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OmpF and OmpC are major outer membrane proteins. Although they are homologous proteins, they
function differently in several respects. As an approach to elucidate the submolecular structures that determine
the difference, a method was developed to construct a series of ompF-ompC chimeric genes by in vivo
homologous recombination between these two genes, which are adjacent on a plasmid. The genomic structures
of these chimeric genes were determined by restriction endonuclease analysis and nucleotide sequence
determination. In almost all cases, recombination took place between the corresponding homologous regions of
the ompF and ompC genes. Many of the chimeric genes produced proteins that migrated to various positions
between the OmpF and OmpC proteins on polyacrylamide gel. On the basis of the results, a domain
contributing to the mobility difference between the OmpF and OmpC proteins was identified. Some chimeric
genes did not accumulate outer membrane proteins, despite the fact that the fusion of the ompF and ompC genes
was in frame. Bacterial cells possessing the chimeric proteins were also tested as to their sensitivity to phages
which require either OmpF or OmpC as a receptor component. The chimeric proteins were either of the OmpF
or OmpC type with respect to receptor activity. Based on the observations, the roles of submolecular domains

in the structure, function, and biogenesis of the OmpF and OmpC proteins are discussed.

OmpF and OmpC are major outer membrane proteins of
Escherichia coli K-12. They share a number of biochemical
and physicochemical characteristics. OmpF and OmpC are
peptidoglycan-associated trimeric proteins (8, 15, 20, 26) and
are thought to play roles in the maintenance of a stable cell
surface structure (19, 25). In addition, both proteins form
pores through which small hydrophilic nutrients cross the
outer membrane, and hence they are called porins (18).
Recently the entire nucleotide sequences of the genes coding
for OmpF and OmpC were determined (9, 13). There is 69%
homology between the sequences of the two genes (13).

Despite these similarities, OmpF and OmpC function
rather differéntly in several respects. OmpF functions as a
receptor component for phages Tula and T2, whereas OmpC
does so for phages Tulb and T4 (3, 5, 7). The pores which
they form are different to some extent with respect to
substrate specificity (17, 23). Their electrophoretic mobilities
on sodium dodecyl sulfate (SDS)-polyacrylamide gel are also
different (16, 22).

As an approach to elucidate the submolecular structures
that make similar proteins functionally different, we at-
tempted to construct a series of ompF-ompC chimeric genes.
Since the ompF and ompC genes are highly homologous,
recombination between the two genes might be able to occur
in vivo at every homologous region throughout the genes. In
the present work, we report the construction and character-
ization of a seties of ompF-ompC chimeric genes.

MATERIALS AND METHODS

Materials. Restriction endonucleases, exonuclease Bal 31,
T4 DNA polymerase, and T4 DNA ligase were purchased
from Takara Shuzo Co.

Bacterial strains and plasmids. E. coli MH1160 (F~
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AlacU169 araD139 rpsL fibB relA ompB101) (9) was used for
the construction of plasmids carrying ompF-ompC chimeric
genes. E. coli SM1005 (F~ A lacU169 rpsL relA thiA fibB
gyrA ompC ompF14) (11) was used for the identification of
products of the ompF-ompC chimeric genes. These bacterial
strains were aerobically cultivated in L broth (12) and TY
broth (10 g of tryptone [Difco Laboratories], 5 g of yeast
extract per liter), respectively. Strains possessing plasmids
were cultivated in L broth containing 100 p.g of ampicillin per
liter.

Plasmid pTUNS used for the construction of ompF-ompC
chimeric genes was constructed from plasmids pMANO008
(11) and pMY150 (14) as shown in Fig. 1. pMANO008 was
digested with Stul and religated in the presence of Xbal
linker (dCTCTAGAG) to construct pTUN800X. Then
pTUNS was constructed by ligating the Xbal-HindIII large
fragment of pTUN800X and the Xbal-HindIIl small frag-
ment of pMY150.

Phage sensitivity test. OmpF and OmpC are components of
receptors for phages Tula and Tulb, respectively (3). The
receptor activity of the proteins coded for by ompF-ompC
chimeric genes was examined on the basis of the sensitivity
to these phages of the strains possessing the chimeric
proteins. The sensitivity was tested by cross-streaking on
medium A plates (10). Phages Tula and Tulb were from our
laboratory stock.

SDS-polyacrylamide gel electrophoresis. The outer mem-
brane protein fraction was prepared by extraction of the cell
envelope with sodium N-lauroylsarcosinate as described
previously (4). Peptidoglycan fractions containing the OmpF
and OmpC proteins were prepared as described previously
(20), and the proteins were extracted by boiling in 2% SDS
solution. SDS-polyacrylamide gel electrophoresis of outer
membrane proteins was performed as described previously
(14).

Other methods. Transformation was carried out by the
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FIG. 1. Construction of pTUN8. The ompF and ompC genes
and their directions are indicated by #» and o, respectively. amp,
Ampicillin resistance gene. For more details, see Materials and
Methods.

method of Dagert and Ehrlich (2). The plasmids were pre-
pared by the method of Birnboim and Doly (1). Nucleotide
sequences were determined by the dideoxy chain termina-
tion method of Sanger et al. (21). Other DNA techniques
were described previously (11). '

RESULTS

Construction of ompF-ompC chimeric genes in vivo. Plas-
mid pTUNS carrying the ompF and ompC genes in the same
direction was first constructed as shown in Fig. 1 (see
Materials and Methods). It was then linearized with Xbal,
further digested with Bal 31 so that the deletion proceeded to
the promoter region of the ompC gene, and finally trans-
ferred to MH1160. Since the ompF and ompC genes are
highly homologous as to their nucleotide sequences (9, 13)
(see Fig. 3), it is possible that recA-dependent in vivo
recombination between the two genes can take place at
every homologous region to yield ompF-ompC chimeric
genes. Transformants that appeared on ampicillin-containing
plates were expected to contain plasmids that had been
circularized via homologous recombination between the
ompF and ompC genes on a linear plasmid. This recombi-
nation results in the deletion of a fixed length (3 kilobases)
from the plasmid regardless of the site of recombination. The
possibility of multiple crossovers between the two genes is
expected to be very low, since a linear plasmid cannot be
circularized by a double crossover event between these
genes; at least a triple crossover is required.

Plasmids were prepared from 142 ampicillin-resistant
transformants thus obtained, and their sizes were deter-
mined on agarose gels by electrophoresis after linearization
with HindIII. Among them, 61 were found to show the
3-kilobase deletion, suggesting that they were most probably
plasmids carrying ompF-ompC chimeric genes. All of the
chimeric genes must consist of the ompF gene-derived
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upstream region and the ompC gene-derived downstream
region. Restriction endonuclease analyses also revealed that
circularization in most of the rest of the plasmids resulted
from end-to-end ligation of linear plasmids.

Classification of the chimeric genes. The ompF and ompC
genes have six unique restriction cleavage sites (Mlul and
Pvull for the ompF gene; Pvull, EcoRl, Hincll, and PstI for
the ompC gene) (Fig. 2). By determining the presence or
absence of these cleavage sites in each chimeric gene, it is
possible to localize the site of recombination. Thus, the
chimeric genes can be classified into seven classes (Fig. 2).
First, -the chimeric genes were divided into two groups,
depending on the presence or absence of the EcoRI site that
is unique to the ompC gene. Then the first group was further
divided into three classes (I to III) according ta the presence
or absence of Pvull and Mlul sites, and the second group
was divided into four classes (IV to VII) according to the
presence or absence of Hincll, Pvull, and PstI sites. The
numbers of the chimeric genes thus assigned to classes I
through VII were 17, 18, 2, 2, 8, 6, and 5, respectively.
Representatives of them, which were used for further stud-
ies, are listed in Fig. 2. Hereafter, these chimeric genes and
plasmids carrying these genes will be referred to by these
numbers. The restriction endonuclease cleavage patterns of
three other plasmids were not consistent with those ex-
pected from the presence of chimeric genes, and hence they
were not analyzed further. ‘

Determination of the sites of recombination in the individual
chimeric genes. The DNA fragments which were found to
cover the recombination sites were prepared from 11 chi-
meric gene-carrying plasmids (Fig. 2), and their nucleotide
sequences were determined; thus the sites of recombination
were determined (Fig. 3). In all the chimeric genes se-
quenced, except chimeric gene 523, recombination took
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FIG. 2. Classification of ompF-ompC chimeric genes. The chi-
meric genes were classified into classes I through VII by means of
restriction endonuclease analyses. Symbols: mmm , regions from the
ompF gene; C, regions from the ompC genes; , regions where
homologous recombination was supposed to take place. Only the
regions coding for the mature OmpF and ‘OmpC proteins are
presented. The scale at the bottom shows the numbers of amino acid
residues from the N termini of the OmpF and OmpC proteins. The
chimeric genes isolated were numbered; representatives are listed at
the right. The fragments used for DNA sequencing to determine the
recombination sites (Fig. 3) are indicated by e—. Restriction
endonuclease cleavage sites used for the preparation of fragments
are indicated within parentheses as follows: B, Bg/II; S, Sau3A; T,
Taql; H, Hincll.
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FIG. 3. Site of récombination in individual chimeric genes. The nucleotide sequences of the ompF (upper sequence) and ompC (lower
sequence) genes are shown. Only the regions coding for the mature OmpF and OmpC proteins are presented. Homologous nucleotide
sequences are boxed with thin lines. The homologous sequences determined to be the site of recombination for individual chimeric genes are
boxed with thick lines with the chimeric gene numbers. The corresponding amino acid sequence is partly presented for comparison (see

Discussion).

place between the corresponding homologous regions of the
ompF and ompC genes. Neither addition nor deletion of
bases was observed at the recombination sites; hence the
reading frame was maintained, strongly suggesting that the
chimeric genes thus constructed most likely code for OmpF-
OmpC chimeric proteins. As to chimeric gene 421, the
recombination occurred at the very ends of the coding
regions. Therefore, the protein expressed by this chimeric
gene should be OmpF. Chimeric gene 523 resulted from
unequal recombination between the noncorresponding re-
gions that have fortuitous base homology. Since the deletion
that resulted from this unequal recombination event was 15
base pairs, this chimeric gene should code for an ompF-
ompC chimeric protein that has a five-amino-acid deletion at
the fusion site.

Identification and characterization of translational products
of the chimeric genes. Figure 4A shows SDS-polyacrylamide
gel electrophoretic profiles of the outer membrane proteins
of the strains harboring one of the chimeric gene-carrying
plasmids. The product of chimeric gene 416 showed the
same mobility as that of OmpC. Upon a shift of the recom-
bination site to that for chimeric gene 410, the migration
position changed appreciably, whereas further shifts to the

positions for genes 403 and 462 did not result in significant
differences in mobility. It is very interesting that when the
recombination took place at the central region between the
genes (chimeric genes 545, 537, and 450), no translational
product was detected in thé outer membrane, despite the
fact that the ompF and ompC genes were fused in frame in
these chimeric genes. Significant amounts of translational
products were also not detectable in either whole cell lysates
or the culture media (data not shown). It should also be
noted that accumulation of the protein product of chimeric
gene 462 was also low. The products of chimeric genes 451,
479, and 421, which have the recombination site within their
downstream regions, migrated to positions very close to that
of the OmpF protein. Chimeric gene 523, which was formed
as a result of a nonhomologous recombination, did not
produce a protein.

The OmpF and OnipC proteins in the outer membrane are
peculiar in that they are peptidoglycan associated (8, 20). All
of the chimeric proteins expressed were peptidoglycan as-
sociated (Fig. 4B), indicating that these chimeric proteins
were secreted through the cytoplasmic membrane and prop-
erly assembled into the outer membrane.

The strains harboring the chimeric gene-carrying plasmids
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FIG. 4. SDS-polyacrylamide gel electrophoretic profiles of outer
membrane proteins from cells carrying various chimeric genes. The
N-lauroylsarcosinate-insoluble envelope fraction (A) and the pepti-
doglycan-associated protein fraction (B) were used as protein
sources. Lanes show the chimeric genes carrying the following: 2,
416; 3, 410; 4, 403; 5, 462; 6, 523; 7, 545; 8, 537; 9, 450; 10, 451; 11,
479; 12, 421. Lane 1 contains the proteins from cells carrying
pTUNS8. The positions of the OmpF and OmpC proteins are
indicated.
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were also tested as to their sensitivity to phages Tula and
Tulb, which require OmpF and OmpC as receptor compo-
nents, respectively. All the 35 strains harboring the plasmids
of classes I and II and the strain harboring plasmid 462 of
class III were sensitive to Tulb and resistant to Tula,
indicating that the products of these chimeric genes were of
the OmpC type in terms of phage sensitivity. On the other
hand, all of the 11 strains carrying the plasmids of classes VI
and VII were sensitive to Tula and resistant to Tulb, being
of the OmpF type. None of the strains was sensitive or
resistant to both phages. As can be expected from the gel
profiles shown in Fig. 4, strains that did not exhibit detect-
able amounts of the chimeric proteins were found to be
resistant to both Tula and Tulb. The results of phage
sensitivity tests are summarized in Table 1.

DISCUSSION

A simple and efficient method for constructing a series of
ompF-ompC chimeric genes via in vivo homologous recom-
bination is presented. The principle of this method was
originally developed by Weber and Weissman and used for
the studies on the a-interferon genes (24). Recently, we also
succeeded in constructing a series of ompF-ompC chimeric
genes that have the recombination site at the upstream
noncoding region that includes the regulatory region and
promoter region (T. Mizuno, M. Hasegawa, and S. Mizu-
shima, manuscript in preparation).

The series of ompF-ompC chimeric genes enabled us to
analyze the roles of the submolecular domains of the ompF
and ompC genes and their translation products, the OmpF
and OmpC proteins. First the translational products of these
chimeric genes were analyzed (Fig. 4). Two things should be
discussed here. OmpF and OmpC are very similar proteins
with a slight difference (6-amino-acid difference in length) in
molecular weight (9, 13). Nevertheless, their mobilities on
polyacrylamide gel are appreciably different in the presence
of SDS and urea. The mobility of chimeric protein 416 was
the same as that of OmpC, whereas that of chimeric protein
410 was rather closer to that of OmpF than to that of OmpC,
indicating that the 31 amino acid residues of OmpF and the
26 residues of OmpC that exist between the two recombina-
tion sites are largely responsible for the mobility difference
between the OmpF and OmpC proteins. Although the OmpF
proteins shares 16 homologous residues with the OmpC
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protein in this domain, the OmpF prot€in has 4 more glycine
residues and 3 less negatively charged residues than OmpC
(Fig. 3). The mobility difference on S -polyacrylamlde gels
may be due to these differences in amino acid sequence.
Another point that should be discussed is the fact that the
chimeric proteins from genes 547, 537, and 450 were not
detected by the procedures used. Since the reading frames
are conserved in these chimeric genes and they therefore
code for OmpF -OmpC thimeric proteins, these genes should
be expressed in E. coli cells. A preliminary pulse-labeling
experiment with [>*S]methionine revealed that most of these
chimeric genes expressed proteins that can be im-
munoprecipitated with both the anti-OmpF and anti-OmpC
antisera (C. Hikita, H. Yamada, T. Mizuno, and S.
Mizushima, unpublished observations). It is possible, there-
fore, that the translation products of these chimeric genes
have defects which prevent secretion through the cytoplas-
mic membrane or assembly in the outer membrane. The low
level of accumulation of chimeric gene 462 may also be due
to similar defects.

The phage receptor function of the chimeric proteins was
also examined. All chimeric proteins synthesized were ac-
tive as a receptor to either one of Tula or Tulb and inactive
toward the other; none was active toward or inactive toward
both phages. This suggests that the domain specifying the
phage receptor function many be localized at corresponding
regions in the OmpF and OmpC proteins. The phage recep-
tor domain may be localized at the céntral part of the
proteins, since the replacement of either the N-terminal or
C-terminal region of one protein by the corresponding region
of the other did not alter the receptor specificity. Unfortu-
nately, in the present work we were unable to identify
chimeric genes that express stable chimeric proteins having
the junction point in the central region. The domain speci-
fying the receptor function to Tula and Tulb as well as other
phages should be further studied after the establishment of
more complete collection of the chimeric genes.

Success in the construction of a series of ompF-ompC
chimeric genes opened a new way for studying the structure,
function, and biogenesis of the OmpF and OmpC proteins.
In the present work, we demonstrated a few examples of
their usefulness. We also found that these chimeric proteins
can be effectively used for the determination of target
domains for monoclonal antibodies raised against the OmpC
protein (unpublished experiments). The usefulness of chi-
meric genes will be significantly enhanced if another series of
chimeric genes having the ompC and ompF sequences in the
opposite order to those described in this paper becomes

TABLE 1. Summary of phage sensitivity of chimeric
gene-carrying cells

Sensitivity to%:

Chimera gene class

Tulb Tula
| N R
11 S R
111 462° S R
111 523°% R R
VI R R
\" R R
VI R S
Vil R S

“ §, Sensitive; R, resistant.
b 462 and 523 represent two different types of chimera genes in class III.
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available. We are currently constructing such ompC-ompF
chimeric genes.

ACKNOWLEDGMENTS

We thank M. Hasegawa for gel electrophoretic analyses and S.
Teranishi for secretarial assistance.

This work was supported by grants from the Ministry of Educa-
tion, Science and Culture of Japan, the Science Technology Agency
of Japan, and the Mishima-Kaium Memorial Foundation.

10.

11.

LITERATURE CITED

. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction

procedure for screening recombinant plasmid DNA. Nucleic.
Acids Res. 7:1513-1524.

. Dagert, M., and S. D. Ehrlich. 1979. Prolonged incubation in

calcium chloride improves the competence of Escherichia coli
cells. Gene 6:23-28.

. Datta, D. B., B. Arden, and U. Henning. 1977. Major proteins of

the Escherichia coli outer cell envelope membrane as
bacteriophage receptors. J. Bacteriol. 131:821-829.

. Filip, C., G. Fletcher, J. L. Wulff, and C. F. Earhart. 1973.

Solubilization of the cytoplasmic membrane of Escherichia coli
by the ionic detergent sodium lauryl sarcosinate. J. Bacteriol.
115:717-722.

. Furukawa, H., H. Yamada, and S. Mizushima. 1979. Interaction

of bacteriophage T4 with reconstituted cell envelopes of Esch-
erichia coli K-12. J. Bacteriol. 140:1071-1080.

. Hall, M. N,, and T. J. Silhavy. 1979. Transcriptional regulation

of Escherichia coli K-12 major outer membrane protein Ib. J.
Bacteriol. 140:342-350.

. Hantke, K. 978. Major outer membrane proteins of E. coli K12

serve as receptors for the phage T2(protein Ia) and 434 (protein
Ib). Mol. Gen. Genet. 164:131-135.

. Hasagawa, Y., H. Yamada, and S. Mizushima. 1976. Interac-

tions of outer membrane proteins O-8 and O-9 with peptidogly-
can sacculus of Escherichia coli K-12. J. Biochem. 80:
1401-1409.

. Inokuchi, K., N. Mutoh, S. Matsuyama, and S. Mizushima. 1982.

Primary structure of the ompF gene that codes for a major outer
membrane protein of Escherichia coli K-12. Nucleic Acids Res.
10:6957-6968.

Kawaji, H., T. Mizuno, and S. Mizushima. 1979. Influence of
molecular size and osmolarity of sugars and dextrans on the
synthesis of outer membrane proteins O-8 and O-9 of Esche-
richia coli K-12. J. Bacteriol. 140:843-847.

Matsuyama, S., K. Inokuchi, and S. Mizushima. 982. Promoter
exchange between ompF and ompC, genes for osmoregulated
major outer membrane proteins of Escherichia coli K-12. J.
Bacteriol. 158:1041-1047.

12.
13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

ompF-ompC CHIMERIC GENES 801

Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

Mizuno, T., M.-Y. Chou, and M. Inouye. 1983. A comparative
study on the genes for three porins of the Escherichia coli outer
membrane: DNA sequence of the osmoregulated ompC gene. J.
Biol. Chem. 258:6932-6940.

Mizuno, T., M.-Y. Chou, and M. Inouye. 1984. A unique
mechanism regulating gene expression: translational inhibition
by a complementary RNA transcript (micRNA). Proc. Natl.
Acad. Sci. USA 81:1966-1970.

Nakae, T., J. Ishii, and M. Tokunaga. 1979. Subunit structure of
functional porin oligomers that form permeability channels in
the outer membrane of Escherichia coli. J. Biol. Chem.
254:1457-1461.

Nakamura, K., and S. Mizushima. 1976. Effects of heating in
dodecyl sulfate solution on the conformation and electropho-
retic mobility of isolated outer membrane proteins from Esche-
richia coli K-12. J. Biochem. 80:1411-1422.

Nikaido, H., E. Y. Rosenberg, and J. Foulds. 1983. Porin
channels in Escherichia coli: studies with B-lactams in intact
cells. J. Bacteriol. 153:232-240.

Nikaido, H., and M. Vaara. 1985. Molecular basis of bacterial
membrane permeability. Microbiol. Rev. 49:1-32.

Nogami, T., and S. Mizushima. 1983. Outer membrane porins
are important in maintenance of the surface structure of Esch-
erichia coli cells. J. Bacteriol. 156:402—408.

Rosenbusch, J. P. 1974. Characterization of the major envelope
proteins from Escherichia coli: regular arrangement on the
peptidoglycan and unusual dodecyl sulfate binding. J. Biol.
Chem. 249:8019-8029.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Uemura, J., and S. Mizushima. Isolation of outer membrane
proteins of Escherichia coli and their characterization on poly-
acrylamide gel. Biochim. Biophys. Acta 413:163-176.

van Alphen, W., N. van Selm, and B. Lugtenberg. 1978. Pores in
the outer membrane of Escherichia coli K12: involvement of
proteins b and e in the functioning of pores for nucleotides. Mol.
Gen. Genet. 159:75-83.

Weber, H., and C. Weissman. 1983. Formation of genes coding
for hybrid proteins by recombination between related, cloned
genes in E. coli. Nucleic Acids Res. 11:5661-5669.

Yamada, H., and S. Mizushima. 1978. Reconstitution of an
ordered structure from major outer membrane constituents and
the lipoprotein-bearing peptidoglycan sacculus of Escherichia
coli. J. Bacteriol. 135:1024-1031.

Yu, F., S. Ichihara, and S. Mizushima. 1979. A major outer
membrane protein (O-8) of Escherichia coli K-12 exists as a
trimer in sodium dodecyl sulfate solution. FEBS Lett. 100:
71-74.



