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Summary. The ompF gene of Escherichia coli K12, which is 
the structural gene for an outer membrane pore protein has 
been cloned into the multicopy plasmid vector pACYC184. Ex- 
pression of  the cloned ompF gene results in overproduction of 
the OmpF protein and in strongly decreased production of the 
other two pore proteins, OmpC protein and PhoE protein, where- 
as production of  OmpA protein is much less affected. Expres- 
sion of the cloned ompF gene is still dependent on the ompB + 
gene product, but is hardly influenced by the osmolarity of the 
growth medium. The gene was localized on the hybrid plasmids 
by the analysis of  in vitro constructed deletion plasmids and 
mutant plasmids generated by Tn5 insertions. Heteroduplex 
analysis revealed an extensive D N A  homology of  the ompF gene 
with the phoE gene. Since the direction of  transcription of  the 
phoE gene is known, the direction of  transcription of the ompF 
gene could be deduced. 

Introduction 

OmpF protein, OmpC protein and PhoE protein of E. coli K12 
are outer membrane proteins, which are involved in the forma- 
tion of pores through which hydrophilic solutes with a molecular 
weight of  up to about 700 can pass this membrane (for a recent 
review, see Nikaido 1979). The former two proteins are constitu- 
tively synthesized and three genes are involved in their expres- 
sion, i.e. ompF at rain 21, ompC at min 47 and ompB at rain 
74 (Bachmann and Low 1980). It has been shown that ompF 
(Sato and Yura 1979; Mutoh et al. 1981 ; Tommassen et al. 1981) 
and ompC (Ichihara and Mizushima 1978; Hall and Silhavy 
1979; Verhoef et al. 1979) are the structural genes for these 
proteins, whereas a regulatory role for ompB has been suggested 
(Ichihara and Mizushima 1978; Hall and Silhavy 1979; Verhoef 
et al. 1979). The PhoE protein is induced by growth in limiting 
concentrations of inorganic phosphate (Overbeeke and Lugten- 
berg 1980a). It is part of the pho regulon (Tommassen and 
Lugtenberg 1980) and its structural gene is located at rain 6 
of  the chromosomal map (Tommassen and Lugtenberg 1981). 

The three pore proteins are very similar with respect to their 
apparent molecular weights, their total amino acid compositions 
(Ichihara and Mizushima 1978 ; Lugtenberg et al. 1978) and their 
amino termini (Henning et al. 1977), and they are all peptidogly- 
can-associated (Lugtenberg et al. 1978) and immunologically re- 
lated (Overbeeke et al. 1980). Therefore we considered the possi- 
bility of D N A  homology between the structural genes for these 
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proteins. We have recently cloned the phoE gene (Tommassen 
et al. 1982). In this paper we describe the cloning of  the ompF 
gene, which has been previously achieved by Mutoh et al. (1981). 
In contrast to these authors who cloned ompF on a specialized 
transducing )~ phage, we cloned this gene on a multicopy plasmid, 
and we have extended their work by establishing the exact physi- 
cal location of the ompF gene, by showing D N A  homology 
between ompF and phoE and by using this knowledge to deter- 
mine the direction of transcription of  ompF. 

Materials and Methods 

Strains and Growth Conditions. All bacterial strains used are 
derivatives of  E. coli KI2. The sources and relevant characteris- 
tics of the strains are listed in Table 1. Except where noted, 
cells were grown in yeast broth (Lugtenberg et al. 1976) at 37 ° C 
under aeration. For  growth of cells containing plasmid pA- 
CYC184 or its derivatives the medium was supplemented with 
chloramphenicol (25 gg/ml). When selecting for kanamycin or 

Table 1. Bacterial strains and their characteristics 

Strain Characteristics Source a 

PC0031 

HO202 b 

Hfr R4, argF gal tonA phx rel 

F-, asnS40 reIA1 thi-1 galK35 malAl (~R) 
xyl-7 mtl-2 rpsLll8 ompF 

CE1215 gal + recA56 derivative of HO202 

PC1232 F- ,  thrleulacYgalxylmtlmallam 
tonA phx rpsL azi minA minB 

JF694 F- ,  ilv his purE proC rnetB rpsL cyc Foulds and 
xyl lacy tsx ompF ompC pho Chai (1978) 

CE1221 his .+ ompC + recA56 derivative of JF694 This study 

CEl197 F- ,  thr leu thi pyrF thy ilvA lacy Tommassen 
argG tonA rpsL cod dra vtr glpR et al. (1982) 
ompB471 phoS200 phoE205 recA56 

PC 

Ohsawa and 
Maruo (1976) 
via CGSC 

This study 

PC 

PC, Phabagen Collection, Department of Molecular Cell Biology, 
Section Microbiology, State University of Utrecht, Utrecht, The 
Netherlands; CGSC, E. coli Genetic Stock Center, Department of 
Human Genetics, Yale University School of Medicine, New Haven, 
Conn. (B.J. Bachmann, curator) 

b The asnS40 mutation is a temperature-sensitive mutation. This strain 
turned out to be resistant to the OmpF protein specific phage TuIa 
and to lack the OmpF protein. Since this mutation is cotransducible 
with asnS to a high percentage, it must be an ompF mutation 
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tetracycline resistance, the medium was supplemented with 25 
and 10 gg/ml of these antibiotics, respectively. 

Genetic Techniques. Transduction was carried out as described 
by Willetts et al. (1969). Transformation was carried out as de- 
scribed by Brown et al. (1979) except when strains containing 
the temperature-sensitive asnS mutation were used, the tempera- 
ture of the heat-pulse was 30 ° C instead of 42 ° C. Sensitivity 
to phage TuIa (Datta et al. 1977) was determined by cross- 
streaking. 

DNA Techniques. Chromosomal DNA was isolated as described 
by Cosloy and Oishi (1973). Plasmid DNA was isolated by the 
cleared-lysate procedure of Clewell and Helinsky (1969), fol- 
lowed by CsCl-ethidiumbromide isopycnic centrifugation. The 
alkaline extraction procedure of Birnboim and Doly (1979) was 
used for rapid screening of plasmids. 

Restriction endonucleases EcoRI, BamHI, HindIII, SalI, 
BglII, PstI, ClaI and SmaI were obtained from Boehringer 
Mannheim. KpnI was obtained from Bethesda Research Labora- 
tories. The conditions for restriction endonuclease reactions were 
those proposed by the manufacturers. Analyses of plasmid DNA 
fragments were performed by electrophoresis in a horizontal 
0.6% agarose slab gel (van den Hondel et al. 1979). HindIII 
and EcoRI fragments of bacteriophage ,~ DNA were used as 
molecular weight standards in gels. T4 DNA ligase was a gener- 
ous gift from P. Weisbeek. Ligation was performed as described 
by Tanaku and Weisblum (1975). 

Isolation of  Plasmids Carrying an Inserted Tn5 Element. Inser- 
tions of the kanamycin resistance determining transposable ele- 
ment Tn5 in plasmid pJP33 were obtained by using phage 2b221 
ci857 rex: :Tn5 (Berg 1977). Cells of strain CEl197 bearing 
plasmid pJP33 were grown overnight at 37°C in Brain heart 
broth (Lugtenberg et al. 1976) supplemented with chlorampheni- 
col and maltose (0.2%), collected by centrifugation and concen- 
trated 3-fold in 0.9% NaC1-20 mM MgCI2. After 45 rain of incu- 
bation at 37 ° C, 2: :Tn5 phage was added to 0.1 ml volumes 
of cells at a multiplicity of infection of 10. The mixtures were 
incubated for 30 min at 30 ° C, then diluted 100-fold in yeast 
broth plus chloramphenicol and grown overnight at 30 ° C. Sub- 
sequently the cultures were diluted 1 in 100 in yeast broth plus 
chloramphenicol, kanamycin and sodium citrate (0.1%) and 
grown overnight at 30 ° C. KmRCm R cells were harvested and 
crude plasmid DNA was prepared (Birnboim and Doly 1979). 
This plasmid DNA was used to transform ompF asnS strain 
CE1215 with selection for KmRCm R transformants. Transfor- 
mants with a Tn5 insertion in the ompF gene were elected as 
TuIa resistant strains. Transformants with an insertion in asnS 
were identified by their inability to grow at 42 ° C. 

Cell Envelope Preparation and Minicell Techniques. Cell enve- 
lopes were prepared as described by Lugtenberg et al. (1975). 
Minicell techniques and immuno precipitation were described 
previously (Tommassen et al. 1982). Protein patterns of cell enve- 
lopes and minicell preparations were analyzed by sodium dodecyl 
sulphate (SDS) polyacrylamide-gel electrophoresis (Lugtenberg 
et al. 1975). 

Heteroduplex Analysis. Equal amounts ofpJP33 and pJP12 DNA 
were mixed in 77% formamide-10 mM EDTA. The mixture was 
heated for 10 min at 70 ° C and chilled in ice. Renaturation was 
carried out in 70% formamide-100 mM ammonium acetate- 
10 mM EDTA for 45 rain at room temperature. The DNA was 

subsequently prepared for electron microscopy by the formamide 
modifications of the protein monolayer technique (Davis et al. 
1971). Renatured DNA in 68% formamide-10 mM EDTA-0.6 M 
ammonium acetate-0.01% cytochrome c was spread onto a hy- 
drophase of triple distilled water. ~bX174 single- and double- 
stranded DNA was added as an internal reference for length 
measurements. The DNA protein film was picked up with parlo- 
dion coated copper grids, dehydrated and stained as described 
by Davis and Davidson (1968). The specimens were rotary sha- 
dowed with platinum at an angle of 7 ° . The specimens were 
examined and photographed in a Philips EM301 at a magnifica- 
tion of 20,000x. The magnification was calibrated on each film 
with a carbon grating replica (2,160 lines per mm). Length mea- 
surements were carried out with a Hewlett Packard 9,864 A 
digitizer connected to a 9,280 A calculator. 

Results 

Cloning of the ompF Gene 

The gene asnS, which is the structural gene for the enzyme 
asparaginyl-tRNA synthetase (Yamamoto et al. 1977) is located 
very close to ompF (Ohsawa and Maruo 1976). Therefore we 
could clone the ompF gene by selecting for hybrid plasmids 
carrying the asnS + gene. 

Purified chromosomal DNA of the prototrophic strain 
PC0031 was used as the source for asnS + and ompF + DNA. 
The chloramphenicol-resistance (CmR), tetracycline-resistance 
(Tc R) miniplasmid pACYC184 was used as the cloning vector. 
It has a unique site for the restriction endonuclease HindIII 
in the Tc gene (Chang and Cohen 1978). pACYC184 DNA 
and chromosomal DNA were mixed, digested with endonuclease 
HindIII and after inactivation of the endonuclease, ligated with 
T4 DNA ligase. The ligated mixture was used to transform 
the asnS ompF strain CE1215, selecting at 30 ° C for Cmg colo- 
nies. Temperature-resistant asnS + transformants were identified 
after replica plating and subsequent growth overnight at 42 ° C. 
From a total of approximately 2,000 Cm g transformants, two 
grew at 42 ° C. Both transformants were Tc s and one of them 
was sensitive to the OmpF protein specific phage TuIa. To prove 
that the latter strain contains a hybrid plasmid carrying asnS + 
and ompF +, the plasmid DNA was extracted from this strain 
and used to transform strain CE1215 to chloramphenicol resis- 
tance. All 50 transformants tested were sensitive to phage TuIa 
and able to grow at 42 ° C. The hybrid plasmid which carries 
asnS + and ompF + is designated as pJP30. 

Restriction Enzyme Cleavage Map of  pJP30 

In order to determine a restriction enzyme cleavage map of 
the ompF region of the chromosome, restriction fragments of 
pJP30, generated by digestions and suitable double digestions 
with several enzymes, were analyzed on agarose gels. A restric- 
tion map of pJP30 is presented in Fig. 1. The position of the 
pACYC184 vector was deduced from its known restriction map 
(Chang and Cohen 1978). The size of the entire plasmid is 26.4 
kilobase pairs (kb). 

Physical Localization of  ompF 

To localize the ompF gene, deletion mutant plasmids of pJP30 
were constructed in vitro by digesting purified pJP30 DNA with 
BglII, BamHI or SalI. After subsequent ligation the DNA was 
transformed into strain CE1215, selecting Cm R colonies. Plasmid 
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Fig. 1. Restriction enzyme cleavage map of pJP30. The pACYC184 
vector is indicated by the dotted area; the chromosomal E. coli DNA 
is represented by a thin line. Map units are in kb. The restriction 
endonuclease cleavage sites are numbered clockwise starting from the 
HindIII site at the top 

D N A  was isolated from the transformants and analyzed on agar- 
ose gels after digestion with BglI1, BamHI or SalI. Three plas- 
raids, pJP31, pJP32 and pJP33 were selected for further charac- 
terization. Plasmid pJP31, which consists of  the 11.9 kb D N A  
fragment of pJP30 between the restriction endonuclease sites 
BglII-4 and BglII-1 (see Fig. 1), does not complement the ompF 
and asnS mutations of strain CE1215. In contrast, plasmids 
pJP32, which consists of the 17.4 kb D N A  fragment between 
the BamHI-2 and BamHI-1 sites, and pJP33, which consists 
of the 10.6 kb fragment between the SalI-4 and SalI-1 sites, 
complement as well ompF as well as asnS mutations. From these 
combined results it is concluded that both genes are (at least 
partially) located on the 2.9 kb D N A  fragment between the re- 
striction sites BglII-1 and SalI-1 of pJP30. 

To further localize ompF, transposon Tn5 insertion mutant 
plasmids of pJP33 were isolated as described in Materials and 
Methods. A total of  7 independently isolated insertions were 
obtained in ompF and one in asnS. The location of  these inser- 
tions as well as of  10 other insertions in pJP33 was determined 
by digesting the plasmids with HindIII and BglII. HindIII cuts 
the 5.7 kb Tn5 element twice, 1.1 kb from each end, whereas 
BglII cuts twice, 1.4 kb from each end (Rothstein and Reznikoff 
1981). The sizes of the HindIII and BglII restriction fragments 
of each derivative were used to precisely locate each insertion. 
The results in Fig. 2 show that the insertions in ompF are clus- 
tered on a 1150 base pairs D N A  fragment of  pJP33. The OmpF 
protein has a molecular weight of 37.2K (Chen et al. 1979). 
To code for a protein with such a molecular weight approximate- 
ly 1050 base pairs are needed. 

To try to determine the direction of transcription of the 
ompF gene, the synthesis of plasmid coded proteins was studied 
in a minicell system. As compared with minicells containing 
pACYC184, minicells containing pJP33 produce at least five 
additional labelled polypeptides, with apparent molecular 
weights of 52K, 44K, 37K, 20K and 16K. The protein with 
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Fig. 2. Restriction enzyme cleavage map of pJP33 and the localization 
of 18 Tn5 insertion mutations in the plasmid. The restriction map 
ofpJP33 was deduced from the data presented in Fig. 1 and confirmed 
by new digestions. The enzymes SmaI and KpnI do not cleave the 
DNA, whereas ClaI only cuts once in the vector piece of the DNA. 
The Tn5 insertions are indicated by numbers 1 to 18. The insertions 
in the ompF gene (u) and asnS gene (o) are indicated. The position 
of the ompF gene was deduced from these data, and is indicated. 
The arrow shows the direction of transcription of ompF as was deduced 
from the heteroduplex analysis as described in the text 

an apparent molecular weight of  37K is a cell envelope protein 
which could specifically be precipitated from the solubilized cell 
envelope preparation using rabbit anti-OmpF protein serum but 
not with pre-immune serum (not shown). Therefore this band 
is the OmpF protein. In minicells carrying the plasmids with 
Tn5 insertions in the ompF gene, this 37K protein was not visible 
on the autoradiogram. However we did not observe any frag- 
ments of  the OmpF protein, thus we could not determine the 
direction of transcription of the ompF gene. The asnS gene prod- 
uct could be identified as the protein with an apparent molecular 
weight of 52K. 

Regulation of the Expression of the Cloned ompF Gene 

In order to study the regulation of the expression of  the cloned 
ompF gene and the effect of multiple copies of  the ompF gene 
on the amounts of other outer membrane proteins, pJP33 was 
transformed into ompF strain CE1215, ompB strain CE1197 and 
ompFpho strain CE1221. As is shown in Fig. 3 the cell envelopes 
of a pJP33 containing derivative of CE1215 (lane b) produce 
the OmpF protein in contrast to the plasmidless strain (lane a). 
This overproduction of OmpF protein results in reduced 
amounts of OmpC protein, whereas the amount of the OmpA 
protein is less affected. Also the amount of  PhoE protein in 
strain CEl221 (lane g) is strongly decreased by the presence 
of pJP33 (lane h). 

Whereas supplementation of  the growth medium with high 
concentrations of NaCI or sucrose is known to cause an increase 
in the amount of OmpC protein and a drastic decrease in the 
amount of OmpF protein (Hasegawa et al. 1976; van Alphen 
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Fig. 3. SDS polyacrylamide gel electrophoresis patterns of the cell 
envelope proteins of strain CE1215 (a), CE1215 containing pJP33 (b), 
CE1215 containing pJP33 grown in yeast broth supplemented with 
300 mM NaC1 (c) or 600 mM sucrose (d), strain CEl197 (e), CEl197 
containing pJP33 (J), CE1221 (g) and CE1221 containing pJP33 (h). 
Only the relevant part of the gel is shown 

Hind ]]1 
pJP12 I pACYC 184 phoE 

3.3kb 

Hind]]] 
pACYC 184 ompF 

pJP33 I V'k/k/V~ 
2.s kb 3,2 kb 

Fig. 4. Schematic representation of pJP12 and pJP33, linearized in 
their HindIII sites. The direction of transcription of the phoE gene 
is indicated 

and Lugtenberg 1977), the latter effect could not be observed 
for the cloned ompF gene in strain CE1215 (Fig. 3, lanes c and 
d). However, transcription of the cloned ompF gene is still depen- 
dent on the ompB + gene product, since pJP33 containing deriva- 
tives of ompB strain CE1197 do not produce the OmpF protein 
(lanes e and f). 

Heteroduplex Analysis of the ompF and phoE Genes 

DNA homology between ompF and phoE was studied by hetero- 
duplex analysis. Plasmids pJP12, which contains a 4.9 kb DNA 
fragment including the phoE gene cloned in pACYC184 (Tom- 
massen et al. 1982), and pJP33 were linearized in their unique 
HindIII sites (Fig. 4). The plasmids were mixed, denatured and 
allowed to reanneal. Figure 5 shows an electron micrograph and 
a drawing of a representative hybrid. Hybridization was observed 
in two regions (a and d-e-j). Region a with a total length of 
approximately 3.3 kb must represent pACYC184 DNA and is 
separated from region d-e-f by two single stranded loops of 
490_+ 105 bases (b) and 2470_+430 bases (c). Therefore region 
d-e-f corresponds with the position ofphoE and ompF on pJP12 
and pJP33, respectively (compare with Fig. 4). The total area 
ofhybridisation in region d-e-f varied from 470 base pairs (corre- 
sponding to homology only in region d) to 1,070 base pairs 
(corresponding to homology in d, e and f).  The last figure 
matches the estimated length of the phoE and ompF genes. 
Usually, but not always, a small area (e) of 140_+35 bases of 
single stranded loops was observed, indicating an area approxi- 
mately in the middle of the genes with low DNA homology. 
Furthermore, in region f sometimes additional single stranded 
loops were observed, indicating that the DNA homology between 
the genes in this region is less extensive than in region d. 

From the heteroduplex analysis the direction of transcription 
of the ompF gene can now also be deduced. Since the direction 
of transcription of the phoE gene in pJP12 is known from the 
analyses of gene products of Tn5 insertion mutant  plasmids 
in minicells (N. Overbeeke et al., in preparation), the direction 
of transcription of the ompF gene can be deduced from the 
data of Figs. 4 and 5, and is indicated in Fig. 2. 

Fig. 5. Electron micrograph of a representative heteroduplex between 
pJP12 and pJP33 and a tracing of the same heteroduplex. The regions 
d, e and f correspond to the positions of the phoE and ompF genes. 
The bar represents a length of 0.2 gm 

Discussion 

We have cloned the gene ompF, which is the structural gene 
for an outer membrane pore protein, on a multicopy plasmid. 
Recently, Mutoh et al. (1981) have also cloned this gene on 
a 16 kb DNA fragment carried by a transducing 2 phage. Com- 
parison of the restriction maps of the 2 ompF + phage as pre- 
sented by Mutoh et al. (1981) and of pJP30 or pJP33 presented 
in this paper, reveals one major difference, i.e. the detection 
of a BamHI restriction site on the ~, ompF + phage, which was 
not detected on the hybrid plasmids, and which must be located 
in or very close to the ompF gene, according to our localization 
data. An explanation for this difference may be the use of differ- 
ent donor strains for cloning the ompF genes. Alternatively, 
a result of cloning this gene on a multicopy plasmid may be 
the selection of mutations in the operator region which reduce 
the expression of the gene. Consistent with this explanation is 
the observation that the cloned ompF gene is not sensitive any- 
more to the osmolarity of the growth medium (Fig. 3), but this 
observation can also be explained by multicopy effects. The 
observation that the cloned ompF gene is still dependent on 
the ompB + gene product (Fig. 3) suggests that the regulation 
of transcription is still normal. 
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As is shown in Fig. 3 (lane h) the presence of pJP33 in 
CE1221 leads to overproduct ion of the O m p F  protein,  whereas 
the amounts  of the other  two pore proteins, OmpC protein 
and PhoE protein, are drastically decreased. This suggests a 
compet i t ion for c o m m o n  sites in the t ranslocat ion process or 
in the outer membrane  itself. The observat ion that  the PhoE 
protein and the OmpC protein are affected to the same extent 
by overproduct ion of the O m p F  protein was unexpected, since 
we have recently shown that  the O m p F  protein is much  more 
affected than the OmpC protein by overproduct ion of the PhoE 
protein (Tommassen et al. 1982), suggesting a more severe com- 
peti t ion between the O m p F  protein and the PhoE protein. 

The heteroduplex studies showed an extensive D N A  homolo-  
gy between o m p F  and phoE.  This result strongly supports the 
idea tha t  bo th  genes are derived from a c o m m o n  ancestoral  
gene. The D N A  sequences of the genes seem to be strongly 
conserved, reflecting the many c o m m o n  properties of the pro- 
teins, like association to the peptidoglycan layer, interactions 
with LPS and funct ioning as general pores. The observat ion 
that  the D N A  homology is less conserved in a region of approxi- 
mately 140 base pairs (indicated by e in Fig. 5) suggests that  
this region might be responsible for properties in which bo th  
proteins differ, like phage receptor sites or some specificity of 
the pores. 

The observat ion that  E. coli K12 contains two (or probably  
three, since the OmpC protein resembles the PhoE protein and 
the O m p F  protein very much) structural genes for outer  mem- 
brane pore proteins with a high D N A  homology, opens the 
possibility of in vivo recombinat ion  of these genes. This possibili- 
ty might  enable the cells to react on different condit ions by 
creating a new pore which is specially efficient under  the given 
conditions. In fact this might  explain the results of Overbeeke 
and Lugtenberg (1980b), who compared  the major  outer mem- 
brane protein pat terns of 45 E. coli strains of h u m a n  origin. 
They always found peptidoglycan-associated proteins which 
reacted with antisera against the purified OmpC and/or  O m p F  
proteins, but  the patterns were very heterogeneous with respect 
to the numbers  and electrophoretic mobilities of  these bands.  

Acknowledgements. This work was supported by the Netherlands Foun- 
dation for Chemical Research (S.O.N.) with financial aid from the 
Netherlands Organization for the Advancement of Pure Research 
(ZWO). 

References 

Alphen W van, Lugtenberg B (1977) Influence of the osmolarity of 
the growth medium on the outer membrane protein pattern of 
Escherichia coli. J Bacteriol 131:623 630 

Bachmann BJ, Low KB (1980) Linkage map of Escherichia coli K-12, 
edition 6. Microbiol Rev 44:1 56 

Berg DE (1977) Insertion and excission of the transposable kanamycin 
resistance determinant Tn5. In: Bukhari AI, Shapiro JA, Adhya 
SL (eds) DNA insertion eiements, plasmids and episomes. Cold 
Spring Harbor Press, New York, pp 205-212 

Birnboim HC, Doly J (1979) A rapid alkaline extraction procedure 
for screening recombinant pIasmid DNA. Nucleic Acids Res 
7:1513-1524 

Brown MGM, Weston A, Saunders JR, Humphreys GO (1979) Trans- 
formation of Escherichia coli C600 by plasmid DNA at different 
phases of growth. FEMS Microbiol Lett 5:219 222 

Chang ACY, Cohen SN (1978) Construction and characterization of 
amplifiable multicopy DNA cloning vehicles derived from the P15A 
cryptic miniplasmid. J Bacteriol 134:1141-1156 

Chen R, Kr/imer C, Schmidmayer W, Henning U (1979) Primary 

structure of major outer membrane protein I of Escherichia coli 
B/r. Proc Natl Acad Sci USA 76:5014 5017 

Clewell DB, Helinski DR (1969) Supercoiled circular DNA-protein 
complex in Escherichia coli: purification and induced conversion 
to an open circular DNA form. Proc Natl Acad Sci USA 
62:1159-1166 

Cosloy SD, Oishi M (1973) The nature of the transformation process 
in Escheriehia coli K12. Mol Gen Genet 124:1-10 

Datta DB, Arden B, Henning U (1977) Major proteins of the 
Escherichia coli outer cell envelope membrane as bacteriophage 
receptors. J Bacteriol 131:821-829 

Davis RW, Simon M, Davidson N (1971) Electron microscope hetero- 
duplex methods for mapping regions of base sequence homology 
in nucleic acids. In: Grossman L, Moldave K (eds) Methods in 
enzymology, voI 21. Academic Press, New York, pp 413 428 

Davis RW, Davidson N (1968) Electron-microscope visualization of 
deletion mutations. Proc Natl Acad Sci USA 60:243-250 

Foulds J, Chai T (1978) New major outer membrane protein found 
in an Escherichia coli tolF mutant resistant to bacteriophage TuIb. 
J Bacteriol 133:I478-1483 

Hall MN, Silhavy TJ (1979) Transcriptional regulation of Escheriehia 
coli K12 major outer membrane protein lb. J Bacteriol 
140:342-350 

Hasegawa Y, Yamada H, Mizushima S (1976) Interactions of outer 
membrane proteins 0-8 and 0-9 with peptidoglycan sacculus of 
Escherichia coli K12. J Biochem (Japan) 80:140I 1409 

Henning U, Schmidmayer W, Hindennach I (1977) Major proteins 
of the outer cell envelope membrane of Eseherichia co li K12: multi- 
ple species of protein I. Mol Gen Genet 154:293-298 

Hondel CAMJJ van den, Keegstra W, Borrias WE, Arkel GA van 
(1979) Homology of plasmids in strains of unicellular cyanobac- 
teria. Plasmid 2: 323-333 

Ichihara S, Mizushima S (1978) Characterization of major outer mem- 
brane proteins 08 and 09 of Escherichia coli KI2. Evidence that 
structural genes for the two proteins are different. J Biochem (Ja- 
pan) 83:1095-1100 

Lugtenberg B, Boxtel R van, Verhoef C, Alphen W van (1978) Pore 
protein e of the outer membrane of Escherichia coli K12. FEBS 
Lett 96:99 105 

Lngtenberg B, Meijers J, Peters R, t-Ioek P van der, Alphen L van 
(1975) Electrophoretic resolution of the "major outer membrane 
protein" of Escherichia coli K12 into four bands. FEBS Lett 
58 : 254 258 

Lugtenberg B, Peters R, Bernheimer H, Berendsen W (1976) Influence 
of cultural conditions and mutations on the composition of the 
outer membrane proteins of Escherichia coli. Mol Gen Genet 
147:251 262 

Mutoh N, Nagasawa T, Mizushima S (1981) Specialized transducing 
bacteriophage lambda carrying the structural gene for a major 
outer membrane matrix protein of Escherichia coli K-12. J Bacteriol 
145:1085-1090 

Nikaido H (1979) Nonspecific transport through the outer membrane. 
In: Inouye M (ed) Bacterial outer membranes: biogenesis and func- 
tions. Wiley-Interscience, New York, pp 361-407 

Ohsawa H, Maruo B (1976) Restoration by ribosomal protein S1 
of the defective translation in a temperature-sensitive mutant of 
Escherichia coli K-12: characterization and genetic study. J Bacter- 
iol 127:1157-1166 

Overbeeke N, Lngtenberg B (1980a) Expression of outer membrane 
protein e of Escherichia coli by phosphate limitation. FEBS Lett 
112 : 229-232 

Overbeeke N, Lugtenberg B (1980b) Major outer membrane proteins 
of Escherichia coli strains of human origin. J Gen Microbiol 
121:373-380 

Overbeeke N, Scharrenburg G van, Lugtenberg B (1980) Antigenic 
relationships between pore proteins of Escherichia coli KI2. Eur 
J Biocbem 110:247-254 

Rothstein S J, Reznikoff WS (198i) The functional differences in the 
inverted repeats of Tn5 are caused by a single base pair non homol- 
ogy. Cell 23 : 191-199 

Sato T, Yura T (1979) Chromosomal location and expression of the 



110 

structural gene for major outer membrane protein Ia of Escherichia 
coli K12 and of a homologous gene of Salmonella typhimurium. 
J Bacteriol 139:468-477 

Tanaku T, Weisblum B (1975) Construction of a colicin E1-R factor 
composite plasmid in vivo. J Bacteriol 121:354-362 

Tommassen J, Ley P van der, Lugtenberg B (1981) Genetic and bio- 
chemical characterization of an Escherichia coli K-12 mutant with 
an altered outer membrane protein. Antonie van Leeuwenhoek 
47 : 325-337 

Tommassen J, Lugtenberg B (1980) Outer membrane protein e of 
Escherichia coli K-12 is co-regulated with alkaline phosphatase. 
J Bacteriol 143 : 151-157 

Tommassen J, Lugtenberg B (1981) Localization ofphoE, the structural 
gene for outer membrane protein e in Escherichia coli K-12. J 
Bacteriol 147 : 118-123 

Tommassen J, Overduin P, Lugtenberg B, Bergmans H (1982) Cloning 
ofphoE, the structural gene for the Escheriehia coli K-12 phosphate 

limitation inducible outer membrane pore protein. J Bacteriol 149: 
(in press) 

Verhoef C, Lugtenberg B, Boxtel R van, Graaff P de, Verhey H 
(1979) Genetics and biochemistry of the peptidoglycan-associated 
proteins b and c of Escherichia coli K12. Mol Gen Genet 
169:137-146 

Willetts NS, Clark AJ, Low KB (1969) Genetic location of certain 
mutations conferring recombination deficiency in Escherichia coli. 
J Bacteriol 97 : 244-249 

Yamamoto M, Nomura M, Ohsawa H, Marun B (1977) Identification 
of a temperature-sensitive asparaginyl-transfer ribonucleic acid syn- 
thetase mutant of Escherichia coli. J Bacteriol 132:127-131 

Communicated by W. Arber 

Received December 15, 1981 


