino
acids. A gene replacement system was optimized for L. brevis and used for the replacement of the wild-type sip4
gene with the slpA—c-myc construct. A uniform S-layer, displaying on its surface the desired antigen in all of
the S-layer protein subunits, was obtained. The success of the gene replacement and expression of the uniform
SIpA-c-Myc recombinant S-layer was confirmed by PCR, Southern blotting MALDI-TOF mass spectrometry,
whole-cell enzyme-linked immunosorbent assay, and immunofluorescence microscopy. Furthermore, the in-
tegrity of the recombinant S-layer was studied by electron microscopy, which indicated that the S-layer lattice
structure was not affected by the presence of c-Myc epitopes. To our knowledge, this is the first successful
expression of foreign epitopes in every S-layer subunit of a Lactobacillus S-layer while still maintaining the

S-layer lattice structure.

Many organisms from the domains Bacteria and Archaea
possess a surface layer (S-layer) as the outermost structure of
the cell envelope. S-layers are composed of regularly arranged
proteinaceous subunits of a single protein or glycoprotein spe-
cies with molecular masses ranging from 40 to 170 kDa (43,
48). S-layer proteins represent 10 to 15% of the total protein of
the bacterial cell, and S-layer lattices cover the cell surface
during all stages of growth, which indicates that efficient gene
expression, S-layer protein synthesis, and secretion take place
(4). A high content of hydrophobic and acidic amino acids and
a low theoretical isoelectric point (pI) are typical features of
S-layer proteins (48). In contrast, very high pI values have been
described for the S-layer proteins from various lactobacilli (4,
54) and Methanothermus fervidus (6). In general, S-layers have
been considered to function as cell shape determinants, pro-
tective coats, promoters for cell adhesion and surface recogni-
tion, and molecular and ion traps; however, no general func-
tion found in all S-layers has been recognized (47, 48).

S-layers have been found from many species of the genus
Lactobacillus (31, 56). However, the S-layer protein genes have
been cloned and sequenced only from Lactobacillus brevis
ATCC 8287 (54) and from the closely related species L. aci-
dophilus (3), L. helveticus (8), and L. crispatus (46). The mo-
lecular masses of Lactobacillus S-layer proteins are among the
smallest (43 to 46 kDa) known for the S-layer proteins, and in
the L. acidophilus group they have sequence similarity mainly
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in the C-terminal part of the proteins. A highly conserved
domain was recently shown to mediate the binding of the
S-layer protein subunits to the cell wall in the C-terminal part
of the L. acidophilus group S-layer proteins (49). However, in
L. brevis strains, the C-terminal part of the S-layer protein is
highly heterogenous and lacks a common cell wall anchoring
domain (A. Palva et al., unpublished results). The S-layer pro-
tein gene (slpA) of L. brevis ATCC 8287 (54) is expressed by
two active adjacent slpA promoters (17), and its expression and
secretion signals direct high-level heterologous protein secre-
tion and intracellular protein production in various Lactococ-
cus and Lactobacillus hosts (18, 44). This L. brevis strain also
strongly adheres to several human epithelial cell types and
fibronectin via a receptor-binding site that is located at the N-
terminal region of the slpA gene product (16). Adherence of L.
brevis ATCC 8287 has also been demonstrated to pig intestinal
epithelial cells (M. Jakava-Viljanen et al., unpublished results).

Lactic acid bacteria (LAB), especially lactococci and lacto-
bacilli, are currently being developed as antigen delivery vehi-
cles (36, 37, 45). Delivery of antigens to mucosal surfaces by
LAB has been considered to offer a safer alternative to live
attenuated pathogens such as Salmonella, Mycobacterium, Bor-
detella, and Vibrio, which have been widely studied as putative
vaccine vectors (7, 32, 40, 51). Lactobacilli have several prop-
erties that make them attractive candidates for mucosal vac-
cine delivery vehicles. Due to their long history of use in dairy
and other food fermentations, lactobacilli can be generally
recognized as safe. Furthermore, many Lactobacillus strains
possess intrinsic adjuvanticity (28, 33) and health-promoting,
i.e., probiotic properties (53). The main advantages of lacto-
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TABLE 1. Strains and plasmids used in this study
Strain or plasmid Relevant characteristics Source or
reference
Strains
L. brevis ATCC 8287 (GRL1) ATCC
L. lactis MG1363 Plasmid-free derivative of NCDO 712, Lac™ 12
L. lactis NZ9000 pepN::nisR nisK 9
L. lactis LL108 RepA* MG1363, Cm', carrying multiple copies of the pWVO01 repA gene in the 25
random chromosomal fragment A
L. brevis GRL1045 Em" Cm®, derivative of GRL1 with the c-Myc epitope insert in the genomic slpA This study
and unintegrated pKTHS115
L. brevis GRL1046 Em" Cm®, derivative of GRL1 with the c-Myc epitope insert in the genomic slpA This study
Plasmids
pLET1 Cm" Km", lactococcal expression vector with T7 RNA polymerase promoter 55
pKTH 2151 Cm" Km', pLET1 derivative carrying the L. brevis slpA gene This study
pKTH2152 Cm" Km", pKTH 2151 derivative; slpA fused with a poliovirus VP1 epitope This study
insert in insertion site I
pNZ8032 Cm", pNZ8008 derivative carrying the gusA gene translationally fused to the 10
nisA promoter (P, )
pNZ9530 Em’, nisRK cloned in pIL252, expression of nisRK driven by rep readthrough 19
pKTHS5006 Cm', pNZ8032 derivative carrying the slpA4 gene under P, ,; the VP1 epitope This study
encoding nucleotides in sipA insertion site I
pKTHS5007 Cm', as pKTHS5006, the VP1 insert in s/pA insertion site 11 This study
pKTHS5008 Cm", as pKTH5006, the VP1 insert in sipA insertion site 111 This study
pKTHS5063 Cm', as pKTHS5006, the VP1 insert in slpA insertion site IV This study
pKTH5074 Cm", as pNZ8032 derivative carrying the slpA gene under P, ,; sipA fused with This study
c-Myc epitope encoding nucleotides in slpA insertion site 11
pVE6007 Cm’, ts derivative of pWVO01 29
pORI280 Em’, lacZ™ ori™ derivative of pWVO01, replicates only in strains providing RepA 25
in trans
pKTHS5115 Em", pORI280 derivative with sipA lacking its promoters, RBS, and This study

transcription terminator and carrying the c-Myc

“ Cm', resistance to chloramphenicol; Km?, resistance to kanamycin; Em’, resistance to erythromycin; ATCC, American Type Culture Collection.

cocci as vaccine vectors include their food grade status and
their use as well-developed genetic tools. With lactococci
and lactobacilli, different cellular locations have been tested
for antigen production (34, 37). A very large number of
surface layer protein subunits present in an S-layer and the
possibility to detach the S-layer from the cell to a cell-free
self-assembling S-layer protomer would make the use of a
Lactobacillus S-layer a very interesting alternative to surface
display antigens in LAB. In addition to the well-character-
ized S-layer protein of L. brevis ATCC 8287, this strain is a
promising host candidate for use as a live mucosal antigen
delivery vehicle because it possesses several properties re-
quired from a probiotic bacterium. These L. brevis traits
include tolerance to low pH, bile acids, and pancreatic fluid
in vitro and survival in the gastrointestinal tract in vivo (38),
antimicrobial activity against some pathogens (20, 38) and
ability to adhere to several types of human intestinal epi-
thelial cells (16).

In this study, we describe the successful expression of two
different model epitopes from two insertion sites of the L.
brevis slpA gene. With a nisin-inducible plasmid system, a chi-
meric S-layer was produced in which only a minor portion of
the S-layer protein subunits carried the epitope. By using the
thermosensitive (ts) plasmids pVE6007 and pKTHS5115, a
pORI280 derivative, a stable integrant strain was formed which
produced a uniform S-layer with all the S-layer protein sub-
units expressing the c-Myc epitope on their surface.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains and plasmids
used in this study are listed in Table 1. Lactobacillus strains were grown at 37°C
in MRS broth (Difco, Detroit, Mich), and Lactococcus lactis strains were grown
at 30°C in M17 (Difco) containing 0.5% (wt/vol) glucose. Escherichia coli strains
were cultivated in Luria- Bertani medium at 37°C under aeration. When appro-
priate, media were supplemented with the following antibiotics: chlorampheni-
col, 10 wg/ml (for L. lactis) or 7.5 pg/ml (for L. brevis); erythromycin, 7.5 pg/ml
(for L. brevis); ampicillin, 100 pg/ml (for E. coli). Plasmid pNZ9530 is a low-
copy-number expression vector carrying the regulatory genes nisR and nisK
required for nisin-induced transcription from P, , (19). The optimal nisin con-
centration for pNZ9530 was determined to be 10 ng/ml.

DNA modifications and transformation. Routine molecular biology tech-
niques were performed essentially as described previously (41). Plasmid DNA
was isolated from L. lactis and L. brevis by using the QIAfilter Plasmid Midi Kit
(Qiagen GmbH, Hilden, Germany) and 8 mg of lysozyme per ml and from E. coli
by using the Wizard Minipreps kit (Promega, Madison, Wis.). DNA restriction
enzymes and modification enzymes were used as recommended by the manufac-
turers (Promega; New England Biolabs Inc., Beverly, Mass.). Transformation of
L. lactis was done by the method of Holo and Nes (14), and transformation of
L. brevis was done essentially as described by Bhowmik and Steele (1).

Oligonucleotides and DNA sequencing. The oligonucleotides used in this study
are listed in Table 2. They were purchased from the oligonucleotide synthesis
service of MedProbe (Norway) or from MWG-Biotech AG (Germany). Nucle-
otide sequencing was performed by the dideoxy chain termination method of
Sanger et al. (42) by using an ABI Prism 310 Genetic Analyzer (Applied Bio-
systems, Foster City, Calif.) with the ABI Prism BigDye Terminators v3.0 cycle-
sequencing kit (Applied Biosystems).

Plasmid constructions. Four putative epitope insertion sites in the slp4 gene
of L. brevis ATCC 8287 (designated L. brevis GRLI below) were chosen on the
basis of the hydrophilicity profile of the SIpA protein analyzed by the PC-Gene
program Antigen (Genofit, Geneva, Switzerland). A DNA fragment encoding
the poliovirus type 3 VP1 epitope (amino acid sequence PALTAVETGAT),
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TABLE 2. Oligonucleotides used in the study

Oligonucleotide Nucleotide sequence (5'—3")* Use?
pl CGATCCTGCTTTAACTGCTGTTGAAACTGGTGCTACTAT VP1
p2 CGATAGTAGCACCAGTTTCAACAGCAGTTAAAGCAGGAT VP1
p3 CTGAGAATTCAGTTACAGCAACCAACG PCR
p4 TTTAAAGCTTGTTTTTCCTAACAAAGGCC PCR
pS CCATGGTACAATCAAGTTTAAAGAAATCTC PCR
po CCTGCTTTAACTGCTGTTGAAACTGGTGCTACTGCCGCCGATCAAACTGCTC R-PCR, site II/VP1

p7 AGTAGCACCAGTTTCAACAGCAGTTAAAGCAGGCTTATCGCTTACCTTAGAACCTG R-PCR, site 1I/VP1
p8 CCTGCTTTAACTGCTGTTGAAACTGGTGCTACTAATGATAAGGTTGCAGCTAACG R-PCR, site I1I/VP1
p9 AGTAGCACCAGTTTCAACAGCAGTTAAAGCAGGAGCATCAGCTGTAGTCAATGC R-PCR, site I11I/VP1
p10 TACCGAATTCGGGACAGGTGCTAGAGAC PCR

pll AGTAGCACCAGTTTCAACAGCAGTTAAAGCAGGAGCCATAGTAGCCTTAGAAG R-PCR, site IV/VP1
pl2 CCTGCTTTAACTGCTGTTGAAACTGGTGCTACTAAGTTAGCTTCTTCAAAGAGTC R-PCR, site IV/VP1
pl3 GTATGAATTCGAAATGACTTCAGAAAAGG PCR

pl4 GACAGGATCCATATAGAAGAAAAGGGC PCR

pl5 CACAAAGCTTTGAAGAAGCAGCACTGTCC PCR

plo6 CCAAGATCTAGTCTTATAACTATACTG PCR

pl7 CAGATCCTCTTCTGAGATGAGTTTTTGTTCCTTATCGCTTACCTTAGAACCTG R-PCR, site II/c-Myc
p18 GAACAAAAACTCATCTCAGAAGAGGATCTGGCCGCCGATCAAACTGCTC R-PCR, site II/c-Myc
p19 GTTCGGTACCATCAACAAAGCTCACCTA PCR

p20 CTGAGGTACCTCTCTTTACTTGGGCCTTGC PCR

p21 CAGATCCTCTTCTGAGATGAG PCR

p22 TCATCTCAGAAGAGGATCTG PCR

p23 ACTATCCCGACCGCCTTAC PCR

p24 CGTAACTGCCATTGAAATAGACC PCR

p25 GAGATAAGAATTGTTCAAAGCTA PCR

p26 TGCAGGTACCGATTACAAAGGCTTTAAGC PCR

P27 CATGGGATCCCTGGTACACAAGTACTTGG PCR

p28 ATTTGAATTCAGCAGCATAGACTGTTGAG PCR

“ The epitope-encoding nucleotides are underlined.

> R-PCR, recombinant PCR; VP1, a poliovirus type 3 VP1 epitope; c-Myc, an epitope from the human c-myc proto-oncogene; sites II to IV refer to the insertion

sites of the epitope-encoding nucleotides in the slp4 gene.

which forms part of an immunodominant region of the VP1 capsid protein of
enteroviruses (15), was inserted into four different insertion sites (I to IV) in the
L. brevis sipA gene. A DNA region derived from the human c-myc proto-
oncogene (11) and encoding was inserted into insertion site II.

Insertion site I consisted of a native Clal restriction site between nucleotides
1447 and 1452 in sipA (GenBank accession number Z14250). A double-stranded
hybrid of oligonucleotides p1 and p2 (Table 2), containing the nucleotides en-
coding the VP1 epitope and Clal cohesive ends, was cloned as the Clal fragment
into pKTH2151, resulting in pKTH2152. An EcoRI-Bg/Il fragment from
pKTH2152 was ligated with a Bg/lI-digested PCR product amplified with primers
p3 and p4 (Table 2) from chromosomal DNA of L. brevis. The PCR product
amplified with primers p3 and p4 contained the translation stop codon and the
transcription terminator of the sipA gene, missing from the slpA region cloned in
pKTH2152. The ligation mixture was used as the template in PCR with the
primer pair p5 and p4 (Table 2), resulting in a PCR product carrying new Ncol
and HindlIII sites at its 5" and 3’ ends, respectively, and an extra codon for a
valine (V) residue after the translation initiation codon. The resulting PCR
product was transferred as the Ncol-HindIII fragment into pNZ8032, resulting in
pKTHS5006.

Cloning of the VP1 epitope-encoding nucleotides into insertion sites II, III,
and IV and c-myc into insertion site II was carried out by applying the recom-
binant PCR technique essentially as described previously (13, 21). Briefly, to
insert the VP1 epitope-encoding DNA between nucleotides 1110 and 1111 (in-
sertion site II) of slpA, two PCR products, which were amplified with the primer
pairs p6 plus p4 and p5 plus p7 (Table 2) from GRL1 DNA, were hybridized and
the hybrid formed was PCR amplified with primers p5 and p4. The resulting PCR
product had an extra codon for V after the slpA translation initiation codon
generated by primer p5 and added Ncol and HindIII sites at its 5" and 3" ends,
respectively. The PCR product was cloned as the Ncol-HindIII fragment into
pNZ8032, resulting in pKTH5007. Insertion of the VP1 epitope-encoding region
between sipA nucleotides 1305 and 1306 (insertion site IIT) was done essentially
as described for the insertion site II, except that sipA fragments PCR amplified
with the primer pair p8 and p9 (Table 2) were used and the primer pair p4 and
p5 was used in the formation of the double-stranded recombinant molecule. The
plasmid formed after the cloning of the Ncol-HindIII PCR fragment into

pNZ8032 was designated pKTH5008. The insertion of the VP1 epitope-encoding
region between sipA nucleotides 504 and 505 (insertion site IV) was carried out
similarly using primer pairs p10 plus p11 and p12 plus p13 to generate the PCR
products for hybridization, and the further PCR amplification of the hybrid
formed was done with primers p14 and p15. The resulting PCR product was then
transferred as a PstI fragment into pKTHS5007, giving pKTH5063.

Cloning of the c-Myc epitope encoding nucleotides into the insertion site IT
was carried out by first generating PCR products for hybridization with the
primer pairs pl6 plus p17 and p18 plus p4 (Table 2) and pKTHS5007 as the
template. The pl6- plus pl7-amplified fragment contained the nis4 promoter
and nucleotides 1 to 1110 from the sipA gene, and the p18- plus p4-amplified
fragment carried the 3’ end of the sip4 gene starting from nucleotide 1111 and
spanning the sipA transcription terminator region. The p17 and p18 R-PCR
primers also contained the c-myc region. The hybridized PCR fragments were
PCR amplified with primers p16 and p4, and the resulting PCR product was
cloned as an Ncol-HindIII fragment into pKTH5007, giving plasmid pKTH5074.
DNA sequencing of pKTH5074 revealed a point mutation changing nucleotide
1111 from G to A, thus changing the first amino acid after the c-Myc epitope
insertion site from alanine to threonine.

The slpA gene without its promoters, ribosome binding site, (RBS) and tran-
scription terminator, but containing the c-Myc epitope-encoding nucleotides in
insertion site II, was amplified from pKTH5074 by using primers p19 and p20,
resulting in an approximately 1.4-kb PCR fragment with added KpnlI sites at its
5" and 3’ ends. The amplified PCR product was transferred as a Kpnl fragment
into pORI280, resulting in pKTH5115. Plasmid pKTH5115 can replicate only
when RepA is provided in frans; therefore, pKTH5115 was first constructed in
Lactococcus lactis L1108, providing chromosomally encoded RepA. All the
plasmid constructs were verified by DNA sequencing.

Integration of the c-myc region on the GRL1 chromosome. The ts plasmids
pVEG6007, which encodes RepA protein at the permissive temperature, and
pKTHS5115 were subsequently used to transform L. brevis GRLI. To cause the
loss of pVE6007 and concomitant chromosomal integration of pKTH5115 via its
homology regions with the genomic sipA gene at the restrictive temperature,
GRL1 cells harboring pVE6007 and pKTH5115 were first grown overnight at
+28°C in MRS broth supplemented with 7.5 pg each of erythromycin and
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chloramphenicol per ml. From overnight culture, a 1% inoculation was made
into a MRS broth supplemented with erythromycin (5 pg/ml) and the bacteria
were grown at 28°C to an optical density at 600 nm (ODg) of 0.2. Thereafter the
culture was transferred to 39°C and incubated to an ODggy, of 1.0. A 0.2%
dilution of the culture was made into MRS broth supplemented with 5 pg of
erythromycin per ml, and the culture was incubated at 39°C overnight. Thereaf-
ter, the culture was again diluted and plated on MRS plates supplemented with
5 pg of erythromycin per ml. After overnight incubation at 39°C, colonies were
picked and streaked on MRS plates supplemented either with erythromycin at 5
pg/ml or with chloramphenicol at 7.5 pg/ml. Subsequent confirmation of Cm®
Em" colonies was carried out by PCR. The L. brevis strain carrying the c-myc in
the genomic slpA was designated GRL1046.

Enzymatic assay for the detection of the S-layer-displayed epitope. Cells,
harvested after overnight incubation with or without overnight induction by nisin
(10 ng/ml), were resuspended in phosphate-buffered saline (PBS) to an ODg, of
1.0. Aliquots of 1 ml from these solutions were centrifuged at 3,000 X g and
washed twice with phosphate-buffered saline PBS before being resuspended in
200 pl of PBS. Resuspended cells were mixed with 200 wl of horseradish per-
oxidase-conjugated anti-Myc antibody (InVitrogen, Leek, The Netherlands) or
with polyclonal antibodies obtained by immunization with a synthetic peptide
designed on the basis of the VP1 sequence of type 3 poliovirus strain Sabin
(anti-VP1 antibody [13]), diluted 1:50 in PBS, and incubated for 1 h. After
incubation with antisera, cells were washed twice with PBS and anti-VP1 anti-
body-treated cells were incubated for 1 h with HRP-conjugated goat anti-rabbit
immunoglobulin G (IgG) (Bio-Rad Laboratories, Richmond, Calif.), diluted
1:100, and washed twice with PBS. The cells were then washed once with the
substrate buffer (40 mM sodium acetate, 40 mM sodium citrate [pH 4.4]) and
resuspended in 1 ml of the same buffer. They were further diluted 1:5 to 1:50 into
substrate buffer, resulting in cell suspensions with ODy values of 0.2 to 0.02.
Microtiter plates were loaded with 100 pl of each cell suspension, and plates
were developed essentially as described earlier (22).

Detection of L. brevis S-layer proteins. GRL1 and GRL1046 cells were grown
to an ODg, of 0.8 in MRS broth, harvested by centrifugation (2 min at 18,000
X g), and washed once with PBS. The pellet, equivalent to 1.5 ml of culture, was
dissolved directly in 50 pl of Laemmli buffer. The polypeptides were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by the
method of Laemmli (23) and visualized by Coomassie brilliant blue staining. The
growth supernatants, concentrated by ultrafiltration, were analyzed for S-layer
protein content by SDS-PAGE.

Isolation of S-layer proteins. The S-layer proteins were extracted from over-
night L. brevis cells by using 6 M LiCl. Cells from 100 ml of culture were
harvested and washed once with PBS. The pellet was resuspended in 10 ml of 6
M LiCl and incubated for 30 min at room temperature followed by centrifugation
(15,000 X g for 15 min). The supernatant was dialyzed against distilled H,O
overnight at 4°C and centrifuged (10,000 X g for 30 min). The pellet containing
the S-layer self-assembly products was resuspended in water and kept at —20°C
until further use. For matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry, the protein samples were dissolved in 0.1%
trifluoroacetic acid and analyzed on a Biflex time-of-flight instrument (Bruker-
Daltonics, Bremen, Germany) equipped with a nitrogen laser operating at 337
nm essentially as described previously (35). Briefly, analyses were carried out in
the linear positive-ion delayed-extraction mode using saturated sinapic acid in a
mixture of 0.1% trifluoroacetic acid and 50% acetonitrile (1:2) as a matrix.
Samples were prepared by mixing 1 pl of protein with 1 pl of sinapic acid matrix
on the target plate and dried under a gentle stream of warm air. All mass spectra
were calibrated externally with bovine serum albumin as a standard. For the
prediction of the molecular masses of S-layer proteins, the ProtParam tool
(available at http://www.expasy.ch/tools/protparam.html) was used.

Immunofluorescence. Bacteria were harvested from overnight cultures or after
nisin induction, washed with PBS, applied to microscope slides, and fixed with
2% (vol/vol) formaldehyde. The slides were incubated for 1 h with diluted (1:20
to 1:160 in PBS) anti-VP1 antibody or with diluted (1:10 to 1:40) anti-Myc
antibody (Invitrogen) in a moist chamber at 37°C, washed twice with PBS, and
finally incubated for 1 h in a moist chamber at 37°C either with fluorescein
isothiocyanate (FITC)-conjugated swine anti-rabbit IgG antiserum (dilution
1:20; Dako A/S, Copenhagen, Denmark,) or with FITC-conjugated rabbit anti-
mouse IgG antiserum (dilution 1:100; Jackson ImmunoResearch Laboratories
Inc., West Grove, Pa.). After two washes with PBS, the slides were mounted by
using Fluoprep (bioMérieux sa, Marcy I’Etoile, France) and examined under a
UV microscope.

Southern blot hybridization. Restriction enzyme-digested chromosomal DNA
was separated on a 0.8% agarose gel and transferred to a nylon membrane
essentially as described by Southern (50). The PCR probe specific for the sipA
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gene was amplified from GRL1 chromosomal DNA using primers p19 and p20,
purified by using the QIAquick PCR purification kit (Qiagen), and labeled with
digoxigenin-dUTP using the DIG high-prime kit (Roche Diagnostics, Basel,
Switzerland). Hybridization and probe detection were performed as specified in
the instructions provided with the DIG detection system (Roche Diagnostics).

EM. GRL1 and GRL1046 cells from prolonged cultivation on MRS agar
plates were studied by the negative-stain technique. A drop of suspension was
put on a grid coated with Formvar film and carbon. After 30 s, the drop was dried
with a piece of filter paper and a drop of 1% phosphotungstic acid (pH 7.0) was
added on the grid. After 1 min, the stain was dried as described above and the
specimen was studied by JEOL 1200-EX transmission electron microscopy (EM)
at 60 kV (26).

RESULTS

Epitope insertion sites in the slp4 gene. To study the surface
expression of foreign epitopes on the L. brevis S-layer, we
chose insertion sites in the slp4 gene on the basis of the
hydrophilicity profile of the SIpA protein. The four most hy-
drophilic parts of the SIpA protein were chosen for testing,
since it was expected that part of them were likely to be sites
where epitopes would be accessible to the cell surface. The
four epitope insertion sites I to IV in the slp4 gene product
tested were between amino acid residues Asp362 and Thr363,
Lys249 and Ala250, Ala313 and Asn314 and Ala49 and Lys50
of the mature SlpA, respectively. An 11-amino-acid immuno-
dominant region of the VP1 capsid protein of enteroviruses
(15) and a 10-amino-acid c-Myc epitope (11) were used as
model epitopes. The nucleotides encoding the VP1 epitope
were inserted in all four insertion sites, whereas the nucleo-
tides encoding the c-Myc epitope were inserted only in site I1.

Construction of epitope-expressing L. brevis strains pro-
ducing chimeric S-layers. Plasmids pKTH5006, pKTHS5007,
pKTHS5008, pKTH5063, and pKTH5074, which carried under
the nisA promoter (P, ,) (10) the L. brevis sipA gene and the
VP1 epitope DNA in sipA insertion sites I, II, III, and IV and
c-myc in insertion site II, respectively (Table 1 and Materials
and Methods), were first constructed in L. lactis, and their
DNA was sequenced to verify their correctness. All five plas-
mids were used to transform L. brevis GRLI1, harboring
pNZ9530 for nisin induction. All the double transformants
were stable, and the optimal nisin concentration was deter-
mined.

To study the surface accessibility of the VP1 epitopes
expressed from pKTHS5006, pKTH5007, pKTHS008, or
pKTHS5063 and the c-Myc epitope expressed from pKTHS5074,
whole-cell enzyme-linked immunosorbent assays (ELISA)
using anti-VP1 or anti-c-Myc antibodies were performed.
The strongest color response in the enterovirus epitope con-
structs was obtained with the recombinant strain harboring
pKTHS5007, compared with the OD values obtained with wild-
type GRL1 cells (data not shown), demonstrating that the VP1
epitope in site II was accessible on the surface of the recom-
binant GRL1 cells. Recombinant GRL1 carrying pKTH5006
also gave a positive color response, whereas with the other
constructs, the OD values remained at the same level as that
with the wild-type GRLI1 strain. Accordingly, recombinant
GRLI1 strain harboring pKTH5074, which carried the c-Myc
epitope-encoding nucleotides in the insertion site II, also gave
a positive signal in the whole-cell ELISA (data not shown).

The surface accessibility of the test epitopes in the re-
combinant GRL1 strains with pKTH5007, pKTH5006, or
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FIG. 1. PCR analysis of the slpA—c-myc gene replacement in L.
brevis GRL1046. (A) Total chromosomal DNA of the GRL1046 (lanes
2,4, 6,7, and 10) and GRL1 wild-type (lanes 1, 3, 5, and 9) strains and
pORI280 plasmid DNA (lane 8) were used as templates in PCR with
the primer pairs p14 and p21 (lanes 1 and 2), p22 and p4 (lanes 3 and 4),
p22 and p23 (lanes 5 and 6), p24 and p25 (lanes 7 and 8) and p26 and
p13 (lanes 9 and 10). (B) Total DNA of GRLI1 (lane 1) and GRL1046
(lane 2) amplified with primers p27 and p28. PCR products were sepa-
rated by electrophoresis on a 0.8% (A) or 2% (B) agarose gel and stained
with ethidium bromide. Values of the molecular size markers (Smart-
Ladder; Eurogentec) are indicated on the left (A) or on the right (B).

pKTHS5074, in addition to the control GRLI strain with
pNZ9530, was also assayed by immunofluorescence micros-
copy using either anti-VP1 or anti-c-Myc antibodies and a
FITC-conjugated secondary antibody. In this assay, however,
the epitopes could not be detected (data not shown).

Gene replacement of the native L. brevis slpA gene with the
slpA—c-myc-fusion with the integration plasmid pKTH5115. To
increase the expression level of the epitope-SIpA protein from
that obtained with the nisin-inducible double-plasmid GRL1
strains, different gene replacement systems to integrate the
c-Myc epitope-encoding nucleotides into the chromosomal
sipA gene were tested (data not shown). The successful gene
replacement strategy involved the use of two pWVO01-derived
plasmids, i.e., pKTHS5115, which is a pORI280 (25) derivative
constructed in this study to contain c-myc in slpA insertion site
II, and pVE6007 (29), which is a ts derivative of pWVO01. To
allow the integration event to occur, the growth temperature of
a transformant, harboring both plasmids, was shifted from 28
to 39°C under erythromycin selection. After this enrichment,
50 colonies were selected for further testing, and 8 of them
were found to be Cm®, indicating the loss of pVE6007. PCR
and DNA-sequencing analyses (data not shown) showed that
in one of these transformants, a direct double-crossover inte-
gration of c-myc into the GRL1 chromosome had occurred.
However, this transformant, designated GRL1045, still har-
bored unintegrated plasmid pKTHS5115. To cure GRL1045
from the unintegrated pKTHS5115, it was cultivated for approx-
imately 50 generations in MRS broth without antibiotic selec-
tion, resulting in 1 Em® colony from approximately 400 colo-
nies tested. This strain, designated L. brevis GRL1046, was
chosen for further analyses.
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To confirm the presence of the genomic slpA—c-myc fusion
and the absence of the intact sjp4 and pKTH5115 in GRL1046,
PCR analyses and DNA sequencing were carried out. When
PCR primers specific for the sipA gene region outside of that
cloned in pKTHS5115 and for c-myc were used, PCR products
of the expected sizes were amplified from GRL1046 (Fig. 1A,
lanes 2 and 4) whereas no PCR products were formed from the
GRL1 control DNA (lanes 1 and 3). When a primer pair
specific for c-myc and pORI280 was used (lanes 5 and 6), no
products were amplified from GRL1046 or from GRLI1. A
PCR product of the expected size was amplified from pORI280
but not from GRL1046 when primers specific for pORI280
were used (lanes 7 and 8). With PCR primers annealing at
close proximity on both sides of the c-myc insertion site in sipA,
a clear size difference between the amplified PCR products of
GRLI1 and GRL1046 was detected (Fig. 1B). By PCR analysis,
it was thus verified that the DNA region encoding the c-Myc
epitope was located in insertion site II in the slp4 gene of
GRL1046 and that this strain did not harbor unintegrated or
integrated plasmid pKTHS5115 or the wild-type sipA gene.
DNA sequencing (data not shown) showed that no unex-
pected mutations had taken place in the slp4 gene region of
GRL1046.

Southern hybridization was performed on EcoRI-digested
chromosomal DNA of strains GRL1046 and GRL1 to verify
that no chromosomal rearrangements had occurred in strain
GRL1046. A PCR-amplified sipA specific probe hybridized to
an approximately 2.5-kb fragment in both GRL1046 and
GRLI1 (Fig. 2), indicating that, excluding the c-myc insert in
GRL1046, no major changes had occurred on the sip4 gene
region in these strains.

Characterization of the S-layer protein produced by the
integrant strain GRL1046. SDS-PAGE analysis of whole cells
of L. brevis GRL1046 strain revealed only one protein band
with an apparent molecular mass of 46 kDa, representing the
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FIG. 2. Southern blot analysis of L. brevis strains GRL1046 and
GRLI. Total DNA extracted from strains GRL1046 (lanel) and GRL1
(lane 2) was digested with EcoRI and hybridized with a 1,406-bp
internal sipA fragment probe amplified with the primer pair p19 and
p20. Values (in kilobase pairs) of the molecular size markers (Smart-
Ladder) are indicated on the left.
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FIG. 3. SDS-PAGE analysis of L. brevis GRL1 and GRL1046 cells.
Equal amounts of GRL1 (lane 1) and GRL1046 (lane 2) cells from an
ODyy, of 0.8 were boiled in Laemmli sample buffer before being
subjected to protein gel analysis. Values of the molecular mass marker
proteins are indicated on the left.

putative recombinant S-layer protein (Fig 3, lane 2). The elec-
trophoretic mobility of the S-layer protein of strain GRL1046
was slightly lower than that of strain GRL1 (lane 1). There
were no significant differences in the amount of the S-layer
proteins in GRL1 and GRL1046, indicating equally strong
expression of SIpA in these strains (Fig. 3). Concentrated
growth supernatants of both GRL1 and GRL1046 were ana-
lyzed by SDS-PAGE, but no detectable release of SIpA into
the culture medium could be found from either of the strains
studied (data not shown).

For an exact determination of the molecular masses of the
S-layer protein subunits produced by GRL1046 and GRLI,
S-layer proteins were isolated by LiCl extraction. By MALDI-
TOF mass spectrometry analysis, the molecular masses of the
isolated SIpA proteins of GRL1046 and GRLI1 were deter-
mined to be 46,399 and 45,143 Da, respectively. These values
were in accordance with the molecular masses of 46,448 and
45,232 Da, from the amino acid sequences of the S-layer pro-
teins of GRL1046 and GRLI, respectively, predicted by the
ProtParam tool. The MALDI-TOF analysis thus confirmed
that strain GRL1046 produced only the SlpA-c-Myc epitope
fusion protein, leading to the observed 1,256-Da size difference
between the intact and recombinant S-layer protein subunits.

Surface display of the c-Myc epitope from the integrant
strain GRL1046. The surface accessibility of the c-Myc epitope
on the recombinant S-layer protein subunits produced by
strain GRL1046 was verified by whole-cell ELISA and immu-
nofluorescence microscopy. For the whole-cell ELISA, equal
amounts of GRL1 and GRL1046 cells were harvested and
subjected to enzymatic detection with anti-Myc antibodies.
The ELISA color shift increased with increasing cell density of
the GRL1046 strain, whereas the color shift for GRL1 re-
mained at a very low level (Fig 4). This demonstrated that the
c-Myc epitope incorporated into the S-layer protein subunits of
GRL1046 was accessible on the cell surface.

Immunofluorescence microscopy verified the results ob-
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FIG. 4. Whole-cell ELISA for detection of surface-exposed c-Myc
epitope in L. brevis GRL1046. Anti-Myc antibody was allowed to bind
to lactobacillar cells, after the addition of a horseradish peroxidase
conjugate, different lactobacillar cell densities were incubated with a
chromogenic substrate. Symbols: ®, GRL1046; A, GRLI1 wild-type
strain.

tained by whole-cell ELISA. When reacted with anti-Myc an-
tibodies, L. brevis GRL1046 cells exhibited a strong fluores-
cence at the cell surface (Fig. 5A), confirming that the c-Myc
epitope was indeed surface exposed in this strain. Instead, no
fluorescence was observed with wild-type GRLI cells reacted
with anti-Myc antibodies (Fig. 5B).

S-layer formation in L. brevis GRL1046. To study the effect
of the c-Myc epitope on the S-layer protein lattice structure of
GRL1046, negative staining of L. brevis GRL1046 and GRL1
cells from aged colonies and of LiCl-isolated S-layer protein
preparations was analyzed by transmission electron micros-
copy. In the electron micrographs, similar structures with an
oblique arrangement of the subunits could be clearly observed
from both strains (Fig. 6A and B). The oblique periodicity was

FIG. 5. Immunofluorescence microscopy of L. brevis GRL1046
(A) and wild-type L. brevis GRL1 (B). Bacteria harvested from over-
night cultures were treated with anti- Myc antibodies (diluted 1:10 in
PBS) and FITC-conjugated secondary antibody. Both pictures were
taken after 5-s exposures. Magnification, X4,000.
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FIG. 6. Transmission electron microscopy of L. brevis GRL1046 and GRL1 S-layers. Negative staining was performed with cells of GRL1046
(A) and GRL1 (B) derived from aged colonies and with S-layer protein preparations from LiCl isolations of GRL1046 (C) and GRL1 (D). Bars,

0.1 pm.

also very clearly seen in the S-layer protein preparations iso-
lated with LiCl from both strains GRL1046 (Fig. 6C) and
GRLI1 (Fig. 6D). Thus, the c-Myc epitope expressed in the sipA
insertion site II did not appear to affect either the ability of
GRL1046 to form a native-like S-layer lattice in vivo or the
self-assembly of the S-layer in vitro.

DISCUSSION

In this paper, we describe constructions of L. brevis strains
displaying heterologous model epitopes, a VP1 enterovirus
epitope of 11 amino acids and a c-Myc epitope of 10 amino
acids, as part of the outermost proteinacous S-layer of the cell.
Four putative insertion sites in the slp4 gene, based on a
hydrophilicity profile of the SIpA protein, were tested to reveal
the region allowing the most efficient surface expression of the
epitopes. The number of insertion sites to be tested was re-
stricted because the L. brevis sipA gene contains a large num-
ber of inverted and direct repeats (54), and it is very difficult to
clone due to its instability and toxicity in heterologous hosts.
Furthermore, genetic modifications of the L. brevis slpA gene
have been hampered by the inability to establish a viable slpA-
null mutant and the low transformation frequency of L. brevis
(Palva et al., unpublished). It has become common knowledge
in Lactobacillus S-layer research that the S-layer protein genes
of other Lactobacillus species, even though some of them are
easier to clone and modify in heterologous hosts than that of
L. brevis, have also been recalcitrant for inactivation.

In this study, we were, however, able to establish chimeric

S-layer by expressing the epitope carrying the slp4 gene in a
plasmid under the inducible nisin promoter system in L. brevis
that was still producing chromosomally encoded wild-type S-
layer proteins. This allowed us to identify two sipA insertion
sites resulting in surface display of the antigen of interest. The
expression level of the epitopes in this system was, however,
insufficient. This was probably due to the low expression level
of the epitope-SIpA constructs under the nisA promoter com-
pared to the high-level expression of the chromosomal sipA
gene, which was still present in these double-plasmid strains.

For expression of the desired epitope at a very high level in
a uniform recombinant S-layer, several ts integration vectors
were tested to obtain gene replacement by two subsequent
single-crossover events (data not shown). With these vectors, a
primary integration of the model epitopes to sip4 could be
demonstrated but the transformants obtained turned out to be
highly unstable (data not shown). Development of a gene re-
placement system was also hampered by the lack of certainty
that the epitopes in the chosen insertion sites would not be
toxic or retard cell growth when produced as part of a uniform
S-layer. Finally, by using a gene replacement method based on
the two-plasmid (pORI280 and pVE6007) integration system,
a pure double- crossover integrant, producing a uniform mod-
ified S-layer, could be obtained. This system was chosen to
minimize the concomitant slpA transcription and plasmid rep-
lication functions in the L. brevis chromosome, which are likely
to result in DNA rearrangements. By supplying the RepA
protein in another plasmid, a tighter replication control was
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achieved compared to the direct ts integration vectors, where
the restrictive temperature in L. brevis did not completely shut
down the replication functions. This integration strategy has
been used previously in Lactococcus for the generation of
chromosomal mutations (24), and a similar two-plasmid system
was recently modified for L. gasseri and L. acidophilus to in-
crease the range of applicable gene inactivation temperatures
(39).

Because the integration of the c-Myc epitope-encoding re-
gion into the L. brevis chromosome apparently occurred by a
direct double-crossover event, no plasmid DNA remained in
the genome. By PCR, however, we could detect unintegrated
pKTHS5115 DNA in the integrant strain, GRL1045. A possible
explanation was that the resident plasmid of unknown func-
tions, harbored by L. brevis GRL1 (38), could provide some
residual replication function to pKTHS5115. The final integrant
strain, GRL1046, harboring no unintegrated pKTHS5115, was
obtained by culturing GRL1045 for approximately 50 genera-
tions without antibiotics.

Production of c-Myc epitope in the C-terminal half of L.
brevis SIpA affected neither the anchoring of SIpA subunits to
the cell wall, since no fusion protein was released into the
culture medium, nor the formation of the S-layer lattice, as
revealed by negative-staining results from EM. The region
responsible for the binding of the SIpA protein of L. brevis to
the cell wall has not yet been determined. The only cell wall
binding domain of a Lactobacillus S-layer protein character-
ized so far is that of the S, protein of L. acidophilus ATCC
4356 (49). The lack of amino acid sequence similarity and the
functional differences (16, 52) of the S-layer proteins from L.
brevis GRLI1 and L. acidophilus ATCC 4356, however, suggest
different locations of the functional domains in these proteins.
The receptor binding domain of SlpA, which is responsible for
the affinity of L. brevis cells for human epithelial cells and
fibronectin, is located within a fragment of 81 amino acids in
the N-terminal part of the protein (16). The adhesive proper-
ties of the integrant strain, GRL1046, are thus expected to be
unchanged from that of the wild-type strain, GRL1, since the
c-Myc epitope resides within the C-terminal region of the
mature fusion protein, not involved in adhesion.

To our knowledge, only the cell wall-targeting domains of
S-layer proteins have so far been used to produce chromo-
somally encoded S-layer fusion proteins. A chromosomal inte-
gration, utilizing the S-layer homologous motifs of the Bacillus
anthracis S-layer proteins EA1 or Sap fused with levansucrase
of B. subtilis, resulted in anchoring of the fusion protein to the
bacterial cell surface (30). There are also reports on several
non-Lactobacillus S-layer fusion proteins for which the protein
production is plasmid derived either in a heterologous host (5,
49) or in a null mutant lacking the wild-type S-layer protein
gene (2). Our work is thus the first to describe the construction
of a chromosomally encoded S-layer fusion protein, utilizing
the entire S-layer protein gene.

As shown by the EM results, the epitope insertion into the
sipA gene could be done without affecting the S-layer protein
lattice symmetry or the self-assembly of isolated S-layer pro-
tein subunits. Due to a very delicate nature of the L. brevis
S-layer, negative staining was the technique of choice for EM.
The EM data showed that the S-layers from both GRLI1 and
the epitope strain GRL1046 formed an oblique structure. The
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negative-staining technique allowed visualization only of dis-
rupted cells and isolated self-assembled S-layers because of a
high staining background of intact cells. To visualize the cell
surface of intact L. brevis cells, the freeze-etching technique
and certain stainings in the thin-sectioning technique could be
applied. However, these techniques could result in resolution
problems due to the nature of this S-layer and because it is
superimposed by the irregular structures (e.g., the polymers) of
the cell wall.

Various recombinant Lactobacillus strains producing sur-
face-exposed antigens have been constructed and used in im-
munization experiments (27, 37, 45). On the surface of L. casei,
approximately 1.4 X 10° to 3.9 X 10 tetanus toxin fragment C
molecules have been produced with vectors driving the tetanus
toxin fragment C expression under the control of an a-amylase
or L-(+)-lactate dehydrogenase promoter (27). It has been
theoretically calculated that the encompassing S-layer on an
average-size cell consists of approximately 5 X 10° monomers
(47). Thus, with the surface display system developed in this
study, it is possible to present at least such a large number of
antigen epitope molecules on the cell surface of each L. brevis
cell. Surface displaying of vaccines as part of an S-layer would
thus be a very efficient way to present antigens to the mucosa-
associated lymphoreticular tissue. Expression of vaccine anti-
gens of different sizes in the L. brevis S-layer is now in progress
in our laboratory.
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