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The LamB protein is a trimeric integral outer membrane pro-
tein from Escherichia coli K12 which functions as a pore for
maltodextrins and a receptor for bacteriophages. When in-
serted into two selected sites of LamB, a foreign antigen, the
C3 epitope from poliovirus, was exposed at the cell surface
with its normal antigenic properties. Since these genetic in-
sertions did not affect in any essential way the routing, ac-
tivity and folding of the LamB protein, we conclude that the
two corresponding LamB sites are at the cell surface as pre-
dicted by our recent model. We discuss the implications of
our results for the study of protein topology with a single
epitope and the direct cloning and cell surface expression of
epitopes of interest as well as the development of live vac-
cines or diagnostic tests.
Key words: protein structure/epitope insertion/bacterial surface/
vaccines

Introduction
The LamB protein is a trimeric integral outer membrane protein
from Escherichia coli. It serves two main biological functions.
Firstly, LamB is the 'maltoporin'; it is involved in the permea-
tion of maltose and maltotriose, and required for the entry of
higher dextrins (review in Nikaido and Vaara, 1985). Secondly,
LamB is the 'X receptor' (Thirion and Hofnung, 1972; Randall-
Hazelbauer and Schwartz, 1973) used as cell surface receptor
by a number of bacteriophages including phage X (Charbit and
Hofnung, 1985 and references therein). We recently proposed
a first model for the folding of the protein in the outer mem-
brane (Figure 1; Charbit et al., 1984). This model was based
on the sequence of the protein deduced from DNA sequence data
(Clement and Hofnung, 1981) and on the assumption that regions
where mutations led specifically to resistance to phage X were
located at the outside of the cell.
To provide a direct test of our model we inserted a foreign

epitope into three sites of the LamB protein located in two regions
that were predicted to be facing the outside of the cell. We show
that the insertions did not affect in any essential way the stabili-
ty, location and functions of LamB. We demonstrate that in two
cases the epitope is recognized on whole cells by specific an-
tibodies, and thus the two corresponding LamB regions are in-
deed at the cell surface. Since these constructions result in stable
bacterial strains with a new surface antigen, they are also of
potential utility to devise 'exposition vectors' able to present a
given epitope at the cell surface (Charbit et al., 1986).

We discuss the perspectives opened by our results for the study
of protein topology, for the development of live vaccines,
diagnostic tests and the direct cloning at the bacterial cell sur-
face of epitopes of interest.

Results
Insertion of the C3 epitope
We had previously determined sites in the LamB protein where
it is possible to insert several amino acids (in one case up to 11)
without affecting most of its properties (Boulain et al., 1986).
The modified proteins were present as trimers in the outer mem-
brane, and conferred the capacity to grow on dextrins and to ad-
sorb phages requiring the LamB protein. We started with three
different modified LamB proteins. The modifications had been
made by insertion of a BamHI linker after amino acid 146
(plasmid pAJC352), amino acid 153 (plasmid pAJC264) and
amino acid 374 (plasmid pAJC 178) of the mature LamB protein
(Boulain et al., 1986). These residues were located in segments
of the protein predicted to be exposed on the outside of the cell
(Charbit et al., 1984) (Figure 1).
As a passenger we chose the well characterized C3 epitope

from the VPl coat protein of type 1 poliovirus. The three-
dimensional structure of poliovirus has been determined at 2.9
A resolution by X-ray crystallography (Hogle et al., 1985).
The C3 epitope is a hydrophilic peptide which corresponds to
a turn located at amino acid residues 93-103 of the VPl pro-
tein, a major immunogenic protein of the virus (Wimmer et al.,
1984). C3 is a neutralization epitope against which a monoclonal
antibody raised against heat-inactivated virions was available (call-
ed hereafter anti-C3 monoclonal antibody) and a polyclonal serum
raised against the corresponding synthetic peptide (called hereafter
anti-VP1 serum).
An oligonucleotide encoding the 11 amino acid residues of the

C3 epitope and flanked by BamHI cohesive ends was inserted
into the selected sites of gene lamB (Figure 2; Materials and
methods). Gene lamB was carried on the multicopy plasmid
pAC1 under tac promoter control (Boulain et al., 1986). The
length of the coding strand of the insert corresponded to an exact
number of codons (13 codons) to maintain the reading frame in
lamB. We had previously shown that this was an essential con-
dition to obtain non-toxic constructions (Boulain et al., 1986).
The insert-carrying clones were tested by 'immunoblotting' after
heat denaturation with anti-LamB monomer serum and with the
anti-VPI serum (Figure 3). About half of the clones encoded a
protein reacting with both sera and presenting a slower migra-
tion than the wild-type LamB protein, as expected for the in-
phase addition of 13 residues including the C3 epitope. These
hybrid proteins were named according to the site of insertion of
the C3 epitope: 146-C3, 153-C3 and 374-C3.
Properties of the modified LamB proteins
The amounts of hybrid proteins detected by immunoblotting were
comparable to those of wild-type LamB protein, indicating that
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Fig. 1. Model for the folding of the LamB protein in the outer membrane. This model was based on DNA sequence data and on the localization of a

missense mutation yielding phage resistance (Charbit et al., 1984). The symbols for secondary structure are the following: II beta extended, - turn, XXXXX

alpha-helix, ----- coil. Amino acid residues are numbered from the N-terminus of the mature protein. The inserts at residues 146, 153 and 374 are indicated

by dark squares; they correspond respectively to plasmids pAJC352-C3, pAJC264-C3 and pAJC178-C3.

the hybrid proteins were stable (Figure 3). On induction of syn-
thesis of the hybrid proteins with isopropyl 3-D-thiogalactoside
(IPITG) during exponential growth, no inhibitory effect could be
detected (see details in Materials and methods). Since overproduc-
tion of mutant proteins unable to yield trimers is usually toxic
(Bouges-Bocquet et al., 1984a, 1984b; Boulain et al., 1986), this
result suggested that the hybrid proteins were normally assembled
in the outer membrane.
We then examined more precisely whether the insertion of the

epitope had modified the properties of the initial LamB mutant
proteins. Two immunological techniques were used: (i) immuno-
precipitation of non-heat-denatured extracts with an anti-LamB
trimer antibody; (ii) in situ immunodetection with the same serum.

As mentioned above, the active form of the LamB protein is
a trimer. Upon SDS -PAGE, in the absence of heat-denaturation,
trimers correspond to several bands (mainly two) with different
migrations. (At least two factors may result in such trimer sub-
species: binding of different amounts of detergent and binding
of another envelope component). Also higher multimers, most
probably aggregated trimers, can be detected; we refer to these
as multimers (Vos-Sheperkeuter and Witholt, 1984; Boulain et
al., 1986).

For the three LamB-C3 hybrid proteins, trimers and
multimers could be detected by immunoprecipitation with the anti-

LamB trimer serum (Figure 4). In situ immunodetection reveal-
ed clearly the hybrid proteins 146-C3 and 153 -C3 even in the
absence of lysis with chloroform (data not shown). The 374-C3
hybrid was very poorly detected and only after lysis with
chloroform, presumably because, in this case, insertion of the
C3 epitope inactivates a major antigenic determinant (Boulain
et al., 1986; Gabay et al., 1985; Desaymard et al., 1986).
The biological properties of the hybrid proteins were then ex-

amined (Table I). The 153 -C3 hybrid protein conferred both
the capacity to grow on dextrins and the sensitivity to certain
phages requiring the LamB protein. The 374-C3 protein was

comparable to the 153 -C3 protein, except that it allowed only
growth of the phage with the most extended host-range. Hybrid
protein 146-C3 was able to confer the ability to grow on dex-
trins but no sensitivity to any of the phages which use the LamB
protein.

In conclusion, the three hybrid proteins were able to yield
trimers (and multimers) and to confer to E. coli at least some

of the biological properties due to the LamB protein. This sug-

gested strongly that the hybrid proteins were normally localized
in the outer membrane and that their folding and organization
did not differ in any essential way from those of the wild-type
LamB protein. In situ immunodetection confirmed this in the
cases of hybrids 146-C3 and 153-C3.
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Protein topology by epitope insertion

DNA and amino acid sequences of the 93-103 C3 epitope In phase

insert ions

93-103 C3 epitope.

asp asn pro ala ser thr thr asn lys asp lys

93 94 95 96 97 98 99 100 101 102 103

Synthetic nucleotlde lnsert:

asp pro asp asn pro ala ser thr thr asn lys asp lys

GAT CCG GAT AAC CCG GCUTCG ACC ACT AAC AAG GAT AAG(

GC CTA TTG GGC CGC AGC TGG ALA.ITG TTC CTA TTC CTA G |
pro tyr gly pro thr ser arg stop cys. pro tyr pro asp

4'
gin

LamB

146

AJC 352 ...TCC CGG|

...AGG GC CTA G |

153

AJC 264 ...TCC CGG|

...AGG GCC CTA G|

374

AJC 178 ...GAG CGG

...CTC GCC CTA 6

LamB
147

|CGAT CC TCT...
|6G CGG AGA...

154

|GTCCC GCC TCT...

|GCGG AGA...

375

GAT CCC GAG AAA...
GG CTC TTT...

Fig. 2. DNA and amino acid sequence of the C3 epitope inserts into the
LamB protein. The upper part = amino acid sequence of the C3 epitope
corresponding to amino acid residues 93-103 from the VP1 protein of
poliovirus serotype 1. The middle part = the DNA sequence of the double-
stranded synthetic oligomer encoding the C3 epitope (39 mer). The codons
chosen were the most frequently used in bacterial outer membrane proteins.
The extremities correspond to BamHI sticky ends. For easier detection of
the insert a Sall site has been incorporated in the sequence insert
(underlined on the coding strand). The peptides encoded in the frame
expected upon precise insertion into the BamHI sites of the linker-modified
lamB genes are indicated. The same oligonucleotide could be used with the
three modified LamB proteins, because the BamHI linkers in lamB were
inserted in the same phase: the cutting sites for BamHI are exactly between
two codons. The upper strand encodes the C3 epitope. The other strand
encodes four proline and one glycine residue. It contains a TAG translation
stop codon (amber, underlined); since the recipient strain for all the
constructions (pop6510) contained a strong nonsense suppressor (supE) the
stop codon was translated as a glutamine. The lower part shows DNA
sequences at the BamHI linker insertion sites used to insert the VP1
sequence. The extremities generated after digestion of the DNA with
restriction enzyme BamHI are represented. The numbers correspond to the
amino acid positions on the wild-type LamB protein.

Reactivity and position of the C3 epitope
We then investigated whether the epitope could be recognized
on the non-denatured hybrids. Immunoprecipitation experiments
were performed on non-heat-denatured extracts containing each
of the hybrid proteins. We used the two different sera available
against the C3 epitope: the anti-VPI polyclonal serum raised
against the corresponding peptide and the anti-C3 monoclonal
antibody raised against the virion (Figure 4).
Hybrid proteins 153-C3 and 374-C3 were recognized by

the two sera. Bands corresponding to trimeric and multimeric
forms of the protein as well as a band corresponding to the
denatured monomers were detected. (Under the conditions used,
a fraction of the wild-type LamB protein and of the parental
LamB-BamHI modified proteins encoded by plasmids pAJC352,
pAJC264, pAJC 178 is also detected as monomers). A particularly
strong response was observed with the anti-C3 serum and a tri-
meric form of the 153 -C3 hybrid (apparent mol. wt of 80 kd),
whereas for hybrid 374 -C3, two trimeric forms were detected
equally (apparent mol. wt of 80 kd and 100 kd). Interestingly,
slow migrating forms of the hybrid proteins (apparent mol. wt
200 kd corresponding to multimers), which can also be observ-
ed with the wild-type LamB protein, could be detected with the
anti-LamB trimer serum, but not with the anti-VP1 or anti-C3
sera. It appears that the C3 epitope is not accessible in these
multimeric aggregates.

In contrast to 153-C3 and 374-C3, the 146-C3 hybrid could
be detected very weakly and only at the level of the denatured
monomer with the anti-VP1 and anti-C3 sera. This suggested
that in the 146-C3 hybrid, the C3 epitope is either not access-
ible to the antibodies, or not recognizable because of conforma-
tional constraints (see Discussion).
On intact bacterial cells with the in situ assay, the 153-C3

hybrid could be detected by both antisera (and afortiori follow-
ing chloroform lysis) (data not shown). The best signal was ob-
tained with the anti-C3 antibody. The 374-C3 hybrid was
detected only with the anti-C3 antibody and with a lower signal
than the 153 -C3 hybrid. The 146-C3 hybrid was not revealed
in any of the conditions used.

In the case of hybrids 153-C3 and 374-C3, we showed
directly that the C3 epitope was exposed at the surface of the
bacterial cells by treating whole cells with the anti-C3 (mouse)
antibody. Two different techniques were used. (i) Immunofluores-
cence experiments were performed using fluorescein linked to
anti-mouse antibodies (Gabay and Schwartz, 1982). Strains pro-
ducing hybrid proteins 153 -C3 and 374 -C3 respectively were
labelled, showing that the C3 epitope was accessible at their sur-
face (data not shown). (ii) Electron microscopic observations were
carried out with gold-immunolabelling (Figures 5 and 6). The
surfaces of the same strains, examined on thin sections, were
covered with gold particles, with the anti-C3 as well as with the
anti-LamB serum (Figure Sa, b, c and d). The labelling appeared
a little weaker with hybrid protein 374 -C3 than with hybrid
153 -C3, when the anti-C3 serum was used. A similar result
had already been observed with in situ labelling (see above), sug-
gesting that in hybrid 374-C3 the presentation of the C3 epitope
is less favourable than in hybrid 153 -C3 for its interaction with
the anti-C3 serum. However, the number of labelled hybrid pro-
teins 374 -C3 at the cell surface was significant as shown by
whole cell labelling (Figure 6a). Control experiments perform-
ed with the same strains under the same conditions did not detect
,B-galactosidase (a cytoplasmic protein) and maltose-binding pro-
tein (a periplasmic protein) showing that the technique was in-
deed specific for cell surface epitopes. In particular, these controls
excluded the possibility that detection of the C3 epitope could
be an artefact due to disruption of the envelope (Figure 6b and c).
Taken together, these results show that in the 153 -C3 and

the 374-C3 hybrids, the C3 epitope was exposed on the trimer
and at the surface of the bacteria. Exposure or reactivity of the
epitope towards the anti-C3 serum was better in 153 -C3 than
in 374-C3. In the case of hybrid protein 146-C3, it appeared
that the C3 epitope was either hidden or conformationally con-
strained.
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Fig. 3. Immunoblot experiments. Immunoblots were performed as described (Boulain et al., 1986) In all cases the strain was pop6510 or derivatives with the
relevant plasmid. pop: pop6510; pAC: plasmid pAC1 encoding the wild-type LamB protein; 146, 153, 374 indicate the amino acid position in LamB where
insertion occurred. (A) Revelation with the anti-LamB monomer serum. a,b,c and d designate different isolates. In about half of the clones insertion resulted
in a slight increase in apparent mol. wt of the protein detected, as expected upon insertion with the correct orientation for translation of the C3 epitope: 143a,
b; 146c, d; 374b, c. In other cases (opposite orientation), no protein was detected or, in the case of 374a, a protein with a lower apparent mol. wt.
(B) Revelation with the anti-VP1 serum. 153a, b; 146c, d; 374b, c correspond to plasmids presumed to express the C3 epitope (see above). They indeed react
with the anti-VPl serum. The columns with no letters correspond to clones that were not tested first with the anti-LamB serum.
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Fig. 4. Immunoprecipitation of non-heat-denatured extracts using either anti-LamB trimer or anti-VPI or anti-C3 serum. For insertions at sites 153 and 374.
the left part of the picture (indicated by +) represents the results with the insert, and the right part (indicated by -) the results with the initial vehicle. For
the insertion at site 146, only the results with the C3 insert are presented. Columns L, V, C correspond respectively to anti-LamB, anti-VPI, anti-C3 sera. D
(for denatured) followed by an arrow, indicates the migration of the monomeric form of the hybrid; N (for native) followed by an arrow indicates the trimeric
or multimeric forms of the hybrid. With the anti-LamB trimer serum, multimeric forms (apparent mol. wt >200 kd) of the hybrid proteins 146-C3,
153-C3, 374-C3, could be revealed. These forms were not revealed with the two other sera. The strain was always pop6510 with the relevant plasmids.

Table I. Summary of the characteristics of the LamB-C3 hybrid proteins and the initial LamB-BamHI modified vehicle proteins

Hybrid LamB -C3
Plasmid
Length of protein
Immunoprecipitation

anti-VPI serum
anti-C3 serum

(no heat denaturation)
In situ detection

anti-VP 1 serum
anti-C3 serum

Sensitivity to IPTG
Sensitivity to phages
Xh+
Xho
Xhh*
KIO

146-C3
pAJC352 -C3
438

pAJC352
425

153 -C3
pAJC264-C3
438

pAJC264
425

+

374-C3
pAJC178-C3
438

pAJC 178
425

(wild-type LamB)
pAC 1
421

+

+
+

R

R
R
R
R

R

R
R
S
R

R

R
S
S
R

R

S-
S
R

R
R
S
R

R

R
I
S
R

R

S
S
S
S

The three hybrid proteins were detected by immunoblotting with anti-LamB monomer and anti-VPI serum (Figure 3) and by immunoprecipitation with anti-
LamB trimer serum (Figure 4). They all conferred the capacity to grow on dextrins. Line 1. Names of the hybrid proteins. The number indicates the site of
insertion of the C3 epitope on the LamB mature protein (see details on Figure 1). Line 2. Names of the plasmids. The properties of the plasmids without the
C3 insert and of the wild-type plasmid (pACI) are recalled for comparison (Boulain et al., 1986). Line 3. Length of the protein in amino acid residues as
predicted from the DNA sequence. Line 4. Immunoprecipitation with anti-VPI serum and anti-C3 antibody (Figure 4). + indicates that trimeric or multimeric
forms of the hybrid protein were detected; + + + indicates a particularly strong response; + * indicates detection, but only at the level of the monomeric form
of the hybrid; - indicates no detection at all. Line 5. In situ detection on colonies transferred on nitrocellulose filters. Assays were performed with or
without lysis by chloroform with qualitatively similar results, using either anti-VPI serum or anti-C3 antibody; + means detection with or without lysis;
+ + + indicates particularly strong response with and without lysis; - means no detection in the two conditions. Line 6. Sensitivity to IPTG. R means no
sensitivity; R* means sensitive in certain conditions (see Materials and methods for details). Line 7. Sensitivity to phages. This was determined by examining
the efficiency of plating (e.o.p.) of the phages by spot test of various dilutions of phage stock on a lawn of bacteria of ML medium. S indicates sensitive
(e.o.p. = 1); R indicates resistant (e.o.p. < 10-5); I indicates intermediate (10-3 >e.o.p. > 10- 1). )h+ is the wild-type host range phage; Xh and Xhh* are
respectively one step and two step mutants with extended host range. K1O is another phage using the lambda receptor for adsorption (Charbit and Hofnung,
1985 and references therein).

Discussion
The results provide information on the topology of the LamB
protein and open interesting perspectives for the immunochemical

study of proteins and the cell surface presentation of epitopes.
These three aspects will be examined.
We have shown here that it is possible to insert a foreign
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Fig. 5. Thin sections of bacteria after immunolabelling. a and b: bacteria producing the 153-C3 hybrid protein, labelled after incubation with anti-LamB (a)
or anti-C3 serum (b). c and d: bacteria producing the 374-C3 hybrid protein, using anti-LamB (c) or anti-C3 serum (d). e and f: bacteria producing the
wild-type LamB protein after incubation with anti-LamB (e) or anti-C3 serum (f). The strain was always pop6510 with the relevant plasmids. Bar = 0.5 lsm.

epitope, the C3 epitope from the VP1 protein of poliovirus, into
certain sites of the LamB protein without affecting most of the
properties of this protein. The hybrid proteins are stable. They
are non-toxic and can be produced at a high level without effect
on the exponential growth rate. They are able to yield trimers
which appear to be correctly inserted into the outer membrane.
They confer the ability to grow on dextrins and, except in one
case (site 146), the sensitivity to at least one LamB-specific phage.

In two cases (sites 153 and 374) the C3 epitope is recognized
on the LamB trimers by the anti-C3 monoclonal antibody. Fur-
thermore, in these two cases, the epitope is exposed and recogniz-
ed by the antibody at the cell surface. By contrast, insertion into
site 146 affects the ability of the epitope to be recognized in the
absence of protein denaturation. This was attributed either to non-
accessibility or to conformational constraints on the epitope. Since
in this case the trimers are not recognized by the anti-VPI
polyclonal serum, non-accessibility seems the most likely.
However we cannot exclude the possibility that the epitope would

be constrained in a conformation that prevents recognition by
the sera.

Previous attempts to expose at the cell surface a protein or a
peptide genetically fused to LamB led to a loss of all the biological
functions of LamB. In most cases the hybrids were toxic when
produced at high levels, so that demonstration of exposure was
not done or was subject to possible artefacts (Silhavy et al., 1977;
Hall et al., 1982; Bouges-Bocquet et al., 1984a, 1984b; review
in Silhavy and Beckwith, 1985; Guesdon et al., 1985).
The results presented here constitute the first direct argument

for the cell surface location of the region of amino acids 153
and 374 and thus for two predictions of our model (Figure 1)
(Charbit et al., 1984). Two lines of results were already com-
patible with our model, but did not constitute direct arguments.
Monoclonal antibodies raised against the LamB protein indicated
that a C-terminal region was exposed at the cell surface (Gabay
et al., 1985; Desaymard et al., 1986). Protease digestion ex-
periments also indicated several potential surface exposed regions.
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Protein topology by epitope insertion

a
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Fig. 6. Electron micrographs of whole cells after immunolabelling. a: bacteria producing 374-C3 hybrid protein, with anti-C3 serum (as in Figure 5d, thin
section). b and c: bacteria producing the 153-C3 hybrid protein. b: with anti-,B-galactosidase serum; c: with anti-MBP (maltose-binding protein) serum.
These experiments were performed as controls to check that under the conditions used a cytoplasmic protein (,B-galactosidase) and a periplasmic protein (MBP)
were not detected. The strain was always pop6510 with the relevant plasmids.

However, digestion was obtained with LamB protein extracted
from the outer membrane and not on whole cells, so that cell
surface exposure could only be hypothesized on the basis of com-
petition between protease and monoclonal antibodies (Shenkman
et al., 1984; Gabay et al., 1985).
For OmpA, another outer membrane protein, a comparable

model was proposed and insertion of a foreign peptide could be
detected with protease digestion experiments (Freudl et al., 1986
and references therein).
The fact that there are sites in the LamB protein which can

accept the insertion of a peptide without important alterations of
the properties of the LamB protein or of the antigenic properties
of the peptide suggests a general way to study proteins by 'scan-
ning' them with a well defined epitope against which antibodies
are readily available. A single serum could then suffice to study
different regions of a protein. This also raises interesting ques-
tions. What are the conditions to be fulfilled by the peptide for
such an insertion to be possible (e.g. maximal length, amino acid
composition, secondary structure, hydrophilicity)? [The total
length of the insert including the adaptor parts is 17 amino acid
residues, among which 11 correspond to the C3 epitope]. How
many such sites do exist in the LamB protein? In other proteins?
[It has already been shown that a foreign sequence could be in-
serted between the two domains of the pIll capsid protein from
bacteriophage fl without disrupting pIll function. The foreign
sequence, within the hybrid protein, was accessible to specific
antibodies on the infectious particle (Smith, 1985)]. In which
cases do the constraints prevent recognition of the epitope? How
do the sites detected depend on the passenger peptide? The results
presented suggest that a direct search for insertion sites by a single
step procedure is possible and may help answer these questions.

The type of 'cell surface exposure vector' we have developed
could also be used for the identification and direct cell surface
cloning of (unknown) epitopes from a protein. Other applica-
tions such as simple diagnostic tests based on bacterial agglutina-
tion, or immunopurification of different proteins 'tagged' with
a foreign epitope can be envisaged.

Finally, the construction of bacterial strains with a new sur-
face epitope opens the way to the development of live oral vac-
cines with non-pathogenic strains exposing antigenic determiinants
from a pathogen. Such constructions have already been made
by cloning bacterial proteins carrying various surface antigens
into E. coli. (Engleberg et al., 1984) or into the attenuated strain
Salmonella typhi Ty2 la (Formal et al., 1981; Clements and El-
Morshidy, 1984; Yamamoto et al., 1985). The procedure we
have developed should allow the extension of this approach to
peptide epitopes from almost any origin. Several different
epitopes could be exposed on the same cell to provide multivalent
immunogens. The next steps are to find out whether the con-
structions are effective in other strains more suitable for vac-
cination purposes (such as invasive enterobacteriae) and if the
recombinant strains elicit an immune response against the anti-
gen. In particular, it will be important to explore whether (and
when) the bacteria behave as adjuvants or as suppressors of
immunogenesis. These aspects are now being investigated.

Materials and methods
Strains, media, chemicals, oligonucleotide insertion
Strain pop65 10 (thr leu tonB thiilaeYl recA dexS metA supE) was used as a recip-
ient for all transformations. dexS is a mutation in gene lamB which prevents ad-
sorption of all known phages using the LamB protein as well as growth on dextrins
(Bouges-Bocquet et al., 1984). Plasmid pACI and its three derivatives contain-
ing the BamHI linker insertions at amino acid 146 (plasmid mutant pAJC352),
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amino acid 153 (plasmid mutant pAJC264), and amino acid 374 (plasmid mutant
pAJC178) of the mature LamB protein used to insert the C3 sequence, have already
been described (Boulain et al., 1986). Strain ACI is strain pop651O harboring
plasmid pACi, strain AJC352 is pop651O with plasmid pAJC352 and so on. Gene
lacl0 overproducing the lac repressor was also present on the plasmid so that
lamB expression could be induced with IPTG.
Media and chemicals were as described (Boulain et al., 1986). The two single-

stranded oligonucleotides corresponding to the C3 epitope sequence were prepared
by J. Igolen (Institut Pasteur, Paris) and purified on a 20% acrylamide-urea
denaturing gel according to standard techniques (Maniatis et al., 1982). Plasmid
DNAs were cut with the BamHI restriction enzyme and purified on acrylamide
gel as described in Maniatis et al. (1982). The linker insertion method already
described (Boulain et al., 1986) was then applied. After ligation and transforma-
tion into pop6510, restriction analysis on 1.5% agarose gel revealed that 75%
of the clones selected as resistant to ampicillin had inserted a fragment contain-
ing a SalI restriction site.

Total extracts of these clones were then tested by immunoblotting with anti-
LamB monomer serum and anti-VPI serum (Figure 3) (Boulain et al., 1986).
The constructions corresponding to modified proteins recognized by both antisera
(anti-LamB and anti-VPI) were kept and studied further.
Assais for toxicity, of the hybrid proteins
Addition of IPTG (10-3 M) to a culture of strain pop6510(pACl) induces a high
level of expression of gene lamB. The basal level of expression in ML medium
corresponds to - 1500 monomers of LamB protein per cell. The increase upon
induction is 30- to 40-fold (A.Charbit, unpublished results). For certain modified
proteins, this results in a toxic effect, which was attributed to an overloading
of the outer membrane with an abnormal protein (Bouges-Bocquet et al., 1984a,
b; Boulain et al., 1986), in particular for mutant proteins unable to yield trimers.
IPTG was added at OD600 = 0.2 to cultures growing exponentially in ML

medium and optical density was recorded up to 1.5. The growth rate of strain
pop65 10 (pAC 1) was not affected under these conditions. In the case of derivatives
producing the three hybrid proteins 146-C3, 153 -C3, 374-C3, growth of the
culture was identical to the growth of the parental strain, indicating no toxic effect.
However, for hybrid 374-C3 addition of IPTG upon inoculation of a colony
from solid medium to the liquid resulted in a strong growth inhibition. Thus,
in contrast to what was observed with 146-C3 and 153-C3, overproduction
of hybrid protein 374-C3 appeared to be toxic to the cell under certain conditions.
Sera
Anti-LamB sera. Two rabbit antisera were used in this study (kindly provided
by Dr Greetje Vos-Sherpekeuter, Groningen, The Netherlands). (i) A serum raised
against denatured LamB protein. This serum, called here 'anti-monomer serum',
recognizes only the denatured monomers. It was used for the immunoblotting
experiments. (ii) A serum raised against native LamB protein. This serum, call-
ed here 'anti-trimer serum' recognizes the LamB monomers as well as the trimeric
and multimeric forms of the protein. It was used for all immunoprecipitation
experiments under non-denaturing conditions as well as for in situ immunodetec-
tion, and optical and electron microscopy.
Anti-polio sera.Two sera were used. (i) One polyclonal serum raised against a
synthetic peptide corresponding to residues 93-104 of the VPl protein of type
1 poliovirus. Immunization had been done in rabbit with peptide coupled to keyhole
limpet hemocyanin (KLH). This serum is called here anti-VPl serum (van der
Werf et al., 1983). (ii) One monoclonal (mouse) serum raised against purified
C-particles (heat-inactivated virions) (Wychowski etal., 1983). This serum, called
here anti-C3 antibody, is able to neutralize the virus, to react with low affinity
with the free peptide and with high affinity with the peptide bound to KLH or
fused to ,3-lactamase.
Anti /3-galactosidase rabbit serum. This was kindly provided by Nicole Guizot
and anti-maltose-binding protein (anti-MBP) by Winfried Boos (University of
Konstanz).
Immunoprecipitation
Immunoprecipitations were performed essentially as described in Vos-Sheperkeuter
and Witholt (1984). Cells were grown at 37°C in liquid minimal medium sup-
plemented with casamino acids and ampicillin and with glucose as a carbon source.
At OD600 = 0.6 they were induced for 10 min with IPTG 10-3M, then labell-
ed with [35S]methionine (10 ACi/ml of cell culture) for 10 min followed by 5 min
chase with cold methionine 0.01 % final concentration. Bacteria were harvested
by centrifugation, washed and the pellet resuspended in 50 mM glucose, 10 mM
EDTA, 25 mM Tris pH 8.0, 4 mg/ml lysozyme. After 5 min at room temperature,
spheroplasts were lysed by addition of a solution of SDS (2% final concentra-
tion) followed by 10 min incubation at 70°C. These extracts were then diluted
10-fold in Triton X-100 0.9%, EDTA 5 mM, Tris 50 mM pH 8, ovalbumin 0.1 %,
mixed with antiserum (5-10 1l of undiluted serum) and incubated at room
temperature for 30 min. After addition of protein A -Sepharose gel (at 10% final
concentration), incubation was pursued for 15 min and the purified mutant LamB

proteins were recovered in the centrifugation pellet. After three washes, the pellet
was resuspended in sample buffer (60 mM Tris pH 6.8, 10% glycerol, 2% SDS,
0.05% bromophenol blue), heated at 70°C for 5 min and run on SDS-PAGE.
The hybrid LamB proteins were revealed by autoradiography of the dried gel.
The three sera (anti-LamB trimer, anti-VPl, anti-C3) were used separately for
each hybrid protein.
In situ detection of the hybrid proteins
This method allows detection of proteins in situ on bacterial colonies transferred
onto a nitrocellulose filter (Guesdon et al., 1985; Boulain et al., 1986). In the
absence of chloroform a cell surface protein such as LamB or periplasmic pro-
teins are detected, a cytoplasmic protein such as ,B-galactosidase is not. In the
presence of chloroform even cytoplasmic proteins can be detected. Detection of
a cell surface protein is usually better in the presence than in the absence of
chloroform presumably because its accessibility to antibodies is increased.
Immunoelectron microscopy
Cells were grown in ML medium+ampicillin and induced with IPTG 10-3M
[and maltose 2% when maltose-binding protein was examined (Figure 6c) at
OD600 = 0.2 until OD600 = 0.6. For each preparation, 1.5 ml of cell culture
were collected, washed twice in PBS and resuspended in 50 A1d PBS. 5-10I1l
of serum adsorbed as described below were then added and the mixture incubated
for 1 h at 37°C. After two washes in PBS, the pellet was resuspended and in-
cubated for 15 min at room temperature in 250 iol of a suspension of protein
A-gold particles (12 nm) prepared according to Horrisberg (1979). Then the
mixture was washed twice in PBS and fixed overnight in 1 ml glutaraldehyde
2.5% in veronal buffer pH 6.8. After one wash, cells were concentrated in agar
C (Whitehouse et al., 1977), post-fixed for I h with 1% osmium tetroxide, then
treated for 1 h in 1% uranyl acetate and finally embedded in Epar.

Electron microscope preparations of whole bacteria were performed by adsorb-
ing glutaraldehyde-fixed labelled cells on to polylysine-coated grids. The anti-
sera were purified according to the technique described in Vos-Sheperkeuter and
Witholt (1984). The anti-LamB trimer serum was adsorbed with whole cells from
strain pop6510, the anti-C3 serum with strain ACI.
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