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ABSTRACT The gene (ompA) for the major outer mem-
brane protein II* from Escherichia coli K-12 has been cloned
on a 5-megadalton EcoRI fragment by using phage X as vector.
The gene is expressed during the lytic cycle of the recombinant
phage and the insoluble membrane-bound protein was detected
in phage plaques with a simple radioimmunoassay. Transfer
of the EcoRI fragment into plasmid pSC101 and expression in
a host lacking protein II* led to overproduction of protein II*
and decreased production of two other major outer membrane
proteins. Expression of the plasmid pSCIOI-ompA+ in minicells
derived from an ompA minicell-producing strain led to syn-
thesis, at high rates, of this protein and massive accumulation
of a second cell envelope protein most likely representing the
biosynthetic precursor of protein II*.

Polypeptide II* (1) is one of the few so-called major or abundant
proteins of the Escherichia coli cell envelope (for other such
proteins-and other nomenclatures see ref. 2). The protein (Mr
z33,000), present at about 105 copies per cell, spans the outer
membrane of the cell (3) and can serve as a receptor for phages
K3 and TuII* (4, 5). There is evidence for several physiological
functions of the protein (4, 6-9); however, none of these is well
defined so far.
The protein is synthesized in precursor form (10), presumably

possessing an extended NH2-terminal signal sequence (11) as
has been demonstrated for the outer membrane lipoprotein
(12). Except for the finding that outer membrane proteins are
inserted into the outer membrane during synthesis (13), nothing
is known concerning the mechanism of membrane incorpora-
tion, including an answer to the intriguing question of why such
proteins are not found in the plasma membrane. Also, nothing
is known about the regulation of synthesis of protein II* and of
a number of other such proteins. It would thus be desirable to
study the synthesis of the protein in vitro and for this and other
obvious reasons we wished to clone the corresponding structural
gene ompA (14, 15).
Here we describe the construction of a hybrid plasmid

carrying this gene. Two main difficulties had to be overcome:
methods to select stringently for the wild-type allele were not
available, and the gene product is insoluble under conditions
that otherwise allow the detection of proteins translated from
cloned DNA fragments (16, 17). The methods developed to
overcome the problems should be applicable to other such
systems, including eukaryotic membrane proteins.

MATERIALS AND METHODS
Strains and Protein Synthesis in Minicells. E. coli K-12

strains used were: C 600-SF8 (from S. Falkow; rK mK+, rec
B-C-, lop II, lig+, galA, str, leu, thij thr), P400 (16) (from P.

Reeves), one of its ompA derivatives resistant to phage TuII*
and lacking protein II* (18), minicell-producing mutant X 984
(19) (from R. Curtiss), one of its derivatives lacking the major
outer membrane proteins Ia, Ib, and II* (20), KLF6 (21) (from
H.-U. Schairer, carrying F'106), and W620 recA (15). Cells
were grown at 37°C in LB medium (22); the medium was
supplemented with tetracycline (10 ,g/ml) when strains har-
bored plasmid pSC101.

Minicells from stationary phase cultures were isolated by
three cycles of sucrose gradient centrifugation (23), suspended
(2 X 1010 per ml) in minimal salts medium (24) containing 30%
glycerol, and stored frozen in liquid nitrogen (25). For protein
synthesis, 1010 minicells in 0.5 ml of minimal medium con-
taining 0.4% glucose, 25 ,ul of methionine assay medium
(Difco), 250 units of penicillin, and 10 ,uCi of [35S]methionine
[1350 Ci/mmol (1 Ci = 3.7 X 1010 becquerels); Amersham]
were incubated for 2 hr at 37°C. Envelopes were obtained by
sonication of minicells suspended in water and centrifugation
for 30 min at 60,000 X g. They were taken up in 80 ,ul of 62.5
mM Tris.HCI, pH 6.8/2% Na dodecyl sulfate/10% (vol/vol)
glycerol/5% 2-mercaptoethanol/0.001% bromophenol blue and
boiled for 3 min. Samples (5-15 ,ul) were analyzed by polyac-
rylamide gel electrophoresis on Laemmli-type slab gels (26) as
described in ref. 18 and stained with Coomassie brilliant
blue.

Construction of Xgt and pSC101 Recombinant Molecules.
F'-factor DNA (F'106, see Results) was isolated according to
Sharp et al. (27) with some modifications as detailed by Teather
et al. (28). Xgt arms from phage Xgt-araBAD (29) (from R. W.
Davis) were purified from an EcoRI digest by preparative
agarose gel electrophoresis and subsequent sucrose gradient
centrifugation. Ligated purified Xgt arms gave <1% of the
number of plaques obtained with the ligation product of a
complete EcoRI digest of Xgt-araBAD. Xgt arm DNA (0.5 ,ug)
was ligated overnight at 10°C with 0.5 ,ug of EcoRI-digested
F'106 DNA in 60 ,ul of 26 mM Tris-HCl, pH 7.5/12 mM
NaCl/10 mM MgCl2/1 mM ATP/20 mM dithiothreitol/0.05
unit of T4 DNA ligase.

Calcium-treated E. coli SF8 cells were transfected with the
ligation mixture (30). The resulting plaques were extracted and
the phage pool was further propagated on E. coli C600 rK-mK+
to make a high-titer stock of recombinant X phages. This phage
stock contained about 1% of Xgt-araBAD phages as tested on
MacConkey agar (29).

Plasmid pSC101 DNA (31) was isolated from E. coli C600
rK-mK+, digested with EcoRI, and ligated with EcoRI-digested
Xgt ompA+ DNA. E. coli P400 ompA was transformed ac-
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cording to the method described by Cohen et al. (32) with the
following modifications. Cells of a 40-ml'culture intLtith
(A620 = 0.3) were washed once in 10mM CaCl2 and suspended
in 1 ml of 25 mM CaC12; 100 ,l of cells was mixed with 2 til of
ligation mixture (0.05-0.1 ,tg of DNA) and held for 45 min at
0C and then for 10 min at 420C. L broth (2 ml) was added and
the cells were grown for 1-2 hr at 370C before they were plated
on L broth plus tetracycline. Minicell-producing strains were
similarly transformed with recombinant DNA but the cells were
made competent for transformation in 15 mM CaC12. The
plasmid DNA of positive clones was isolated from 2-ml cultures
according to the method described by Meagher et al. (33).

RESULTS
Construction of Xgt-ompA+. We could not select stringently

for the ompA+ allele. Mutants lacking protein 11* do not grow,
at 370C, on nutrient broth containing 0.5 mM EDTA and under
some other conditions (34); however, in our strains, secondary
mutations of unknown nature arise quite frequently, allowing
growth of colonies on such selective media in the albsence of
protein II*. Recently developed, very sensitive, solid-phase
radioimmunoassays allow the screening of large numbers of
colonies or phage plaques for specific translation products (16,
17). These methods were found to be inapplicable to protein
II* because of its complete insolubility under the assay condi-
tions. We therefore developed another radioimmunoassay that
allows screening for ompA+ colonies (35). In brief, colonies
were replica printed (36) onto filter paper, extracted with or-
ganic solvents, and exposed to radioiodinated affinity-purified
anti-II* immunoglobulin. Subsequent autoradiography allowed
the detection of strains that produce very small amounts of the
protein.

In earlier experiments we failed to find the ompA+ allele
in a hybrid plasmid gene bank from Clarke and Carbon (37).
This collection of 2000 strains carries random fragments of the
E. coli chromosome in colicin El plasmids. Shortly thereafter,
Nishimura et al. (38) reported that a number of genes were not
represented in this collection; in particular, the structural gene
for another major outer membrane protein, the lipoprotein (39),
was not found. Attempts to clone the ompA gene in plasmid
pBR325 (40) present at 20-30 copies per chromosome were also
unsuccessful. The F' prime factor used for these experiments
(F'106, see below) carries the pyrD gene in addition to ompA,
and hybrid plasmids pBR325-pyrD+ were recovered with the
expected frequency. We therefore considered the possibility
that too high a gene dosage for such membrane proteins may
be lethal to the cell and thus turned to phage X as cloning
vector.
The Xgt vector used (29, 41) can be made a viable molecular

hybrid by insertion of an EcoRI fragment. For lysogenization,
however, such hybrids require integration helper phage, and
the formation of such double lysogens occurs at a frequency of
.about 1% (42). It had already been shown (15) that F'106 (21)
carries ompA, the structural gene for protein II*. If the ompA
gene does not contain a cleavage site for EcoRI, the gene can
be expected at frequencies of 0.1-1% in recombinant Xgt
molecules constructed by ligation of an EcoRI digest of F'106
DNA with purified Xgt arms. This means that 105-106 colonies
would have to be screened with an assay that allows one person
to examine about 5 X 104 colonies per week (35).
To facilitate the screening, we asked the question, is ompA+

expressed during the lytic cycle of the hybrid phage? If so, the
possibility existed that the protein synthesized this way would
also be incorporated into or at least stick to the cell envelope and
become detectable in phage plaques with the radiological filter
paper assay. A ligated mixture of EcoRI digests of F'106 and
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FIG. 1. Phage plaques from a mixture of Xgti and Xgt-ompA+.
(Left) Plaques on P400 ompA. The plate was replica printed onto
filter paper which then was treated with radioiodinated anti-protein
II* immunoglobulin. (Right) Autoradiography (36 hr at -60'C on
Kodak X-Omat R film) of the paper. Corresponding areas are in
squares.

Xgt DNAs was used td trahsfect a suitable host and to make a
high-titer phage stbck. the recombinant phage pool was used
to infect a mutant lacking protein II*, yielding about 1000
plaques per plate. The plates were replica printed onto filter
paper and about 1% of the plaques on the replicas became ra-
dioactively labeled upon exposure to radioiodinated anti-II*
immunoglobulin. The corresponding phages were purified by
three rounds of single plaque isolation. Fig. 1 shows the result
of the radioimmunoassay applied to a mixture of such a hybrid
phage and Xgti (43).
The isolated phage was used to lysogenize, with the helper

phage Xgti, an ompA mutant lacking protein II* (resistant to
phage TuII*). Double lysogens (about 0.5%) were identified
with the filter paper radioimmunoassay. They had become fully
sensitive to phage TuII* and were found to produce protein II*
at wild-type level as judged by visual inspection of stained
electrophoretograms (Fig. 2). Expression of the protein by the
hybrid phage was not allele-specific-i.e., the protein was
produced in 10 ompA mutants of independent origin (including
1 nonsense mutant of the amber type). Therefore, it appeared
that the desired structural gene with intact control regions had
been cloned. The DNA from recombinant phages carrying the
ompA gene was isolated and an EcoRI digest was analyzed by
agarose gel electrophoresis. Fig. 3 shows that such phages have
integrated a DNA fragment of about 7.5 kilobases.

Plasmid pSC11-ompA+. Plasmid pSC101 (present in about
six to eight copies per chromosome) confers resistance to tet-
racycline and possesses one EcoRI restriction site (31). A ligated
mixture of EcoRI digests of this plasmid and Xgt-ompA+ was
used to transform an ompA mutant lacking protein II*. About
2% of the colonies resistant to tetracycline were found to be
ompA+ with the filter paper radioimmunoassay. In contrast
to the Xgt-ompA+ lysogens, such strains were found not only
to overproduce protein II* but also to synthesize much de-
creased amounts of the major outer membrane proteins Ia and
lb (Fig. 2). Although the concentrations of other major outer
membrane proteins in P400 ompA pSC101-ompA+ were not
measured quantitatively it was obvious that there was no in-
fluence on the concentration of the tsx protein but the con-
centrations of the lipoprotein and the lamB protein were also
decreased, if only slightly in comparison with polypeptides
Ia/lb (Fig. 2).

Electrophoretic analyses of the plasmid DNA in these strains
revealed the presence of an insert of the same size as that found
in Xgt-ompA+. Visual inspection of such electrophoretic pat-
terns revealed a decrease (nt50%) in concentration of

Biochemistry: Henning et al.



4362 Biochemistry: Henning et al.

lam B
Ia
lb low m iu
II* 4*M fm4

tsx - _

LPP -
1 2 3 4

qw,

:4.rwv.

- -II
4 112

5 6 7 8 9 1 0
FIG. 2. Electrophoretograms of cell envelopes. Lanes: 1, strain P400 (wild type); 2, P400 ompA harboring pSC101 [the same profile was

obtained from P400 ompA (Xgti)]; 3, P400 ompA (Xgti/Xgt-ompA+); 4, P400 ompA with pSC101-ompA+; 5-10, envelopes from minicells upon
incubation with [35S]methionine; 5, wild type (stained); 6, autoradiogram of lane 5; 7, ompA mutant also lacking proteins IA/Ib and harboring
pSC101 (stained); 8, autoradiogram of lane 7; 9, same mutant as in lane 7 but carrying pSC101-ompA+ (stained); 10, autoradiogram of lane
9. Exposure was 48 hr for autoradiograms 6 and 8 and 24 hr for 10. Cells for samples 1-4 were grown in L broth containing maltose to induce
phase X receptor (lamB protein). In strain P400 the receptor for phage T6 (tsx) is also a major outer membrane protein (44). The weak band
in autoradiogram 8 and in a position between tsx and II* is probably an -26,000-dalton membrane protein specified by pSC101 (45,46). Note
that even in this stationary phase, minicell mRNA for the lipoprotein is still present (autoradiograms 6 and 8).

pSC101-ompA+ compared with the same strain transformed
with pSC101; this effect has not yet been analyzed further. The
plasmid is somewhat unstable. In pSC101-ompA+ cultures
grown with or without the antibiotic, about 10% of all tetra-
cycline-resistant clones had lost ompA+. The plasmid could
be stabilized by transfer into strain W620recA.

Synthesis of Protein II* in Minicells. To prove that the
structural gene for protein II* had been cloned, its synthesis in
minicells was studied. An ompA minicell-producing strain
derived from X984 was transformed with plasmids pSC101 and
pSC101-ompA+. Minicells from stationary phase cultures of
transformants and of wild-type X984 were allowed to synthesize
protein in the presence of [a5Simethionine. Cell envelope pro-
teins were then separated electrophoretically and the a5S-la-
beled proteins were located by autoradiography. The results
in Fig. 2 show that wild-type minicells as well as those lacking
protein II* and harboring pSC101 did not incorporate signifi-
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FIG. 3. Agarose gel electrophoresis of EcoRI fragments. Lanes:
1, phage X DNA [molecular weights from left to right (47): 13.7, 4.74,
3.73 plus 3.48 (not separated), 3.02, and 2.13 megadaltons]; 2,
Xgt-ompA+; 3, Xgt-araBAD.

cant amounts of radioactivity into membrane proteins. Minicells
from the strain bearing pSC101-ompA+ produced two heavily
labeled polypeptides in large quantities, one in the position of
protein II* and another one with a somewhat larger apparent
molecular weight (nt35,000). In addition, about 14 polypeptides
evident only weakly or not at all as stained bands and with
smaller molecular weight than that of protein II*. were labeled
(Fig. 2). Although, considering the results presented in the
preceding sections, the strained and radioactive polypeptide
in the position of protein II* is very unlikely to be anything
other than this protein, minicell envelopes were also treated
with rabbit antiprotein II* serum as described (10, 48). The
antiserum precipitated not only the 33,000-dalton protein II*
but also the major 35,000-dalton polypeptide (data not shown).
The latter is therefore most likely a precursor of protein II* (10).
Because the control experiment using wild-type X984 showed
that minicells from stationary phase cells no longer contained
the rather stable messenger for protein II*, it is obvious that the
structural gene in question has been cloned.

DISCUSSION
The evidence presented clearly demonstrates that the structural
gene for the outer membrane protein II* has been cloned on
a 7.5-kilobase EcoRI fragment. The nonselective technique
used to detect positive recombinant clones should be applicable
to other membrane proteins including eukaryotic membrane
proteins. In cases in which antibodies are available, an animal
cell system could be used-e.g., with SV40 as vector (49). If, as
in the case reported here, the gene in question is expressed
during the lytic cycle of phage Xgt it is no problem to screen
105 phage plaques per week.
The cloned EcoRI fragment is 7-8 times larger than the gene

required to code for protein II*. The interesting phenomena
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found upon transfer of this fragment into plasmid pSC1WI,
therefore, may or may not be due to ompA-+.Tt is easyrin~ths
very tempting, however, to explain most of them by the pres-
ence of that gene. pSC101-ompA+ in strain P400 ompA leads
to an approximately 2-fold increase of protein II* concentration
in the outer membrane (compared to wild-type cells), a large
effect in view of the fact that in the wild type about 105 copies
of this protein are present per cell. In such strains the concen-
trations of two other major outer membrane proteins, poly-
peptides Ia and lb, are considerably decreased. This could re-
flect a competition for common sites where these proteins are
inserted into the outer membrane. We have reported earlier
that, in a homogenotic merodiploid (ompA+/ompA+), no gene
dosage effect was measurable (15), whereas it has been shown
(50) that such an effect does exist for the outer membrane li-
poprotein. Double gene dosage for protein II* may not suffice
for effective competition with proteins Ta and Tb for translo-
cation, and the lipoprotein may use another site, as appears to
be the case for the lamB protein (51, 52). It is also conceivable
that the existence of the lipoprotein-gene dosage effect is con-
nected with the extraordinary stability of the mRNA for this
protein (ref. 53; see also Fig. 2).

In minicells, but not in normal cells, harboring pSC101-
ompA+, another major envelope protein is detected in addition
to protein II*; it exhibits a molecular weight of about 35,000.
It is present in large quantity (about 50% that of II*) and it is
precipitated by antiserum against protein II*. This fact together
with its molecular weight strongly indicates that it represents
the precursor of the protein(10). Continued rapid synthesis of
protein II* in the absence of cell envelope growth could explain
the massive accumulation of the precursor.

Most of the radioactive proteins detected in minicells
carrying pSC101-ompA+ and exhibiting smaller apparent
molecular weights than protein II* are likely to be degradation
products of this protein. The sum of their molecular weights
is approximately 250,000, which is still just within the coding
capacity of the cloned DNA fragment. It appears most unlikely,
however, that this fragment should code almost exclusively for
envelope proteins or for proteins that are not soluble under the
conditions of envelope isolation and that all of them should be
smaller than protein II*. Furthermore, the four polypeptides
with the largest apparent molecular weights are also precipi-
tated by anti-II* immunoglobulin.

It may be that the minicell envelope becomes overloaded
with protein II* and its precursor and can no longer incorporate,
quantitatively or correctly, the latter, which leads to degrada-
tion of newly made precursor. In agreement with this inter-
pretation is the observation that radioactivity in the accumu-
lated putative precursor can be only partially chased with cold
methionine in the presence of chloramphenicol (data not
shown), indicating that processing is blocked and thus opening
the way to degradation processes.
The gene for a conditional major outer membrane protein

of unknown function, polypeptide a [not produced as a major
protein at growth temperatures of 320C or below (54, 55)], has
recently been accidentally cloned in pSC101 (45). It is of interest
to note that the synthesis of this protein in minicells harboring
the relevant plasmid (pMC 44) did not cause accumulation of
any other outer membrane-associated protein. Thus, this protein
may not be synthesized in precursor form, as also appears to be
the case with several outer or plasma membrane-associated tra
gene products [DNA transfer genes of the E. coli K-12 sex factor
(56)]. Alternatively, and perhaps more likely because protein
a is not normally produced in such large quantities as protein
II*, the former's synthesis in minicells may not lead to such
massive accumulation as has been shown here for protein II*

and its (still putative) precursor. In line with this view, neither
indications for-degradation of protein a produced in minicells
nor an influence on other major outer membrane proteins in
cells carrying pMC44 have been observed by Gayda and
Markovitz (45).
We are grateful to Drs. John Reeve and Mark Achtman for very

helpful advice regarding preparation and handling of minicells.
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